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Abstract
The present review reports all management approaches (physical, chemical, and biological) traditionally adopted in mitigating 
the global impact of harmful cyanobacterial blooms (cyanoHABs). It recognizes that each mitigation strategy shows charac-
teristic associated limitations and notes that no remedial step has provided a sustainable solution to HABs on a global scale. 
It emphasizes that the putative anthropogenic N&P inputs reduction through improved wastewater treatment and regulation 
of point and non-point sources—agricultural fertilizers only offer a short term solution. These approaches are rather preven-
tive than curative hence, do not address concerns relating to the recovery of already-eutrophic and hypereutrophic systems. 
It raises new concerns on the implications of non-agricultural pollutants such as hydrocarbon fractions in bloom accretions 
often neglected while addressing HAB triggers. It also accesses the global impacts of HABs as it pertains to socio-economic 
implications in the geographically diverse world. It, therefore, proposes that Integrated Management Intervention involving 
the merging of two or more mitigation steps be administered across the aquatic continua as a prudent management solution 
to complement the current N&P dual management paradigm. It stresses that the contemporaneous adoption of management 
options with both preventive and curative measures is a key to sustainable HAB management. This review provides sufficient 
advances and current scenarios for approaching cyanoHABs. Further, it advocates that future research perspectives tackle 
the mitigation design beyond the short-term nutrient regulations and the parochial attention to the point and non-point N&P 
input sources.
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Introduction

Excess primary production in the form of harmful algal 
blooms (HABs) causes several negative shifts in the natural 
ecological balance of freshwater ecosystems or other coastal 
zones. The ever-increasing case of nutrient over-enrichment 
described as eutrophication is the primary inducer. Eutroph-
ication disrupts the integrity of aquatic biodiversity, eco-
system resilience, recreational and fishing activities, water 
quality deterioration, and ultimately, water crisis (Sunda and 

Shertzer 2014). Nutrients over-enrichment in freshwaters 
downstream estuarine, and coastal systems have triggered 
harmful algal bloom (HAB) outbreaks (Paerl et al. 2018). 
The problematic trends of phytoplankton blooms are now 
rapidly intensifying in most regions of the world includ-
ing developed and developing countries like Japan, Israel. 
Central and South America, Australia, Europe, Africa, and 
Asia (Garce and Maso 2006; Hadas et al. 2015; Paerl et al. 
2015, 2016, 2018; Paerl and Paul 2012; Sanseverino and 
Conduto 2016; Watson et al. 2015). Several phytoplankton 
blooms have been implicated in water ecosystems (Fig. 1), 
jeopardizing water quality and public health. Bloom-form-
ing taxa, which can produce toxins, generate hypoxia, and 
disrupt the food web, which are harmful cyanoHABs have 
attracted peculiar attention (Paerl 2017). HABs have been 
a decadal environmental dilemma confronting decision-
makers and water quality managers. However, mitigation 
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approaches so far have not sufficiently reversed the tide on 
the global scale (Paerl 2009; Paerl et al. 2018; Watson et al. 
2015). One example, massive blooms in Lake Kasumigaura, 
Japan, compelled the Ministry of Environment of Japan to 
promote integrated measures for bloom control and water 
quality conservation. The Kasumigaura bloom has caused 
substantial clogging of water purification equipment and 
fisheries gear, which has affected local and socio-economic 
activities. The emergence of seasonally mediated undesir-
able odour in Chuzanji Lake, Japan, following the prolifera-
tion of chrysophyte (Uroglena) bloom since 1981 has not 
abated despite concerted and massive interventions from 
the Japanese Government. Also, the report of the mas-
sive proliferation of cyanobacteria under the ice in Baltic 
Sea basin, Europe, in 2015 following the intense summer 
heat in August indicates yearly persistence. Furthermore, 
the Saving Water, Cape Town, South Africa, a report titled 
“Lake Victoria turning green with algal bloom” which went 
viral across the geographically sensitive globe stressing 
that the discharge of indiscriminate effluents in addition to 
other wastes disposal into Lake Victoria, Africa is promot-
ing heavy bloom of cyanoHABs that have left the system 
beyond the ecosystem recovery limit (Mchau et al. 2019). 
Millions of inhabitants of neighbouring Kenya, Tanzania 

and Kampala region of Uganda have expressed public health 
concerns and loss of fishery resources in all the three coun-
tries. Agricultural fertilizer-rich runoff and warm summer 
trigger severe incidence of cyanoHABs bloom in Lake Erie, 
North America which shut down the drinking water system 
of the Toledo, OH, ca. 500,000 inhabitants (Michalak et al. 
2013; Pelley 2016).

CyanoHABs were reported in Taihu Lake, China, on 
May 2007 and have reoccurred despite numerous mitigation 
approaches deployed to arrest the situation during the initial 
outbreak. During this CyanoHABs outburst, a very large 
‘‘cyanobacterial mat’’ inundated and damaged the drinking 
water plants in the vicinity of Wuxi, a large city in Jiangsu 
Province with approximately 6 million human inhabitants, 
leading to a highly and internationally publicized drinking 
water crisis (Paerl et al. 2011a, b; Xu et al. 2015, 2013). 
Despite the several bloom mitigation steps, decision-makers, 
managers, scientists, and individuals are still saddled with 
the question, what next?

Herein, the present review attempts to access all manage-
ment strategies that have been conventionally enacted across 
aquatic systems to mitigating the impacts of cyanoHABs 
and addressed their characteristic inadequacies. We stress 
the need for integrated adoption of sustainable approaches 

Fig. 1   Examples of water bod-
ies covered by different algal 
blooms: a left to right: Green 
water caused by Microcystis 
aeruginosa and black water 
caused by Peridiniopsis sp. 
in Xiangxi tributary, Yangtze 
River, China (photo credit: 
Yange et al. 2018a, b). b Left 
to right: Upper Klamath Lake, 
USA and Taihu Lake, China 
(Photo credit: Paerl 2017)
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while advocating for both preventive and curative measures 
as a key to a long term recovery of bloom impacted ecosys-
tems. Further, we recognize that short-term solutions have 
not significantly reduced the cyanoHABs risks on a global 
scale. It brings into limelight the fate of the non-agricultural 
based contaminants, e.g., petroleum hydrocarbon and its 
derivatives in bloom expansion across the aquatic systems, 
which are rarely considered when factors boosting HABs 
are enumerated.

The triggers of HABs expansions

There are some conditions and global modifications that 
can lead to harmful algal bloom expansion in geographi-
cal diverse water systems. These conditions, either singly 
or in concert, can drive to episodic HAB situations. Gen-
erally, drivers of HABs expansion are grouped into three 
broad classes (i) climatic, (ii) anthropogenic, and (iii) 
hydrodynamic.

Climatic change

Climatic change constitutes a remarkable challenge in 
evaluating dynamics in HABs intensity, integrity, expan-
sion, frequency, and proliferation. Sea level rise, global 
warming, changes in the pattern of precipitation both on 
annual and diurnal scale all impact HABs dominance. These 
result in intense alterations in freshwaters (lakes and riv-
ers) and ocean circulations, cyclone severity and frequency, 
upwelling and stratification (Paerl et al. 2018), wind speed 
and direction (Johnson et al. 2012; Deng et al. 2018) most 
of which are not subject to anthropogenic control on a 
regional or large scales. Extreme hydrologic events such as 
storm-related flooding and droughts (Lin et al. 2017) are 
essential drivers of bloom expansions. In association with 
excessive nutrients loads, climatic change and hydrologic 
modifications support HABs to attain both optimal magni-
tude and amplitude with persistent dominance over time. For 
instance, decreasing trends in rainfall can result in episodic 
increase in nutrient concentrations and to favour stratifica-
tion and bloom formation in slow recharging lotic systems 
(Anderson et al. 2015; Anderson 2009; Garce and Maso 
2006; Paerl et al. 2016) due to substantially decreased mix-
ing mechanism that persists under this condition. Several 
studies have predicted that controlling the predominance and 
expansion of harmful algal blooms, especially cyanoHABs 
may be more challenging in the future than it is at present 
considering the increasingly warming climate (Paerl et al. 
2016; Wells et al. 2015). Studies have also shown that local 
hydrologic and major biogeochemical drivers, including 
runoff and rainfall, internal nutrient recycling, food web 
dynamics, mixing events, as well as nutrients export from 

watersheds all of which directly affect HABs proliferations, 
are altered by climate change. Pollution and eutrophication 
are generally magnified by rainfall due to nutrient-rich run-
off and the transport of contaminants across the freshwater 
to the marine continuum (Sanseverino and Conduto 2016). 
The cyanobacteria, which are sometimes referred to as extre-
mophilic algae, can survive a wide range of extreme climatic 
changes while showing optimal growth at both high tem-
perature and salinity (Paerl and Paul 2012).

Anthropogenic activities

The Anthropocene has been implicated in contributing to 
greater than 80% eutrophication and HAB events in the 
freshwater, marine, and other interconnected hydrologic sys-
tems. Anthropogenic activities are day-to-day human activi-
ties that directly favour the phenomenon of HABs in a fresh-
water-marine continuum. Notable anthropogenic triggers of 
HABs are the construction of dams, reservoirs, levees, river 
diversions, deforestation, watershed and land developments, 
as well as point and non-point sources N&P inputs. Exam-
ples include; the impoundment of the largest hydro-electric 
project in China, The Three Gorges Dam (TGD) in 2003, 
which warranted the upstream rivers (e.g., Xiangxi River), 
tributaries and reservoirs to be severely affected by HABs 
(Zhou et al. 2009). The largest tributary in the Three Gorges 
Reservoir (TGR) called Xiangxi Bay (XXB) is currently fac-
ing massive phytoplankton bloom (Huang et al. 2012). The 
XXB is a tributary bay which was formed due to the back-
water movement caused by the cumulative impacts of opera-
tions of the gigantic hydraulic structures (TGD) over the 
years. The backwater extended to 40 km when the reservoir 
was filled to the maximum water level of 175 m during 2010 
impoundment (Hayashi et al. 2008; Ji et al. 2017; Jiang et al. 
2018; Li et al. 2016; Smith et al. 2016; Yang et al. 2015; 
Zhang et al. 2016; Zhou et al. 2011; Zhu et al. 2013). Cur-
rently, the bay is now characterized as a stable system simi-
lar to lakes with some defined limnetic characteristics, 
including thermal stratification, long residence time and 
eutrophication (Xu et al. 2011; Huang et al. 2012) all of 
which are predisposing factors for HABs formation and 
expansion. The dam storage allows water with high TN/TP 
from mainstream reaches into XXB while dam discharge 
allows water with low TN/TP into the mainstream. The peri-
odic water transitions and nutrient fluxes promote HAB 
expansions (Zhou et al. 2009). Regrettably, this situation is 
not only confined to China’s TGD. For example, the transi-
tion from the -naturally eutrophic to now recognized hyper-
eutrophic, Aphanizomenon flos-aquae dominated system of 
the Upper Klamath Lake USA, has recently been attributed 
to the significant increase in anthropogenic N&P loadings 
into the system due to upstream discharge, combined with 
dam impoundment (Paerl et  al. 2018). To address this 
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situation, selective removal of a series of dams along the 
systems has been prescribed to increase water flow regimes 
and significantly reduce residence time (Campbell 2005). 
Although this dam removal operation has been described as 
the most significant and most robust official endorsement in 
history (Oliver et al. 2014; Paerl et al. 2018). The Levant 
basin from the activation of Aswan High Dam on the Nile 
basin, has been shown to induce eutrophication due to 
remarkable nutrient over-enrichment in the coastal waters, 
stimulating increased phytoplankton proliferation with nega-
tive impacts on marine life. A recent investigation also pos-
ited that the potentially toxic dinoflagellate, Prorocentrum 
minimum dominates the Nile River in the large Adriatic and 
Kiel fjord areas. In the landlocked Mediterranean and Baltic 
Seas, increased fish mortality and release of odoriferous 
ooze have been linked to the intense proliferation of the 
Prymnesiomonad, Chrysochromulina polylepis. Again, a 
significant increase in nutrient loadings and expansion of 
phytoplankton communities arising from river flow disrup-
tion due to the filling of the European Alqueva dam, South 
of Portugal has been reported to pose a significant threat. 
These have led to a pronounced water quality deterioration 
of the upstream reaches and the downstream estuary (Morais 
et al. 2009). Furthermore, the increasing rates of urbaniza-
tion and industrialization have put significant pressures on 
forest resources, rerouting of some rivers, wetland removal, 
watershed and land development exacerbating eutrophica-
tion and HAB dynamics on a regional levels (Castro et al. 
2016; Mccarthy et al. 2018; Zhang et al. 2013). Anthropo-
genic N&P inputs from both point and non-point sources are 
significant triggers for HABs. Effluents from the wastewater 
treatment plants and industries are suitable point sources of 
N&P. The near-total dependence on detergents for laundry 
services contributes to increasing P supply. Non-point 
sources from agricultural run-offs, inorganic fertilizer satu-
rated lands due to indiscriminate fertilizer application 
beyond crop requirement thresholds have also remarkably 
encouraged HAB proliferation in a freshwater-marine con-
tinuum. Agricultural run-off and urban storm waters are 
potential sources of N-especially NO3 to aquatic systems 
(Paerl et al. 2015). Other non-agricultural pollutants such as 
petroleum products (oils) including dual purpose kerosene 
(Nwankwegu et  al. 2016a), diesel (Nwankwegu et  al. 
2016b), premium motor spirit (Nwankwegu 2016), gasoline 
(Nwankwegu and Onwosi 2017a), automobile gas oil, 
(Nwankwegu et al. 2017), spent lubricating oil (Nwankwegu 
et al. 2018) as well as heavy metals and the recalcitrant 
hydrocarbon congeners like polycyclic aromatic hydrocar-
bons (PAHs) (Oladunjoye et al. 2017; Posada-baquero and 
Martín 2019; Verma and Kuila 2019) also contaminate 
waterbodies through pipeline vandalism and accidental dis-
charge while they significantly promote the processes that 
trigger episodic blooms. These hydrocarbon pollutants are 

usually difficult to deal with upon spill, and the few manage-
ment options in water environments such as photo-oxidation 
and the use of dispersants (surfactants) often pose a great 
threat to aquatic biodiversity thus eco-hazardous. Although 
bioremediation has been globally advocated as an eco-
friendly remedial alternative (Chaudhary and Kim 2019; 
Daniel et al. 2019) but this technology principally involves 
three strategies notably; natural attenuation, bio-stimulation 
(exogenous nutrient addition) and bio-augmentation (seed-
ing of allochthounous rather than autochthonous microbial 
species) (Nwankwegu and Onwosi 2017b) which are pre-
dominantly more appropriate in polluted soil than the water 
ecosystems. Specifically, bio-stimulation essentially helps 
to increase ecosystem nutrient budget (N&P) and promotes 
the factors that exacerbate blooms when deployed across the 
aquatic systems. The anthropogenic N&P inputs are not the 
sole sources of nutrient supply and circulation across the 
interconnected aquatic ecosystems as an enormous supply 
of N-also come from atmospheric depositions and the activi-
ties of planktonic N2-fixers including Anabaena, Aphani-
zomenon, Nodularia, Nostoc, and Cylindrospermopsis which 
can carry out nitrogen fixation (Paerl et al. 2011a, b; Watson 
et al. 2015). Atmospheric depositions make up an essential 
source of fixable nitrogen for the diazotrophic taxa. The sup-
ply of the massive amount of dissolved inorganic nitrogen 
(DIN) up to 38–155 mg m−2 month−1 in N-deficient Eastern 
Indian Ocean and the South China Sea has been attributed 
to atmospheric deposition (Zhou et al. 2018a, b). At present, 
there are no chemical precipitation mechanisms (either 
entrapment, binding or complexation) available for N-immo-
bilization in sediment since all the bioavailable forms (NO3 
and NH4

+) forms are highly soluble in water. In contrast, 
however, excessive P-supply has been traced to legacy load-
ing from both sediment and geo-genic sources (e.g. rocks). 
Legacy loading is a hydrodynamic event driving by high 
temperature and tidal inundations. Internal nutrient loading, 
especially P-released from sediments, is intensified during 
the hot seasons (summer) accounting for increased P-avail-
ability during hotter seasons (Ding et al. 2018; Zhou et al. 
2009). The high affinity of P to humic substances in sedi-
ment–water interfaces reduces its availability for phyto-
plankton uptake. The total nutrient (N&P) ratio has been 
used as a prudent indicator to evaluateN&P limitation para-
digm although, this has been debated over the years by dif-
ferent researchers. For instance, Ding et al. 2018 posited that 
N-limitation or P-abundance occurs at N&P ratio less than 
9 (TN/TP < 9) and P-limitation N-abundance occurs at TN/
TP > 22.6. In contrast, other studies stated the N-limitation 
occurs at TN/TP < 20, co-limitation by N&P at TN/
TP = 20 − 50, and P-limitation at TN/TP < 50 (Zhou et al. 
2009). However, irrespective of the discrepancies based on 
TN/TP paradigm, there is one consensus agreement that 
N&P limitation shift in freshwater e.g. lakes is seasonally 
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mediated and while summer and fall are associated with 
N-limitation, winter and spring are associated with P-limi-
tation (Morais et al. 2009; Paerl et al. 2011a, b; Xu et al. 
2015). Table 1 and Fig. 2a show nutrient limitation dynam-
ics and TN/TP transitions on an annual scale. The TN/TP 
evaluated from the total nitrogen and phosphorus. Data 
acquired from different studies (Zhou et al. 2009, 2011; Ding 
et al. 2018). Initial management protocol stipulates that 
eutrophic freshwater which is highly P-enriched (i.e. low N: 
P molar ratio < 15) is more prone to dominance by diazo-
trophic taxa, while eukaryotic algae and several non-N2-fix-
ers dominate at N: P > 20 (Watson et al. 2015). However, the 
relationship between nutrient ratios and phytoplankton 

species dominance lacks consistency and hence is 
controversial.

Hydrodynamic variables

The magnitude of hydrologic forces exerted on freshwaters, 
and other coastal waters significantly affect phytoplankton 
integrity, cell aggregations, HABs, and nutrient dynamics 
(Wang et al. 2017). Aquatic systems are potentially impacted 
by both advection (horizontal) and vertical fluxes in asso-
ciation with alluvial and fluvial processes. Mixing and 
flushing are hydrodynamics activities that control the HAB 
expansions. Adequate mixing and flushing directly affect 
water temperature and residence time. For example, cyano-
bacteria prefer it hot and slow and thrive in systems with 
minimal mixing (thermally stratified) and long residence 
time. CyanoHABs dominate summer bloom in freshwater 
ecosystems. Extremely shallow mixing depth during sum-
mer in Xiangxi Bay of Three Gorges Reservoir, Yangtze 
River, Chima has been reported to exacerbate cyanoHABs 
dominance (Johnson et al. 2012; Mao et al. 2015). The rapid 
decrease in mixing is associated with spring bloom. How-
ever, the bacillariophytes, e.g. diatoms, prefer the system 
cold, highly mixed, well flushed, and fast, thus can with-
stand high mixing regimes and short residence time making 
them potential pre-colonizers in such habitats. Spring diatom 
blooms of Stephanodiscus hantzschii, Cyclotella meneghini-
ana in Lake Taihu and Hanjiang River, China have been doc-
umented under similar nutrient gradients (Wang et al. 2012). 
Due to the adaptive ability of diatoms under low light and 
temperature ranges, they have been implicated as the domi-
nant species in both lotic and lentic systems during winter 
blooms. Previous studies have corroborated the dependence 
of diatoms bloom on hydrodynamics wherein, it was shown 
that under different flow regimes, diatom population exhibit 

Table 1   Annual dynamic characteristics of Xiangxi tributary bay 
based on field observations

TN, TP and TN/TP = Total nitrogen, total phosphorus and total nitro-
gen to total phosphorus ratio, respectively (Zhou et al. 2009, 2011)

Month Nutrients

TN (mg L−1) TP (mg L−1) TN/TP

January 2.92 ± 0.11 0.11 ± 0.01 26.50 ± 0.25
February 2.88 ± 0.20 0.12 ± 0.03 24.00 ± 0.02
March 2.89 ± 0.01 0.12 ± 0.11 24.10 ± 0.31
April 3.25 ± 0.40 0.13 ± 0.02 25.00 ± 0.12
May 3.21 ± 0.20 0.11 ± 0.05 29.20 ± 0.01
June 2.30 ± 0.13 0.13 ± 0.01 17.70 ± 0.19
July 1.86 ± 0.14 0.27 ± 0.11 6.90 ± 0.19
August 2.01 ± 0.11 0.25 ± 0.03 8.04 ± 0.15
September 2.12 ± 0.40 0.28 ± 0.03 7.60 ± 0.19
October 2.51 ± 0.14 0.31 ± 0.12 8.09 ± 0.19
November 1.81 ± 0.14 0.21 ± 0.10 8.61 ± 0.19
December 2.81 ± 0.20 0.19 ± 0.03 23.40 ± 0.01

Fig. 2   a The TN and TP molar 
ratio indicating the forms of 
nutrient limitation dynamics 
shift (Zhou et al. 2009). b Tem-
perature optima for maximum 
growth of major harmful algal 
bloom (HABs) formers (Paerl 
et al. 2016)
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species-specific variations in P-uptake (Wang et al. 2012; 
Watson et al. 2015). The intense proliferations of specific 
microscopic algal bloom called “red tide” under calm wind 
situations in weakly flushed coastal waters were observed 
in eutrophic and subtropical coastal systems for example in 
Hong Kong and South China (Wong et al. 2007). Generally, 
the propensity for cell aggregation or formation of surface 
scum by planktonic taxa spreading through impacted waters 
is limited by high mixing and flushing. Wind-driven mix-
ing regimes especially in sediment-rich broad but shallow 
eutrophic systems like Taihu Lake, China triggers upwelling 
and massive nutrient release from legacy loading. This could 
warrant nutrient over-enrichment beyond the eutrophication 
thresholds (TN = 0.8 mg L−1. TP = 0.07 mg L−1) (Xu et al. 
2015). It also has been reported that harmful algal bloom 
expansions with characteristic dense surface “mat” in large 
but relatively shallow Lake Winnipeg, North America is 
associated with intermittent mixing regimes principally 
driven by wind (Binding et al. 2018). Low mixing and tidal 
events support both hypoxia and anoxia in freshwater sys-
tems (Jalil et al. 2018), both of which intensely encourage 
cyanoHAB expansions. Vertical and horizontal distribu-
tions of materials across concentration gradients are criti-
cally altered by wind-induced mixing and circulations and 
adequately select for the short or long term algal population 
predominance.

Factors influencing growth and adaptation 
of Phytoplankton

The tendency for certain taxonomic groups of phytoplankton 
to maximize growth at a minimal cell loss through absolute 
aquatic territorial dominance under constantly changing 
environments is controlled by several factors and adaptive 
characteristics. The growth influencing factors such as tem-
perature, pH, dissolved oxygen, nutrient, and predation are 
important physicochemical and biological factors affecting 
HABs dynamics in the freshwater-marine continuum. Dif-
ferent phytoplankton exhibit peculiar survival mechanism, 
ranging from habitat modification by toxins production, 
expressions of physicochemical defense mechanisms, nutri-
ent uptake processes (autotrophic, heterotrophic or mixo-
trophic), siderophores/chelators secretion for micronutrient 
assimilations, diazotrophs/N2-fixation, motility (buoyancy), 
reactive oxygen species (ROS) tolerance (benthic or plank-
tonic) and formation of large protective sheaths.

The optimum temperature requirements for growth vary 
among phytoplankton taxa (Fig. 2b). The order of phy-
toplankton temperature –growth optima; cyanobacteria 
(cyanoHABs) > chlorophytes > dinoflagellates > diatoms 
has been reported (Paerl et al. 2011a, b, 2016; Watson et al. 
2015). Seasonal variations in temperature affect nutrient 

and oxygen availability, water column stratification as well 
as phytoplankton dominance and expansions. In thermally 
stratified systems, the cyanobacteria can move through the 
water column by altering their buoyancy. Diazotrophic 
cyanoHABs such as Anabaena, Aphanizomenon, Nostoc, 
and Nodularia dominate the photic zone while they lead to 
the decline of other taxa within the euphotic zones. Again, 
specific blooms of macroalgae have been reported to occur 
during spring and summer utilizing the low precipitation 
with high temperatures to maximize dominance in coastal 
lagoons (Neill et al. 2015). Bloom intensity significantly 
depletes bottom water O2 and promotes hypoxia. This con-
dition favours the food web disrupting and hypoxia gener-
ating cyanoHABs to thrive. In other words, the big issue 
with dissolved oxygen (DO) is essentially the bottom water 
hypoxia and anoxia. In the sea of Oman, Southeast Asia, 
the seasonal decline in dissolved oxygen concentration has 
been attributed to a dramatic increase in fish kills (Harrison 
et al. 2017).

Similarly, under intense bloom events, the surface water 
pH of aquatic systems usually goes up, and as bloom (bio-
mass) decay, pH gradually decreases. Bloom accretion is 
associated with the release of some gases which compromise 
water quality and impact odour. When these gases dissolve 
in the bulk water, they alter the water pH depending on what 
gas was evolved. In this case, the bloom impacted system 
with the release of hydrogen sulfide -H2S or methane-CH4 
is expected to be more acidic unlike other systems charac-
terized by the release of alkaline gases, e.g. ammonia-NH3. 
The ambient toxicity of the haptophyte, Prymnesium parvum 
has been found to increase proportionately with pH such that 
optimal growth in aquatic systems is inhibited by extremely 
low pH (Prosser et al. 2012). In effect, extremely low pH can 
exacerbate the production of secondary metabolites, increas-
ing the mortality of eukaryotic lives by eliciting high BOD 
conditions in such systems (Visser et al. 2016).

The nutrient is also a principal factor for growth, and dif-
ferent phytoplankton groups show varying preferences to 
nutrient metabolism. For example, during our recent study in 
Xiangxi Bay of Three Gorges Reservoir, China. The effect 
of exogenous nutrients on the relative abundance of major 
HAB taxa was evaluated in a microcosm bioassay. Our result 
shows that while N-addition caused the system to become 
cyanobacteria dominated (relative abundance = 47.15%). The 
P –addition, on the other hand, led to a chlorophyte-dominated 
community (Relative abundance RA = 51.88%) as shown in 
Table 2 (data not published). Significant dominance (relative 
abundance = 71.61%) of cyanobacteria was seen in cultures 
with N + P+Si + metal addition. This, however, reflected the 
nutrients (N, P, and Si) synergy in boosting HABs prolifera-
tion and expansion across aquatic systems. Si addition resulted 
in a sharp increase in the relative abundance (RA = 20.62%) 
of diatoms compared to other nutrients on the same taxon. 
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Generally, different phytoplankton groups respond differently 
to the exogenous nutrient supply. In other words, specific 
nutrient availability can select for which algal species would 
be dominant during a bloom. Freshwater systems, especially 
lakes and ponds are classified as oligotrophic, mesotrophic, 
eutrophic and hyper-eutrophic based on the magnitude of 
nutrients loading characteristic. Presently, most lakes, e.g. 
Lake Taihu, China, Upper Klamath Lake, USA, Lake Winni-
peg, North America have now transcended to hypereutrophic 
systems in response to the increasing urbanization, agricul-
tural runoff, industrial and wastewater discharge over the years. 
Micronutrients are also essential for growth although, some are 
perhaps not growth-limiting but stimulatory. In other words, 
eutrophication and bloom can persist without them. However, 
their presence help to enhance phytoplankton cell morphol-
ogy and chlorophyll yields (Xu et al. 2015). Iron and silicon 
have been described as limiting nutrients for algal growth, 
and different phytoplankton show certain specificities in iron 
and silicon uptake (Wu and Chou 2003; Xu et al. 2013; San-
severino and Conduto 2016). Cyanobacteria can sequester iron 
and the activity of the N2-fixation enzymes, nitrogenases is 
enhanced by iron availability. The nitrogenases are sensitive 
to oxygen; thus can be deactivated under aerobic conditions. 
The cyanoHABs therefore, possess oxygen repelling structure, 
the heterocyst, which excludes oxygen, helping the N2-fixers 
to avoid enzyme inactivation. A great challenge to the iron 
supply in the freshwater-marine continuum is the fact that the 
biologically utilizable ferrous ion (Fe2+) is unstable and easily 
oxidized to ferric ion (Fe3+). This phenomenon makes iron less 
available. However, certain cyanobacteria, e.g., Microcystis 
spp, the most widely studied and ubiquitous cyanoHABs under 
freshwater eutrophication, possess iron-binding molecules, 
siderophores which bind ferric ion species to form the soluble 
iron-siderophore complexes which mimic Fe2+ thus, utilizable. 
Again, when the concentration of NO3

− is higher than NH4, 
the most preferred N-form in aquatic systems, cyanoHABs 

often intensify its Fe requirement for NO3 assimilation (Xu 
et al. 2013). Natural iron supply from humic substances has 
been demonstrated to stimulate the growth of marine algal 
species (Krachler et al. 2019). The Bacillariophyta, diatoms, 
on the other hand, have obligate silicon (Si) requirements for 
growth, metabolism, DNA replication, and cell division. Sili-
con concentration in aquatic systems has a direct relationship 
with dissolved inorganic nitrogen, DIN and according to Wu 
and Chou (2003), silicon limitation occurs at a point when 
Si: DIN = 1:1. This means that in diatom-dominated aquatic 
systems, primary productivity would be drastically reduced at 
SI: DIN ≤ 1. An increasing concentration of silicon has been 
found to result in optimal growth of the diatom, Triparma lae-
vis NIES-2565 (Parmales, Heterokontophyta) during a pilot-
scale experiment in artificial seawater (Yamada et al. 2014). 
Again, habitat exploitation and acclimatization are also cru-
cial for HABs dominance and expansion, for instance, certain 
freshwater HABs irrespective of their ecosystems hysteresis 
are known to exhibit certain degrees of salt-tolerance includ-
ing the diazotrophic taxa, the Cyanophyta such as Dolichos-
permum, Nodularia, Anabaenopsis, as well as few species 
of Oscillatoria and Lyngbya. The non-N2-fixers including 
Phormidium, Microcystis, Oscillatoria, and pico-planktonic 
Chroococcus and Synechococcus. Some strains of HABs show 
relative tolerance to saline toxicity e.g., some strains of Micro-
cystis aeruginosa remains unaffected by salinities ≥ 10 (Paerl 
et al. 2016) thus, can display optimal growth responses under 
‘‘mixohaline’’ habitats. The common Baltic Sea bloom-former 
Nodularia spumigena, thrive in ≥ 20 saline conditions while 
some Anabaenopsis and Dolichospermum tolerate salinities 
up to 15. Hence, cyanoHABs are enhanced by the synergistic 
effects of salinization and nutrient concentrations (Paerl and 
Paul 2012; Paerl et al. 2016). The biological factors, includ-
ing predations and competitions also significantly affect HAB 
expansions. To escape predation or attract preys, several spe-
cies of phytoplankton have developed some adaptive features 

Table 2   Effect of exogenous nutrient on relative abundance (%) of phytoplankton in Xiangxi Bay, China

Values are mean of three replicates ± SD Mean superscripts with different letters differ significantly (P < 0.05) along treatments
Eug euglenophyta, Xanth xanthophyta, Cyano cyanophyta, Pyrro pyrrophyta, Bacilla bacillariophyta, Chloro chlorophyta, Crypto cryptophyta, 
N nitrogen, P phosphorus, Si silicon, metals (Fe, Zn, Mn, and Cu)

Microcosm Taxonomic group

Eug Xanth Cyano Pyrro Bacilla Chloro Crpto

Control 0.00 ± 0.00a 0.21 ± 0.03b 46.44 ± 2.30d 0.38 ± 0.20b 16.75 ± 2.45d 32.60 ± 3.39d 3.72 ± 0.20b

+N 0.00 ± 0.00a 0.09 ± 0.20b 47.15 ± 2.90d 0.35 ± 0.01b 18.46 ± 2.09d 30.86 ± 2.66d 2.99 ± 1.21d

+ P 0.00 ± 0.00a 0.03 ± 0.10c 32.81 ± 1.88d 0.21 ± 0.20b 12.63 ± 2.67d 51.88 ± 4.87d 2.46 ± 0.31b

+ Si 0.00 ± 0.00a 0.03 ± 0.20b 49.67 ± 4.02d 0.10 ± 0.01b 20.62 ± 3.33d 26.53 ± 2.11d 3.02 ± 0.10c

+ N + P 0.00 ± 0.00a 0.06 ± 0.00a 46.00 ± 3.30d 0.15 ± 0.20b 7.53 ± 0.13c 44.21 ± 3.23d 2.05 ± 0.20b

+ N + P+Si 0.007 ± 0.00a 0.09 ± 0.20b 29.79 ± 1.93d 0.05 ± 0.00a 16.81 ± 4.22d 51.31 ± 3.43d 1.94 ± 0.33b

+ Metals 0.05 ± 0.00a 0.53 ± 0.01b 8.31 ± 0.12c 0.32 ± 0.20b 15.68 ± 2.14d 74.75 ± 2.76d 0.37 ± 0.01b

+ N + P+Si + Metals 0.00 ± 0.00a 0.04 ± 0.20b 71.61 ± 4.11d 0.10 ± 0.20b 8.07 ± 1.99d 17.79 ± 1.01d 2.38 ± 0.23b
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ranging from buoyancy, hypoxia generating, food web disrupt-
ing to toxin productions (Paerl et al. 2011a, b, 2016; Paerl and 
Paul 2012). The different taxonomic groups possess distinct 
adaptive features controlling dominance. The predator–prey 
relationship, as well as competition, is a common phenomenon 
in freshwater ecosystems. During this interaction, preys can 
either be directly ingested by the predators via phagotrophy 
or release of membrane weakening allergens (dasmotrophy) 
to incapacitate prey and increase its vulnerability. The chlo-
rophytes can optimize growth under low light and nutrients 
by mixotrophy and vertical migration. Both intraspecific and 
interspecific competitions actively control HAB expansions. 
The Microcystis spp develop toxic blooms, dense surface 
sums, deoxygenate water column and dominate in summer 
blooms (Paterson et al. 2017). Interactions between eukary-
otic algae and hypoxia generating –toxic cyanobacteria sig-
nificantly affect bloom dynamics. In Lake Taihu, China, the 
allelopathic interaction between Microcystis aeruginosa and 
Chlorella vulgaris, (eukaryotic competitor) caused the former 
to release linoleic acid and dominated the hyper-eutrophic lake 
(Song et al. 2017). Again, pheromone secreting cell signaling 
compound, nitric oxide produced by C. Vulgaris via quorum 
sensing is utilized by M. aeruginosa in a positive feedback 
fashion to stimulate toxicity and more linoleic acid release 
(Song et al. 2017).

Furthermore, a secondary metabolite, microcarbonin 
A produced by Microcystis spp caused the inhibition of 
photosynthetic activities among the autotrophic dinoflagel-
late, Peridinium gatunense in Lake Kinneret, Sea of Gali-
lee, Israel (Sukenik et al. 2002). The M. aeruginosa also 
overwhelms other members of its taxon, such as Anabaena, 
Aphanizomenon, which carry out N2-fixation, which the M. 
aeruginosa utilizes to dominate. Most filter feeders, e.g., 
mussels, Daphnia, and Tilapia, which are potential aquatic 
predators selectively graze other phytoplankton over cyano-
HABs. These mechanisms of allelopathy and ecosystem 
dominance make Microcystis the most toxic alga to both 
humans and aquatic zooplankton presently recorded.

In terms of nutrient uptake, cyanoHABs can access 
nutrients at depth in the night by collapsing its intracellu-
lar gas vacuole, which lowers buoyancy while it also acts 
as a potential store for starch granules (Paerl et al. 2015). 
Although viral and bacterial lysis, low light, sudden cold 
spells, mixing, and storm events can also cause cynaoHABs 
collapse (Watson et al. 2015).

Mechanisms of HAB expansions

At present, it is relatively difficult to draw a revolving con-
clusion on the single mechanism controlling cyanoHAB 
proliferation and expansion, recalling that the adaptive 
mechanisms of the majority of phytoplankton groups are still 

poorly understood (Jonsson et al. 2009; Yang et al. 2018a, 
b). Several researchers to this effect have different opinions 
supporting the mechanisms directing HAB formation in the 
freshwater-marine continuum. The varying worldviews and 
conclusions have been based on region and the dominant 
bloom formers. Examples, Yang et al. (2018a, b) classified 
HABs inducing current into bottom layer intrusive (BLIC), 
middle layer intrusive (MLIC), and surface layer intrusive 
(SLIC) and posited that MLIC in association with stable 
thermal stratification is responsible for the intense HABs 
proliferation in summer. Again, a bloom is said to occur 
following the high concentration of phytoplankton popula-
tions arising from excess N&P inputs in the presence of 
physiological mechanisms including compartmentalization 
and heterocyst formation among the diazotrophic taxa for 
example that favourably direct cells to fix nitrogen and ferti-
lize the systems (Butler et al. 2000). In essence, while some 
researchers posit that nutrient over-enrichment remains the 
principal factor controlling the mechanisms of bloom, HAB 
expansions and species transitions in aquatic ecosystems 
(Ajani et al. 2018), others maintain that these conditions 
though relevant as stated but must be assisted by specific 
hydrodynamic, hydrological and environmental influences 
(Huang et al. 2018; Xiaoyi et al. 2016; Zhou et al. 2017). 
The phytoplankton allelopathy, i.e. the production of toxic 
metabolites or compounds otherwise referred to allelogens 
(Table 3) by certain taxonomic groups against their compet-
ing taxa in the aquatic system has also gained much atten-
tion. Most cyanoHABs belonging to the taxon, Cyanophyta 
produce several toxins, including the neurotoxin, Beta-
methyl-amino-l-alanine (Cox et al. 2005), which targets the 
motor neurons. Allelopathic interactions ultimately con-
trol the bulk of HAB mechanisms and species dominance 
(Weberg et al. 2008; Scotti et al. 2015; Zuo et al. 2015; 
Mohamed 2017; Chia et al. 2018; Jiang et al. 2019). Active 
release of toxins directly affects the survivability of the 
competing species even within the same taxonomic group 
(Intraspecific competition). These negative interactions 
could sufficiently explain the competitive advantage between 
planktonic cyanobacteria and zooplankton (eukaryotic algae) 
to initiate persistent bloom. Mechanisms of bloom formation 
(Fig. 3), therefore, vary with the aquatic systems. Some algal 
groups have a faster growth rate than others and quickly 
dominate the system in the presence of materials essential 
for proliferation. Most marine species also show high ranges 
of growth rates although, unlike the cyanoHABs, a major-
ity are not motile so rely on hydrodynamic interferences to 
dominate the marine systems. Most marine species are usu-
ally autotrophic or mixotrophic and thus can synthesize their 
food. The first step in tackling cyanoHAB blooms lies essen-
tially in understanding the bloom species. Different methods 
have been used in the identification and study of problem-
atic cyanoHAB community structure. In the past, traditional 
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culturing method has been used in cyanobacterial identifica-
tion from their natural populations (Castenholz 1988). How-
ever, over 95% of cyanobacterial species are non-culturable 
posing a great challenge and bottleneck in the understanding 
of the bloom community. This necessitated a shift from the 
morphological to the culture-independent approaches (Pope 
and Patel 2008; Lee et al. 2014a, b). Table 4 summarizes the 
different culture-independent molecular methods that have 
been used to study cyanoHABs across aquatic ecosystems.

The socioeconomic implications of HABs

The impacts of harmful algal bloom under changing cli-
mates and globally increasing anthropogenic nutrient load-
ing create synergistic interactions that negatively affect the 
freshwater-marine continuum. These adverse influences also 
result in significant alterations in the biological and phys-
icochemical characteristics of these interconnected systems. 
Consequently, significant socio-economic implications 
have been attributed to HAB impacts on a geographically 
global scale with huge effects on the main sectors includ-
ing tourism, recreational activities, public health, commer-
cial fisheries, monitoring and management (Hoagland et al. 
2009; Manganelli 2015; Sanseverino and Conduto 2016). 

Fig. 3   Conceptual illustrations of bloom mechanism and the several physicochemical and biological interactions exacerbating HABs prolifera-
tion and expansions on a geographically diverse scale

Table 4   Different culture-independent molecular methods deployed for cyanoHAB identification

LC liquid chromatography, HPLC high performance liquid chromatography
m Molecular, aAnalytical

Technology/ method Sample Identified cyanobacteria/sepcies References

mMetagenomic Complete genomic sequencing Cyanobacteria 
impacted freshwater

Aphanizomenon Cylindrospermopsis Pope and Patel. (2008)

mPolyphasic Microscopy/DNA base analyses Australian freshwater Chroococcales Oscillatoriales Nostocales Lee et al. (2014a, b)
aLC HPLC Mass-spectroscopy Bloom surface scum Cyano toxins Msagati et al. (2006)
mImaging-driven technique Integrated flores-

cence signature
Bloom water sample Anabaena flos-aquae, Microcystis aerugi-

nosa Ankistrodesmus
Jin et al. (2017)

Molecular Bloom scum Nostoc Kust et al. (2018)
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According to the Florida Department of Health, the red tide 
in Sarasota County reported a total of 54% respiratory, 19% 
pneumonia, and 40% gastrointestinal illnesses. This culmi-
nated in hospital costs of 0.5 to 4 million USD and an aver-
age annual loss of 22 million USD on both medical expenses 
and lost works days due to illnesses (Alcock 2017).

Broadly, tourism and recreation impacts include; a rapid 
reduction in the recreational experiences of the beach tour-
ists, total fish harvesting/fishing closures concerning recrea-
tional fishers, all of which are substantial economic losses 
and damage to tourism industries. The public health impacts 
are indeed the medical expenses arising from HABs’ allelop-
athy and intoxication, including the cost of transportation to 
the hospital, hospitalization cost, and a significant decrease 
in daily productivity. Commercial fisheries’ impacts include; 
remarkable reduction in the consumers’ demand for fish 
due to fear of shellfish poisoning (SFP) (sometimes plays 
a significant role in people’s psychology), increased fish 
mortality, commercial-scale fish closures, fish scarcity, and 
general price increase. The monitoring and management 
implications centrally include; water quality deterioration 
and filter clogging, increased water sampling, intensified 
actions to identify factors exacerbating bloom and its detri-
ments in terms of time, energy and cost, the extra cost of 
water treatment for toxins removal, and approaches devel-
oped to destroy HABs may be exorbitant. However, certain 
cyanobacteria, the bulk of which are not among the harmful 
bloom formers are used as potentials food additives (Siah 
et al. 2013; Vinogradova et al. 2011). Blue-green algae sup-
plemented foods (BGAS) e.g. Aphanizomenon flos aquae, 
Spirulina and chlorella have been found useful in weight 
reduction and elevating moods among people with depres-
sions (Sanseverino and Conduto 2016) but since these edible 
taxa are usually harvested from natural environment where 
the potentially toxic counterparts including the Microcystis 
aeruginosa, Cylindrospermopsis, Lyngbya, Phormidium, 
Planktothrix, and Raphidiopsis also thrive, risk of food 
toxicity cannot be presumably eliminated. The evidence 
of increased human health risks through the consumption 
of neurotoxin (cyanotoxin) contaminated foods has been 
recently reported (Manolidi et al. 2019; Vichi et al. 2012).

Management of HABs

Over the years, HABs management has attracted quite 
pretty much attention, and different approaches have been 
regularly evaluated and applied in practical situations to 
mitigating the globally increasing bloom events. Mitiga-
tion strategies such as physical, biological, and chemical 
have been proposed by researchers (Garce and Maso 2006; 
Schindler et al. 2008; Glibert 2017; Harrison et al. 2017; Ji 
et al. 2017; McGowan et al. 2017; Paterson et al. 2017; Jiang 

et al. 2019). Regrettably, each mitigation approach (Table 5) 
is confronted with challenges and inadequacies, making 
most management strategies ultimately system-specific and 
in most cases, almost difficult and rarely applicable. The 
physical approaches and their intrinsic limitations include; 
(1) application of ultrasonic treatment involving sound wave 
frequency ≥ 20 kHz (Park et al. 2017) targeted at disrupt-
ing the planktonic bloom taxa through mutation and algal 
inactivation. Provision of induced vertical mixing (Lund-
gren et al. 2013). The vertical mixing is aimed at reduc-
ing both hypoxia, and thermal stratification in the aquatic 
systems, e.g. wind-induced flow velocity has been applied 
to reduce thermal stratification and hypoxia at the Meiling 
Bay of Lake Taihu (Jalil et al. 2018). The technology is not 
cost-effective and thus, cannot be applied in large aquatic 
ecosystems (freshwater-marine continuum). Apart from this, 
the technology, if adopted even in small but shallow fresh-
water would result in bloom exacerbation through sediment 
burst and concomitant nutrient release from legacy stores (2) 
promoting hypolimnion oxygenation and surface flushing 
assisting to destroy the phytoplankton biomass integrity and 
tendencies to form cell assemblage (biofilm). The approach 
is tedious and does not guarantee sufficient success as pre-
ponderance of bloom formers in addition to being buoyant 
and planktonic also possess heterocyst which aids in exclud-
ing oxygen and increases the survivability of these groups in 
oxygen surplus hypereutrophic systems e.g. the diazotrophic 
cyanobacteria including Anabaena, Aphanizomenon, Nostoc, 
Nodularia are often potential survivors under these scenar-
ios (3) optimizing the competitive abilities of rooted and 
submerged macrophytes by deliberating lowering lakes and 
reservoirs. This strategy would have proven relatively effec-
tive both in terms of cost and time, but lake manipulations 
through lowering may not generally represent a reliable and 
feasible option. Again, the approach is limited to lakes and 
reservoirs, other freshwater and marine systems are not con-
sidered for this kind of intervention (4) weather conditions 
forecasting. The efficient bloom management mostly relies 
in part on the accurate predictions of weather and climatic 
variables, including autumn–winter and spring–summer 
transitions. Sustainable control of bloom has been attrib-
uted to managers’ abilities to forecast future while back-
ing up forecast results with remedial actions (Paerl et al. 
2011a, b, 2016). However, under the constantly changing 
climate especially the extremes in rainfall (precipitations) 
and droughts substantially impacting the aquatic systems, 
information from forecast often do not provide a reliable and 
prudent solution for sustainable bloom mitigation (5) physi-
cal removal of dense surface scums by skimming, physically 
scooping of dense surface scums, concentrating and conver-
sion of toxins into innocuous by-products/materials. This 
approach though cost-effective but can only be applied in 
reservoirs (≤ 40 ha) and not in freshwater systems as large 
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as ̴  2500 ha e.g. Taihu Lake, China, and Lake Erie, USA. 
Again, this strategy can predispose individuals to direct con-
tact with toxic HABs since cyanotoxins can pose serious 
health threats with both acute and chronic manifestations 
through oral, dermal, and inhalation exposures (Chia et al. 
2018; Funari et al. 2017). Clarification, coagulation, filtra-
tion, and floatation are also traditional physical methods. 
These are too complex, expensive and possess the tendency 
to worsen water pollution (Rajasekhar et al. 2012).

The biological bloom management paradigm often 
includes maximizing all the ecosystem predations and com-
petitions, especially those that negatively affect HABs sur-
vival and expansions. Predation mediated interaction involv-
ing the quagga mussel (Dreis-sena rostriformis bugensis) 
has been applied to significantly reduce phytoplankton bio-
mass while restoring clear water characteristics in the shal-
low hypereutrophic urban pond, Netherlands (Waajen et al. 
2016). Still, this approach is limited by the narrow appli-
cation spectrum thus cannot be applied in both lakes and 
large reservoirs (> 100 ha). Furthermore, the phytoplankton 
proliferations proceed faster than the reproductive rates of 
the bivalves and in some cases generate hypoxia and acute 
toxicity that kill the predators, which in turn provide more 
food for the HABs species expansions through putrefaction. 
Example, in Fjordic coastlines, Scottish Clyde Sea, high 
cell density (2840 cells L−1) of D. acuta in water column 
triggered high Shellfish toxicity (601 ± 237 µg OA eq/kg 
shellfish flesh) which resulted in the ban of fish harvesting 
in the area (Paterson et al. 2017). Preservation of herbivo-
rous zooplankton via population reduction of their potential 
predators including the zooplanktivorous and piscivorous 
fish, adequately helps to reduce HABs proliferations and 
expansion. Filter feeders such as Tilapia and Daphnia can 
directly ingest large populations of phytoplankton, but it is 
limited to a few grazers in aquatic systems. Besides, the 
incidence of gill suffocation by the toxigenic species like the 
dinoflagellates, Karenia brevis possesses a significant threat. 
The use of algaecidal microbial species further provides an 
insight into the exploitation of predator–prey interaction to 
control HABs. Algaecidal Streptomyces, U3 (1 µg mL−1 
crude extract) has been used to eliminate > 70% harmful 
alga, Heterosigma akashiwo in three days under laboratory 
conditions (Yu et al. 2018). However, the fast-growing actin-
omycete, when seeded into freshwater-marine continuum 
would worsen water quality deterioration through its ability 
to produce active compounds highly resistant to a wide range 
of environmental factors thus does not constitute a reliable 
biocontrol measure. Again, HABs monitoring via the use of 
biosensors to rapidly and continuously estimate algal cell 
densities and toxin levels at PON (Point of Needs) has also 
been proposed (Mcpartlin et al. 2017). The so-called use 
of a biosensor, though, could be promising, but this device 
is only recommended for small systems detection of likely 

bloom outbreak and thus cannot be applicable in larger 
aquatic systems actively facing intense bloom. A study has 
also explored the potentials of some parasitic protozoa and 
fungi to reduce algal cell density in aquatic systems through 
parasitism, e.g., Chytrid parasite has been shown to play an 
essential role in checking toxins production in phytoplankton 
(Gleason et al. 2015). Although, this can adversely affect 
aquatic food web structure as the zoosporic fungi of the phy-
lum Chytridiomycota is associated with severe mycosis and 
has been linked to global amphibian mass extinction. Gen-
erally, biological manipulations ultimately involve altering 
the aquatic food web while exacerbating pressures on HABs 
grazing by the potential predators and subsequently ridding 
the aquatic ecosystems of these deleterious phytoplankton 
groups.

Chemical treatments for HABs, such as the use of tita-
nium dioxide to trigger the release and degradation of 
microcystin produced by M. aeruginosa, have been reported 
(Chang et al. 2018). Application of sophorolipids (Sun et al. 
2004) and absorbents materials, e.g. modified and natural 
clays (Pan et al. 2006; Yu et al. 2017), which aggregate algal 
cell by flocculation ensuring their massive sedimentations 
and consequent removal from impacted waters. Greater than 
90% cells of Alexandrium tamarense and paralytic shell-
fish toxins were effectively removed by 0.25 g L−1 of modi-
fied clay under laboratory conditions. The use of chemical 
oxidants such as chlorine (Cl), potassium permanganate 
(KMnO4), and ozone (O3) in cyanoHABs control in the 
laboratory resulted in average cell lysis of > 80% (Fan et al. 
2013).

However, these techniques could be useful in short term 
consideration and small aquatic systems but make the pro-
cess adequately tedious and cost-ineffective. Again, some 
chemicals possess selective toxicity to specific phytoplank-
ton taxa, e.g., a study has recently shown that while H2O2 
causes dramatic cyanobacteria inactivation, the growth of 
chlorophytes is usually promoted under the same condi-
tion (Yang et al. 2018a, b). In Ran Yi Tan Reservoir, China, 
10 mg L−1 K2FeO4 caused dramatic membrane inactivation 
and cell lysis of cyanobacteria, M. aeruginosa (Yang et al. 
2018a, b). Other chemical treatments include the use of Pho-
slock, copper sulfate, alum (hydrated aluminum sulfate), Ca 
(OH)2 (lime), which yield CaCO3 (carbonate), ferric and 
ferrous chloride. (Yu et al. 2017; Paerl et al. 2018). Sev-
eral studies have also reported the use of hydrogen peroxide 
(H2O2) (Barrington et al. 2013; Burson et al. 2014; Dra et al. 
2007; Randhawa et al. 2012; Zhou et al. 2018a, b).

The toxicity of H2O2 to M. aeruginosa through P450 
inhibition has been recently studied (Wang et al. 2018). 
However, the use of chemical formulations in water ecosys-
tem reclamation could be exceptionally costly and limited 
to small systems. Apart from this, some of the chemical 
precipitants e.g.FeCl3 under changing water conditions can 
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dissociate to liberate Fe2+, which can boost the expansion 
of the N2-fixers through ‘nitrogenases’ reactivation in iron-
limiting condition thus intensifying bloom. Again, copper 
though, a potent algaecide but could become problematic. 
The physical (colour) characteristic of water can be compro-
mised by a massive influx of copper into aquatic systems. 
Copper sulfate causes the release of endotoxins into the bulk 
water phase through massive algal cell lysis. The toxicity 
of copper to HABs has been attributed to the dynamics of 
copper ions and not the total copper concentrations, and the 
sensitivity of HABs to copper ion has been shown to vary 
considerably with different phytoplankton species (Schoff-
man et al. 2016). Complexation, precipitation by DOM, 
and adsorption by suspended material are instrumental in 
regulating the chemical speciation of anthropogenic copper 
into the aquatic systems. In small lakes and hatchery ponds, 
barley straws can be utilized to suppress HAB proliferation 
through the release of algistatic phenolic compounds into 
freshwater upon oxidation of barley straws (Islami and Fili-
zadeh 2012). Generally, chemical control has shown massive 
success in small systems but are still challenged by the full 
range of sensitive environmental concerns. The potential 
lethality of some chemicals also raises considerable concern. 
The chemical treatment is associated with several adverse 
residual effects.

The recent paradigm for N-reduction principally involves 
denitrification and the globally advocated anthropogenic 
N&P dual management (Paerl et al. 2011a, b; Xu et al. 
2015). However, denitrification is a natural process, usu-
ally slow and potentially dependent on seasons. The N&P 
dual management is a preventive intervention targeted only 
on subsequent anthropogenic nutrients inputs, which do not 
consider the state and fate of systems already facing hyper-
eutrophy. On this account, Paerl et al. 2018 stated that the 
only suitable and relatively long term N and P control meas-
ure remains the adoption of the 4R stewardships (Right rate, 
Right time, Right place and Right source) in nitrogen based-
fertilizer management and improved wastewater treatment as 
well as the total ban of P-related detergents for P-regulations. 
Still, this did not consider the accidental discharge of non-
agricultural products like oils that do not pay attention to 
quantity exposures, and it is impossible to ensure absolute 
adherence to the above conditions. Any mitigation design 
that could not address all these contingencies lacks sustain-
ability and, therefore, not efficient in guaranteeing long term 
solutions. The importance of creating buffer zones and cover 
crops to help deal with nutrient over-enrichment through 
run-offs break/check has been advised (Lee et al. 2014a, b). 
Greater than 50% N&P input reductions can be achieved by 
planting riparian buffers (Paerl et al. 2016, 2018). High effi-
cient N and P removal (≥ 75% removal efficiency) through 
optimization in anaerobic-anoxic –aerobic constructed 
wetland and water quality improvement beyond nutrient 

strategies had also been reported (Christianson et al. 2018; 
Roe-sosa et al. 2019). Although, shortcomings also exist as 
most freshwater and marine systems do not have sufficient 
arable lands to kick-off large scale construction of wetlands, 
buffer zones, and cover crops. Again, the significant N and 
P removal reported in most successful attempts were per-
formed under controlled conditions and not in the globally 
and naturally distributed aquatic systems with geometric 
nutrient increase per day.

From the Foregoing, it becomes empirically evident that 
though each strategy has shown potentially effective results 
in a wide range of microcosm, mesocosm, and pilot-scale 
studies, but the actual field outcome is different. In the light 
of these limitations, however, which have made none of the 
remedial options necessarily the best, the last option that 
would need to be tried is the exploitation and adoption of 
more than one mitigation approaches into a single treatment 
protocol while utilizing their functions in concert. It is also 
important to diversify concerns to the non-agriculturally-
related contaminants like oil which are continually drained 
into the waters. In the present study, this technology has been 
described as Integrated Management Intervention (IMI), as 
shown in Fig. 4. The integrated mitigation design awakens 
new scientific consciousness to targeting bloom control 
beyond the traditional association of N&P inputs regulation. 
Since every management approach is associated with unique 
function and shortcoming, a combination of strategies would 
provide an insight into successfully by-passing the inadequa-
cies while exploiting their optimum remedial functions to 
dealing with HABs across the freshwater-marine continuum. 
For example, anthropogenic N&P inputs reduction (preven-
tive) significantly reduces the global influx of nutrients into 
the diverse aquatic systems but does not address the current 
state of nutrient over-enrichment across water bodies. Sedi-
ment dredging (curative) substantially eliminates nutrient 
bulk, making the system relatively mesotrophic, but there 
could be cases of nutrient reloading to exacerbate pollution, 
eutrophication, and more HAB events if stringent anthropo-
genic nutrient regulation is not enacted across the continuum 

Fig. 4   A typical Integrated Management (IMI) design to mitigating 
HAB across the geographically diverse regions
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following a dredging operation or if dredged sediments are 
not disposed ex situ. Again, the use of chemical treatments 
such as H2O2 (curative) selectively inactivates the threaten-
ing HAB taxa through cell lysis, which are released into the 
bulk water phase. These can accumulate over time, com-
promising water quality and public health if not dredged, 
making water treatment processes ultimately expensive and 
tedious. This evidently indicates that the success of a reme-
dial step usually depends on the others towards achieving a 
lasting solution and the outcome of a single strategy without 
complementary deployments often short-lived. An effective 
management decision to dealing with HABs should be one 
that considers potential remedial outcome beyond a short 
term solution. It, therefore, becomes extremely relevant to 
consider the integration/merging of these three remedial 
options as a single management ideology to effectively deal 
with phytoplankton proliferation and expansions on a geo-
graphically global scale. The proposition/new consideration 
here is, therefore, that these three remedial steps be merged 
as a single mitigation design through an integrated manage-
ment intervention to create a novel and sustainable solution 
to HAB outbreaks.

Concluding remarks

The glaring evidence from literature has strongly demon-
strated that ecosystem resilience to HAB impacts is grossly 
challenged by increasing anthropogenic activities and con-
stantly changing climate. This review is a delineation of 
management options conventionally adopted in response 
to the episodic impacts of cyanoHABs on a global scale. 
It, therefore, concludes that the lack of mitigation steps is 
not the central problem currently confronting water man-
agers and scientists thus advocated that the strategy and 
rationale for selection and adoption of existing remedial 
options be reviewed. It notes that such adoption should 
take into account the mitigation designs with both curative 
and preventive measures to effectively tackle the already 
impacted aquatic systems and at the same time prevent 
future HAB outbreaks, respectively stating that reliance on 
a single measure can only deliver a parochial solution to 
the increasing HAB events with high tendency for resur-
gence. Further, it underscores that all management options 
are potentially effective under short term consideration, but 
no single remedial step can guarantee sustainable solutions 
to HABs at large. To this effect, we proposed an integrated 
management intervention (IMI) as a key to circumventing 
the situation. Based on both application and implication, this 
paradigm is fundamentally a new remedial convention where 
future research should be directed. Although it involves 
the combinations of already existing mitigation steps, this 
approach points to the promising potentials to deciphering 

the limitations that characterize single deployments and rep-
resents a strategy that can deliver a broad solution to HABs, 
which has not been considered before. Finally, it states that 
the non-nutrient pollutants including oil/hydrocarbon and its 
congeners also be recognized as potential triggers of HABs 
as all efforts are heavily focused on N&P inputs reduction 
while warning that there could be possible transition from 
nutrient-related to non-nutrient-related triggers of HABs in 
future if both factors do not simultaneously attract adequate 
attention.
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