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Aquatic ecosystem degradation driven by nutrient enrichment, contaminant accumulation,
habitat deterioration and other anthropogenic stressors represents a major ecological chal-
lenge. Understanding the range of microalgae-based restoration strategies could advance
sustainable approaches for alleviating ecological stress, improving ecosystem resilience
and supporting nutrient removal, contaminant remediation, carbon sequestration, and
ecosystem recovery across freshwater, coastal, and marine environments.

Abstract

Aquatic ecosystems are increasingly impacted by anthropogenic pressures, including nutri-
ent over-enrichment, industrial discharge and physical habitat alteration, resulting from
industrialization, urbanization, agricultural intensification and population growth. In re-
cent years, microalgae have been extensively studied in engineered and controlled systems
for their potential role in aquatic ecosystem restoration, owing to their capacity to assimilate
nutrients, sequester contaminants and interact with microbial consortia, alongside valuable
biomass generation. While most of the existing studies are based on ex situ systems, such
as high-rate algal ponds, wastewater treatment reactors, algal-bacterial granular sludge,
constructed wetlands and aquaculture effluent treatment units, these processes provide
mechanistic insights relevant to aquatic ecosystem restoration. Hence, this review critically
evaluates the emerging role of microalgae in aquatic ecosystem restoration, mainly through
two implementation pathways, namely ex situ engineered systems and in situ applica-
tions, based on the current state of the art in microalgae-driven processes, with particular
emphasis on nutrient uptake pathways and mechanisms. Furthermore, key challenges
and future directions associated with the translational potential of microalgae-based ap-
proaches, including field-scale validation, ecological performance assessment, operational
stability and regulatory integration, essential for real-world aquatic ecosystem restoration,
are discussed. Despite the limitations in direct field-scale restoration, microalgae-based
strategies are promising and sustainable platforms for aquatic ecosystem rehabilitation,
which align with Sustainable Development Goals 6 and 14.

Keywords: aquatic ecosystem; microalgae; pollutant removal; microalgae-bacteria consortia;
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1. Introduction

Aquatic ecosystems, including rivers, lakes, wetlands, estuaries, and marine envi-
ronments, are crucial regulators of biogeochemical cycles and support a wide range of
ecosystem services that are fundamental to ecological integrity and human well-being.
These aquatic ecosystems contribute to nutrient cycling, carbon (C) sequestration, primary
production, and water purification, while supporting fisheries, aquaculture, and freshwater
supplies, which govern the regional and global economy [1]. Disruptions to aquatic ecosys-
tem functioning have direct consequences for biodiversity conservation, food security, and
water quality management, making their protection and restoration a key objective of
contemporary environmental policy and a core target of Sustainable Development Goals
(SDGs) 6 and 14. Nevertheless, intensified anthropogenic pressures associated with in-
dustrialization, urbanization, agricultural mass production, and rapid population growth
over the recent decades have resulted in excessive alterations to the physical, chemical,
and biological structures of aquatic ecosystems via chemical pollution, habitat destruction,
and climate change (Figure 1). Excessive inputs of nitrogen (N) and phosphorus (P) from
agricultural runoff and untreated wastewater discharges lead to eutrophication and in-
crease the frequency of hypoxic events, leading to declines in biodiversity and ecosystem
conservation [2]. Meanwhile, the accumulation of inorganic contaminants, including heavy
metals (HMs), pharmaceuticals, pesticides, and microplastics in aquatic environments, is
an additional persistent stressor, interfering with physiological processes across various
ecosystems, while increasing risks to human health through bioaccumulation [3]. Climate-
related changes, including elevated temperatures, altered precipitation patterns, and ocean
acidification, have been affecting aquatic ecosystems by destabilizing biogeochemical cycles

and reducing the resilience of aquatic ecosystems [4,5].

Figure 1. A conceptual schematic representation of the effects on aquatic ecosystems by natural and
anthropogenic pollution, and the role of microalgae-based bioremediation in improving water quality
and restoring environmental conditions.
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These consequences have necessitated aquatic ecosystem restoration, which encom-
passes interventions aimed at recovering ecological structure, functional processes, and
resilience in degraded aquatic environments. Unlike conventional treatment systems pri-
marily focused on pollutant removal or water quality improvement, successful restoration
requires sustained recovery of habitat integrity, ecological interactions, biogeochemical
functioning, and long-term ecosystem stability [6]. Accordingly, numerous aquatic ecosys-
tem restoration strategies, encompassing physical, chemical, and biological interventions,
have been developed and globally implemented. Physical approaches such as dredging,
habitat reconstruction, and sediment removal could rapidly modify the structure of aquatic
ecosystems, while disrupting benthic processes and requiring repeated applications [7,8].
Similarly, chemical treatments, namely P inactivation and algaecides, reduce nutrient
availability over a short period, while introducing secondary environmental risks [9,10].
Although biological methods including biomanipulation through fish stocking or macro-
phyte reintroduction have demonstrated successful restoration, they are often limited by
hydrological constraints, sediment instability, and slow establishment rates [11]. Conse-
quently, many conventional restoration techniques are targeted at discrete consequences of
degradation rather than restoring biological processes, which regulate nutrient turnover,
redox dynamics, and pollutant removal.

In this regard, microalgae cultivation has emerged as a promising biological tool for
supporting aquatic ecosystem restoration due to its ability to directly influence nutrient
cycling, oxygen dynamics, contaminant transformation, and microbial interactions [12,13].
As primary producers, microalgae demonstrate high nutrient uptake efficiencies and the
capacity for pollutant transformation, thereby reducing eutrophic pressure and suppressing
harmful algal blooms that destabilize aquatic food webs [14,15]. Microalgae facilitate atten-
uation of diverse organic and inorganic contaminants, including HMs, pharmaceuticals and
emerging pollutants, through biosorption, bioaccumulation, and biotransformation [16].
The photosynthetic activity of microalgae further enhances the availability of dissolved
oxygen (DO) and regulates redox conditions, promoting aerobic microbial degradation and
reducing hypoxia-induced ecological stress. Furthermore, microalgal biomass generated
through bioremediation processes could be valorized into biofuels, biofertilizers, animal
feed, and other valuable bioproducts, which integrate circular bioeconomy principles into
aquatic ecosystem restoration (Figure 1).

While extensive research has been conducted on microalgae-based wastewater treat-
ment, phycoremediation and resource recovery systems, the existing literature has pre-
dominantly focused on optimizing treatment performance under controlled engineered
conditions, with limited focus on the restoration of ecological processes in degraded aquatic
ecosystems. Accordingly, the present review aims to address this gap in the literature by
evaluating the potential of microalgae as a tool for ecosystem-scale rehabilitation and explor-
ing the integration of microalgae-based bioremediation strategies into aquatic ecosystem
restoration frameworks. This review discusses the key microalgae-driven pollutant re-
moval and transformation mechanisms, including nutrient uptake pathways, contaminant
attenuation processes and microalgae—microbe interaction dynamics, which are essential
for functional performance in aquatic ecosystems. Building on this mechanistic foundation,
the review critically evaluates microalgae-based implementation pathways, namely ex
situ engineered systems that mitigate external pollutant loading prior to discharge and in
situ applications, which directly modulate ecological processes within receiving aquatic
environments. Furthermore, the present review discusses the key technical and ecologi-
cal constraints limiting field-scale deployment of microalgae-based strategies, along with
future research directions for scalable and sustainable aquatic ecosystem restoration.
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2. Mechanistic Pathways of Microalgal-Based Approaches for Aquatic
Ecosystem Restoration

Microalgae contribute to aquatic ecosystem restoration through biological, chemi-
cal, and ecological processes operating across spatial and temporal scales by regulating
nutrient availability, contaminant fate, sediment stability, and oxygen dynamics [17-19].
These interconnected processes support aquatic ecosystem restoration by improving wa-
ter quality, restoring habitat conditions, and enhancing ecosystem functionality in de-
graded aquatic environments. In this regard, the current section critically explores the
microalgal-mediated nutrient removal mechanisms and their roles in supporting the aquatic
ecosystem restoration.

2.1. Nutrient Assimilation Pathways

Excessive N and P loading from anthropogenic sources is a major driver of eutrophica-
tion and ecological degradation in aquatic ecosystems, where pollutant inputs are primarily
composed of dissolved inorganic nitrogen (DIN) such as ammonium (NH4"), nitrate
(NO37), and nitrite (NO, ™), as well as dissolved inorganic phosphorus (DIP), predomi-
nantly present as orthophosphates (PO43~, HPO4%~, H,PO, ). Furthermore, organic N and
P, and particulate organic matter mainly enter aquatic ecosystems through surface runoff,
point sources including municipal sewage and industrial wastewater, and sediments [20,21].
When nutrient concentrations exceed ecosystem-specific thresholds associated with eu-
trophication risk, excessive phytoplankton proliferation and ecological degradation may
occur [22]. Due to high nutrient removal efficiencies of ~70-100% for N and ~80-100% for
P, microalgae are widely employed as biological agents in aquatic ecosystem restoration,
particularly for eutrophication control and improving water quality [23-25].

As illustrated in Figure 2, among DIN forms, NH,* is preferentially assimilated
for amino acid synthesis due to lower energy requirements, whereas NO3™ undergoes
sequential reduction to NO,~ by nitrate reductase (NR) and subsequently to NHs* by
nitrite reductase (NiR) prior to the assimilation into cellular metabolism [26,27]. Certain
organic N sources, including urea and free amino acids, can also be utilized after transport
into the cell and conversion to NH,* [26]. Additionally, microalgae assimilate P through
cellular pathways that enable rapid uptake, intracellular storage, and regulated reutilization
of P. DIP, primarily as H,PO,~ and HPO,2~, is transported into the cell membrane via
phosphate transporters and converted into phosphorylated intermediates required for
nucleic acid synthesis, phospholipid biosynthesis; and energy metabolism (Figure 2). P is
either utilized in cellular metabolism or stored as intracellular polyphosphate (poly-P) via
luxury P uptake, enabling subsequent remobilization under P-limited conditions [28-30].

In ex situ restoration systems designed for eutrophication control, chlorophytes, such
as Chlorella vulgaris, Scenedesmus spp., Desmodesmus spp., and Chlamydomonas reinhardtii
can be widely exploited due to their efficient nutrient assimilation capacities [23,31,32].
Similarly, in marine and brackish aquatic ecosystems, euryhaline microalgae including
Nannochloropsis sp., Tetraselmis sp., Dunaliella salina, and Isochrysis galbana demonstrate
robust assimilation of NO3~, NH4 ™, urea, and orthophosphate under saline and varying
nutrient conditions [33-35]. However, microalgal nutrient assimilation mechanisms sup-
port ecosystem restoration only when assimilated nutrients are retained within biomass
and prevented from rapid re-release through biomass decay. Therefore, biomass harvesting,
stable grazing pathways, sediment burial, or long-term biomass retention are essential
for sustained nutrient removal. Moreover, sustained nutrient attenuation may suppress
eutrophication, improve water transparency, facilitate macrophyte recolonization, and
support the recovery of ecological interactions and ecosystem functioning where nutrient
enrichment is a dominant driver of degradation.
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Figure 2. Mechanisms involved in microalgae-based nutrient and heavy metal removal.

Abbreviations—RuBisCo: ribulose-1,5-bisphosphate carboxylase/oxygenase, RuBP: ribulose-1,5-
bisphosphate, 3-PGA: 3-phosphoglycerate, G3P: glyceraldehyde-3-phosphate, ATP: adenosine
triphosphate, ADP: adenosine diphosphate, NADPH: nicotinamide adenine dinucleotide phos-
phate, NADP*: oxidized nicotinamide adenine dinucleotide phosphate, TP: triose phosphate, TCA:
tricarboxylic acid, ACCase: acetyl-CoA carboxylase, ACP: acyl carrier protein, FAT: fatty acyl-ACP
thioesterase, GPAT: glycerol-3-phosphate acyltransferase, Lyso-PA: lysophosphatidic acid, LPAAT:
lysophosphatidic acid acyltransferase, PAP: phosphatidic acid phosphatase, DGAT: diacylglycerol
acyltransferase, PDAT: phospholipid /diacylglycerol acyltransferase, AIP: acid-insoluble polyphos-
phate, ASP: acid-soluble polyphosphate, RNA: ribonucleic acid, DNA: deoxyribonucleic acid, PO,

phosphate, HyPO, ™
nitrite, NHy*

: dihydrogen phosphate, HPO42~: hydrogen phosphate, NO3 ™~
: ammonium, NR: nitrate reductase, NiR: nitrite reductase, CO,: carbon dioxide, HCO3 :

: nitrate, NO, ~:

bicarbonate, O,: oxygen, HyO: water, HM: heavy metal, EPS: extracellular polymeric substances.
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2.2. Organic Carbon Attenuation and Detoxification

In polluted aquatic ecosystems, elevated concentrations of organic C (OC), measured
as total OC (TOC) and dissolved OC (DOC), are major pollutants that result in excessive
microbial oxygen consumption, reducing light penetration through increased turbidity,
and enhanced transportation of toxic pollutants [36]. Microalgae attenuate OC through
indirect and synergistic mechanisms, where photosynthetic oxygen production stimulates
aerobic heterotrophic degradation of labile organic matter, thereby accelerating TOC/DOC
reduction. Several microalgal species, such as C. vulgaris and Scenedesmus sp., exhibit
mixotrophic growth, enabling the direct assimilation of OC compounds such as acetate,
formate, simple sugars (i.e., glucose), and amino acids via membrane transporters, followed
by their incorporation into central C metabolism, as shown in Figure 2 [37,38]. Microalgae
facilitate hydrocarbon attenuation through algal-bacterial interactions, where oxygen
release supports aerobic hydrocarbon degradation, reducing the organic pollutant toxicity
and supporting the recovery of polluted aquatic ecosystems [39].

2.3. Heavy Metal Removal

HMs including cadmium (Cd), mercury (Hg), arsenic (As) and lead (Pb), pose signif-
icant risks to aquatic ecosystems due to their persistence, toxicity, and bioaccumulation
potential [40]. Microalgae remove HM toxicity through complementary extracellular and
intracellular detoxification pathways that reduce metal bioavailability (Figure 2). EPS
and cell surface polysaccharides facilitate the bioadsorption and immobilization of HM
ions outside the cell, while absorbed metals are subsequently sequestered within cellular
compartments or chelated by metal-binding biomolecules, such as metallothioneins and
phytochelatins [19,41]. For instance, Waluyo et al. [42] investigated the bioremediation
potential of Pb biosorption using the marine microalgae Nannochloropsis oculata, with re-
ported removal efficiencies of 28-55%. Similarly, Chlorella sorokiniana SU1 and Picochlorum
oklahomensis were utilized for vanadium (III) treatment, achieving a maximum removal of
25.5 mg L1 after 14 days [43]. Microalgal HM removal predominantly results in metal
immobilization and reduced bioavailability, rather than complete transformation into non-
toxic forms. Consequently, its long-term restoration potential depends on the stability of
immobilized metals and the prevention of subsequent remobilization.

2.4. Removal of Emerging Organic Pollutants

Microalgae have gained significant attention for removal of emerging pollutants
including pharmaceuticals, plastics, pesticides, and herbicides, due to their increasing oc-
currence and ecological risks in aquatic environments. For instance, Garcia-Galan et al. [44]
reported that microalgae removed pharmaceuticals through biosorption and bioaccumu-
lation, whereas Hom-Diaz et al. [45] reported that microalgal strains, C. reinhardtii and
Dunaliela tertiolecta, exhibited promising removal performance for antibiotics and antide-
pressant venlafaxine, with biodegradation identified as the dominant removal mechanism.
Microalgae may contribute to plastic and microplastic attenuation through biofilm forma-
tion, surface colonization, aggregation, and synergistic interactions with plastisphere mi-
crobial communities, thereby enhancing plastic weathering and microbial degradation [46].
However, evidence supporting the complete biodegradation or mineralization of microplas-
tics remains limited and is largely confined to laboratory-scale studies, suggesting that
microalgae primarily facilitate indirect degradation rather than complete mineralization.
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Moreover, microalgae could remove pesticides and herbicides and use them as N
and C sources, depending upon the compositions and chemical structures [19]. Several
microalgal species, including Chlorella, Chlamydomonas, Scenedesmus, and Nostoc have been
reported to achieve removal efficiencies exceeding 90% for different pesticides, primarily
through the biodegradation mechanism [47]. In a study by Avila et al. [48], a microalgal
consortium bioremediated three active hydrophobic pesticide compounds, namely chlor-
pyrifos, cypermethrin, and oxadiazon, through combined biodegradation, biosorption
and photodegradation mechanisms. The attenuation of emerging contaminants reduces
toxicological stress and bioaccumulation risks in aquatic biota, thereby supporting the
recovery of microbial and trophic interactions, improving habitat quality, and enhancing
ecosystem functioning in polluted aquatic environments.

2.5. Sediment Stabilization and Extracellular Polymeric Substances Secretion

Sediment resuspension and excessive turbidity could impair light penetration, disrupt
primary productivity, degrade aquatic habitats, and alter ecosystem functioning. Through
biofilm formation and EPS production, microalgae contribute to sediment stabilization,
which suppresses sediment resuspension and regulates sediment-water exchanges [49].
Microalgal EPS, composed primarily of polysaccharides, proteins, lipids, and uronic acids,
form cohesive matrices that bind sediment particles and enhance resistance to erosion
(Figure 2) [50,51]. In shallow aquatic systems, benthic microalgal communities, including
diatoms, euglenoids, and cyanobacteria, form microphytobenthic biofilms that stabilize
sediment surfaces and reduce erosion. However, the effectiveness of biofilm-mediated
stabilization remains highly site-dependent, as hydrodynamic forcing, sediment proper-
ties, grazing pressure, and seasonal variability can compromise biofilm persistence and
sediment-binding capacity [52]. For example, Ge et al. [50] demonstrated that sediments
treated with intact microalgal biofilms composed of diatoms and Chlorella exhibited signifi-
cantly higher resistance to erosion and greater long-term stability than sediments treated
with pure EPS.

2.6. Oxygenation, Redox Regulation and Carbon Cycling

Dissolved oxygen (DO) depletion from eutrophication and organic pollution degrades
habitat and biodiversity. Microalgal photosynthesis is a key regulator of oxygen availability
and redox dynamics in aquatic ecosystems, with implications for biogeochemical cycling
and ecosystem recovery [53]. Through photosynthetic activity, microalgae release oxygen
into the water column and sediment-water interface, promoting aerobic processes such as
nitrification, organic matter mineralization, and oxidative contaminant degradation [54],
while shifting redox conditions towards oxidizing states that suppress associated anaerobic
pathways [53]. Furthermore, at the sediment surface, oxygen leakage from benthic microal-
gae establishes microscale redox gradients that limit P release from iron-bound sediment
pools and reduce sulfide and methane buildup [17,55], while enhancing oxygenation to fa-
cilitate the recolonization of oxygen-sensitive organisms [56,57], which indirectly supports
food web recovery and resilience. During nighttime, respiration without photosynthesis
(diel cycles) can drive oxygen to critical low ranges [58], and decomposition of accumulated
biomass increases oxygen demand, potentially resulting in localized oxygen depletion.
Consequently, the ecological outcome of microalgal oxygenation depends on maintaining a
positive balance between oxygen generation and oxygen consumption across both diel and
seasonal timescales.
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Beyond regulating oxygen and redox conditions, microalgae also mediate aquatic
C cycling through the assimilation of atmospheric and dissolved carbon dioxide (CO,)
and bicarbonate (HCO3 ™) into OC via the Calvin-Benson-Bassham cycle, storing it as
particulate OC (POC) in biomass [59,60]. Approximately 1 kg of microalgal biomass
corresponds to the fixation of ~1.8 kg CO; based on stoichiometry [61], which represents
gross biological C fixation rather than long-term C sequestration. The extent to which
fixed C is ultimately retained within the ecosystem depends on subsequent biomass fate,
including harvesting, sediment burial, remineralization, trophic transfer, greenhouse gas
emissions, and overall ecosystem carbon balances. In engineered ex situ systems, net
climate benefits may further depend on energy requirements associated with cultivation,
mixing, harvesting, and downstream processing of biomass, highlighting the importance
of life-cycle assessment (LCA) when evaluating overall C outcomes.

Following fixation, microalgal-derived C is partitioned between rapid biological recy-
cling and long-term retention pathways that govern its sequestration potential. Although a
substantial fraction of this OC is rapidly remineralized through microbial respiration and
trophic transfer, ecosystem restoration may alter C fate by reducing sediment resuspen-
sion, enhancing POC retention and promoting biomass recovery pathways that increase C
residence times.

These mechanisms demonstrate that the restoration potential of microalgae extends
beyond conventional pollutant removal and encompasses the regulation of fundamental
biogeochemical and ecological processes governing the functionality of aquatic ecosystems.
Through nutrient assimilation, contaminant attenuation, oxygenation, redox regulation,
sediment stabilization and C transformation pathways, microalgae could modify the envi-
ronmental conditions which cause ecosystem degradation and influence the trajectories
of ecological recovery. Consequently, microalgae should be considered as multifunctional
ecological mediators capable of supporting water quality improvement and ecosystem
rehabilitation through interconnected biological, chemical and physical processes. This
mechanistic foundation provides the basis for evaluating how microalgal technologies
could be integrated into ex situ and in situ restoration frameworks.

3. Implementation of Microalgae-Based Strategies as a Tool for Aquatic
Ecosystem Restoration

Aquatic ecosystems are increasingly exposed to anthropogenic pressures including
wastewater discharge, nutrient enrichment, habitat destruction, hydrological alteration,
and excessive resource exploitation, which significantly result in declining water quality
and ecological integrity. In this regard, microalgae-based restoration strategies have gained
attention due to their ability to simultaneously remove nutrients and contaminants, im-
prove oxygen dynamics and recover valuable resources from polluted aquatic ecosystems.
Microalgae-based strategies for aquatic ecosystem restoration could be performed via engi-
neered ex situ systems, near in situ and in situ pathways for effective pollutant removal.
However, the field-level implementation of these strategies occurs predominantly through
engineered ex situ systems, which intercept pollutants prior to the receiving water bodies.
In contrast, direct in situ restoration applications remain comparatively limited due to
challenges associated with hydrological variability, biomass control, ecological uncertainty
and long-term system stability. Hence, this section aims to examine microalgae-based engi-
neered ex situ restoration systems and in situ approaches, and their ecological outcomes
for effective aquatic ecosystem restoration (Tables 1 and 2).
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Table 1. Microalgae-based bioremediation strategies for aquatic ecosystems and their water quality characteristics.
Microalgae-Based
Aquatic System Key Pollutants/Stres‘so‘rs and Approach/System Stud‘y Scale Bioremediation Potential References
Water Characteristics . . Duration
Configuration
Cd: 70.0%;
Pb: 71.0%;
Nutrient-rich and heavily Ni: 7% 0%; o
7. NO37: 42.9%;
polluted freshwater receiving Freshwater microaleae Cl™: 11.5%;
River River Kaduna, Nigeria petrochemical, industrial, . & 7 days Lab-scale P 0’0 [62]
agricultural, and domestic biofilm 50472 37.5%;
et COD: 24.0%;
BOD: 33.0%;
TSS: 66.7%;
TDS: 9.9%
Daytime
COD: —27.0%;
NH4*"-N: 72.1%;
COD: 3.7-6.8 mg L™ 1; NO3;™-N: 73.2%;
NH*-N: 0.6-1.5 mg L~ ! NO; ™ -N: 91.5%;
NO3~-N:0.13-1.0 mg L~ %; TN: 60.5%;
Lak Qingling Lake, NO, -N: 0.015-0.096 mg L~!;  Microalgal-bacterial nr Labescal TP: 52.8% [63]
axe Yangtze River basin ~ TN: 0.4-2.0 mg L™}; granular sludge (HRT:12h)  -abscase Nighttime

TP:0.11-0.33 mg L™ };
DO:3-7mg L~ };
pH: 7-9.5

COD: 27.7%;
NH4"-N: 52.7%;
NO3;™-N: 55.8%;
NO, -N: 88.4%;
TN: 37.9%;

TP: 39.9%
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Table 1. Cont.
Microalgae-Based
Aquatic System Keyvl\’,ollutants/Stres‘so‘rs and Approa?h/System Stud‘y Scale Bioremediation Potential References
ater Characteristics . . Duration
Configuration
Daytime
COD: 50.10%;
NH,"-N: 63.52%;
NO;3;™-N: 43.37%;
NO, ™ -N: 90.72%;
COD: 13.22 mg Lil,' TN: 78.30%;
) NH4+-N1 0.46 mg Lil; PO437—P2 71.13%;
Qin Lake, NO3;7-N: 0.43 mg L_l; TP: 65.08%:
Huangjiahu NO,-N: 0.025 mg L1 Continuous flow TUI"bi (iit i éz 399,
Campus of Wuhan TN: 1.18 mg L~; microalgal-bacterial 10 days Lab-scale . . y:7s [64]
Lake University of Science PO43~-P: 0.075 mg L1 granular sludge Nighttime
and Technology TP: 0.12 mg L1 COD: 61.39%;
pH: 8.5; NH,"-N: 75.23%;
Turbidity: ~40.79 NTU NO;™-N: 73.57%;
NO, " -N: 93.48%;
TN: 80.02%;
PO,3~-P: 74.62%;
TP: 70.57%;
Turbidity: 89.84%
. —1. : : . o/ .
FupticLake China INSEIRELY e et s, e T =
TN:95.0 £ 352 mg L~;
Soluble P: 3.5 + 24 mg L~1;
NHj: 75.2 £ 41.0 mg L™ }; Soluble P: 67.6%;
n/a TSS:12.7 + 6.2 mg L1 NH4*-N: 94.0%;
(Wastewater treatment TDS: 378.1 £ 225.1 mg L1 Microaleae-inteorated 10 months TSS: 100%;
n/a plant, Turbidity: 245.5 + 111.6 NTU; Construcg:;te d wet%an d (HRT: Field-scale COD: 63.7%; [66]
University of Santa pH: 6.6 £0.2 7 days) Turbidity: 99.7%;
Cruz do Sul, Brazil) Total coliforms: 1.9 + 1.9 Total coliforms: 100%;

[In(x + 1)] UFC mL~1;
Escherichia coli: 1.9 &= 1.9
[In(x + 1)] UEC mL~!

Escherichia coli: 100%
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Table 1. Cont.
Microalgae-Based
Aquatic System Keyvl\’,ollutants/Stres‘so‘rs and Approa?h/System Stud‘y Scale Bioremediation Potential References
ater Characteristics . . Duration
Configuration
. -1,
%I(\T)[;O%)Oglgl%}l ’ Microalgae-integrated COD: 90.26%;
i NO3;™-N: 106 11,m LY constructed wetland 160 days Lab-scale TN 26.80%; 1671
3 o e NH,*-N: 62.38%
NH,;*-N:269.6 mg L1 4
TN: 0.417 4 0.084 mg L—;
TP: 0.008 & 0.003 mg L~1;
NH4*: 0.012 + 0.004 mg L™ 1;
Cultivation of Isocrysis NO,;™ + NO3;™: 0.003 & 0.002
galbana mg L%
PO437:0.002 + 0.001 mg L~1;
SiO,: 1.117 £ 0.333 mg L™};
Si: 0.520 & 0.154 mg L~*
nr TN:7.94 £ 22mg L g TN: 0.510 + 0.121 mg L~L;
n/a (Aquaculture TP 0412 mg L™ 1 TP: 0.029 + 0.030 mg L~ ;
wastewater, NF,7:096mgL-; Cultivation of NH;*: 0.022 £ 0.005 mg L~
Recirculating NO, =+ NO;~: 0.97 mg L™ Sultivation o 14 days Lab-scale  NO,~ + NO;: 0.046 + 0.016 [68]
lture svstems PO437: 0.077 mg L™} Phaeodactylum L-1.
aquactt y i0,: -1 tricornutum me s
facility 5i05: 0.71 mg L™ PO,3~: 0.023 £ 0.020 mg LY
Lyngdal, Norway) Si: 0.33 mg L™ SiO: 0.710 = 0.000 mg L~1;

pH: 6.94

Cultivation of
Skeletonema marinoi

Si: 0.580 + 0.171 mg L~}

TN: 1.367 4+ 0.321 mg L—;
TP: 0.022 + 0.006 mg L~ 1;
NH4*: 0.060 4+ 0.036 mg L~1;
NO,~ +NO;7: 0.640 mg L™};
PO,4>7: 0.003 + 0.001 mg L~ };
SiO,: 0.283 4 0.075 mg L—1;
Si: 0.133 4- 0.035 mg L !

n/a: not applicable; nr: not reported; COD: chemical oxygen demand; BOD: biological oxygen demand; TN: total nitrogen; TP: total phosphorus; TSS: total suspended solids; TDS: total
dissolved solids; DO: dissolved oxygen; NH4*-N: ammonium nitrogen; NH;*: ammonium; NH;: ammonia; NO3 ~-N: nitrate nitrogen; NO3 ~: nitrate; NO, ~-N: nitrite nitrogen; NO, :
nitrite; PO~ -P: phosphate phosphorus; PO43: phosphate; P: phosphorus; Cl1™: chloride; 50,2~ : sulfate; Cd: cadmium; Pb: lead; Ni: nickel; SiO;: silicon dioxide; Si: silicon; HRT:
hydraulic retention time.
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Table 2. Comparative overview of microalgae-based strategies for the potential restoration of different aquatic ecosystems.
Aquatic Major Degradation Suitable Prlma}'y Mecl_lamsms Implementation Restoration Potential Scale = Main Restoration
Ecosystem . . Associated with . . .
Pressure Microalgae/Consortium . Mode Approach of Application  Indicator
Type Restoration
Nutri e Indigenous e  Nutrient D TN/ TP reduction
uFrEr: microalgal-bacterial assimilation ¢ 1rec’; o of Lab-scal Lower
}ezm;lc h.entt. consortium, ¢ Harmful algal ) In situ method mocu altlon © N Pél -sca T chlorophyll-a
Lake Urophucation e Chlorella sp. bloom suppression o Exsitu system microa‘gae porscae Increased Secchi
Harmful algal e Scenedesmus spp. e Oxygenation and . Cor.lsortlum Field-scale depth
blooms e Desmodesmus spp. redox regulation enrichment Bloom suppression
o Arthrospira platensis e  Carbon fixation
*  Biosorption e  Biofilm-assisted Reduce'd
Pollutant e  Biotransformation remediation contaminant
i i concentration
loach.ng e Indigenous * Nu.t rient . e  Engineered Reduced
River/Stream Nutrient . assimilation e  Exsitu system . e  Lab-scale educe
ve ° enrichment microalgae e  EPS-mediated side-stream suspended
Sedimentation sediment Phycoremedia— solids/turbidity
stabilization tion Improved DO
Habitat recovery
. . Indigenous e  Nutrient e Direct
gigtilr:ri tloadmg microalgal-bacterial assimilation 1n9culat10n of igl?c/tg)iD
i chm consortium e  Organic carbon e  In-situ method microalgae e  Lab-scale TN /TP reducti
Wetland Ie—II:llacita ; ent Chlorella sp. attenuation Ex situ system  ® Cor'lsortium Pilot-scale Incr/easelg Duoctlon
degradation Scenedesntiis spp. *  Sediment enrl.chment Habitat restoration
& Desmodesmus spp. stabilization e  Engineered phy-
coremediation
) e  Nutrient Nutrient discharge
Nutri:nt assimilation reduction
enrichment i i i . COD reduction
Estuary/Coastal Salinity Tetraselmis Spp- e  Organic 'carbon o Exsitusystem . Engmeer'ed'phy e Lab-scale Reduced risk of
. e Nannochloropsis spp. attenuation coremediation
aquaculture fluctuation e Biosorption eutrophication
Organic loading e  Carbon fixation Improved

ecological resilience

COD: chemical oxygen demand; BOD: biological oxygen demand; TN: total nitrogen; TP: total phosphorus; DO: dissolved oxygen.

https://doi.org/10.3390/app16147045


https://doi.org/10.3390/app16147045

Appl. Sci. 2026, 16, 7045

13 of 24

3.1. Ex Situ Restoration Systems

Microalgae-based engineered ex situ systems represent the most widely investigated
pathway for aquatic ecosystem restoration, designed to reduce external nutrient and
pollutant loading prior to the discharge into the receiving ecosystems. Despite direct bioma-
nipulation of ecological processes within the aquatic ecosystems, ex situ systems operate
outside natural water bodies and indirectly support ecological recovery by mitigating
external environmental stressors [11]. Consequently, microalgae-based ex situ approaches
contribute to indirect restoration, which occurs through the reduction of external pollutant
loading and the alleviation of environmental stressors that result in the degradation of
aquatic ecosystems. Notably, microalgae-based ex situ restoration systems include microal-
gal biofilms, microalgae—bacteria consortia, microalgal-bacterial granular sludge (MBGS),
high-rate algal ponds (HRAPs) and microalgae-integrated constructed wetlands (CWs),
which simultaneously perform pollutant removal with resource recovery and value-added
biomass production.

Among these ex situ restoration approaches, microalgae-bacteria integrated systems
have gained considerable attention due to the complementary metabolic interactions be-
tween both groups of microorganisms. Photosynthetically produced oxygen from microal-
gae supports aerobic bacterial degradation of organic matter and nitrification, whereas
bacterial respiration supplies CO, and regenerated nutrients required for algal growth. This
metabolic coupling enhances simultaneous nutrient removal, organic matter attenuation
and biomass production, while reducing external aeration requirements. For instance,
Chen et al. [63] investigated lab-scale MBGS for lake water restoration of Qingling Lake,
located near the Yangtze River by evaluating the diurnal variation characteristics of organic
matter removal. The study reported that the lake water samples exhibited average daytime
removal efficiencies of 72.1%, 73.2%, 91.5%, 60.5% and 52.8% for ammoniacal nitrogen
(NH4*-N), nitrate nitrogen (NO3 ~-N), nitrite nitrogen (NO, ~-N), total nitrogen (TN) and
total phosphorus (TP), respectively. In contrast, the corresponding nighttime removal
efficiencies demonstrated were 52.7% for NH*-N, 55.8% for NO3 ~-N, 88.4% for NO, " -N,
37.9% for TN, and 39.9% for TP. High COD removal of 27.7% was observed at nighttime
due to the lower DO concentrations and near-neutral pH conditions, which may have en-
hanced the activity of relevant microorganisms in the MBGS system [63]. Although nutrient
removal remained substantial during nighttime, differences in microalgae-based bioreme-
diation performance highlighted the importance of photosynthetic activity in regulating
treatment efficiency.

Similarly, Du et al. [64] demonstrated effective removal of COD, nitrogen species,
phosphorus and turbidity using a lab-scale continuous-flow tubular-based MBGS for the
treatment of natural lake water with loading rate ~0.013 kg COD kg~! MLSS d~!. The
study showcased average removal efficiencies in the day/night cycles of 50.10/61.39%,
63.52/75.23%, 43.37 /73.57%, 90.72/93.48%, 78.30/80.02%, 71.13/74.62%, 65.08/70.57%,
and 92.32/89.84% for COD, NH;*-N, NO3 ~-N, NO, -N, TN, PO,3~-P, TP, and turbidity,
respectively, which underscore the feasibility of integrating algal-bacterial systems into
restoration-supporting treatment processes. For instance, Wu et al. [65] demonstrated that
indigenous microalgae-bacteria consortia enriched from eutrophic lake water located in
China exhibited significantly higher algal growth and complete nutrient removal compared
with the monocultures of Chlorella ellipsoidea FACHB-40 and Chlorella sorokiniana FACHB-275
within 5 days under lab-scale conditions, which emphasizes the importance of microbial
interactions in determining restoration performance.

In addition, microalgal biofilm systems provide an alternative strategy for aquatic
ecosystem restoration by improving biomass retention and facilitating pollutant adsorption
and immobilization. For instance, Ugya et al. [62] demonstrated that microalgal biofilms
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effectively bioremediated petroleum- and petrochemical-contaminated water from the River
Kaduna, Nigeria, under lab-scale conditions, achieving removal efficiencies of 70.0% Cd,
74.0% nickel (Ni), 71.0% Pb, 11.5% chloride, 42.9% NO3z ™~ and 37.5% sulfate. Additionally,
significant reductions in physiochemical parameters, such as alkalinity, total dissolved
solids, total suspended solids, COD, BOD, turbidity and conductivity, were observed by
62.5%, 9.9%, 66.7%, 24%, 33%, 71% and 9.8%, respectively. These results showcase the
capacity of microalgal biofilm-based pollutant removal systems to simultaneously address
multiple contaminants, while reducing pollutant loads entering the aquatic ecosystems.

Constructed wetlands (CWs) integrated with microalgae cultivation represent another
promising engineered approach, primarily for freshwater ecosystem restoration, which
controls the point-source pollution originating from municipal, agricultural, and industrial
effluents. Ferreira et al. [66] reported that the integration of microalgae into field-scale
CWs substantially enhanced the bioremediation performance of wastewater collected from
the treatment plant of the University of Santa Cruz do Sul, RS, Brazil, with a hydraulic
retention time of 7 days, by achieving removal efficiencies of 67.6% for soluble P, 94.0%
for NH4*-N, 63.7% for COD, and 42.7% for BOD. Thus, these findings demonstrate the
potential of engineered microalgal systems in significantly improving effluent quality prior
to discharge into sensitive aquatic ecosystems.

On the other hand, marine microalgae have demonstrated considerable potential for
supporting the saline ecosystem restoration through treatment of mariculture wastewater
and contaminated coastal waters. Particularly, marine species such as Isochrysis galbana,
Phaeodactylum tricornutum, Skeletonema marinoi, and Tetraselmis sp. exhibit high tolerance
to saline conditions and efficient nutrient assimilation capacities. Kumar et al. [69] show-
cased effective removal of petroleum hydrocarbons from contaminated seawater using
an integrated adsorption-phycoremediation approach with an indigenous Tetradesmus
sp., which simultaneously improved the salinity-related water quality parameters. Simi-
larly, Sacristdn de Alva and Luna Pabello [70] investigated the treatment of mariculture
wastewater, characterized by 45 mg L=! NO3;~, 10 mg L~! NO,~, 30 mg L~! NH,*,
17 mg L~ orthophosphates, and 270 mg O, L™! of dissolved organic matter as COD, by
employing Tetraselmis sp. cultivation in a 70 L high-rate algal pond (HRAP). The HRAP
achieved 1.19 g L ™! of dry biomass with 95.5 & 0.4% TN, 94.4 4 0.5% orthophosphates and
61.4 £ 3.9% COD removal efficiencies, followed by a 4-cycle semicontinuous cultivation,
demonstrating the effectiveness of marine microalgae for nutrient and organic matter
removal in mariculture wastewater.

Despite the considerable potential of microalgae-based ex situ approaches, treatment
performance varies substantially among studies, due to differences in nutrient loading,
hydraulic retention time, salinity, operational configuration, environmental conditions
and biomass management strategies. Moreover, most available evidence originates from
laboratory-scale, pilot-scale or controlled field systems, which limits the direct extrapolation
to ecosystem-scale restoration outcomes. Therefore, the aquatic ecosystem restoration
potential of engineered microalgae-based systems should be evaluated using ecological
response indicators, such as reductions in eutrophication pressure, improvements in habitat
quality, biodiversity recovery and enhanced ecosystem resilience.

3.2. In Situ Restoration Approaches

In situ microalgae-based strategies involve the deliberate biomanipulation of mi-
croalgal communities within natural or semi-natural aquatic ecosystems to improve wa-
ter quality, regulate ecological processes and promote ecosystem recovery. In compari-
son with engineered ex situ systems, in situ applications remain relatively less common,
primarily due to the environmental conditions, hydrodynamics, nutrient loading, graz-
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ing pressure and biomass retention, which are difficult to control under natural condi-
tions. Therefore, the literature available for in situ microalgae-based restoration of aquatic
ecosystems is largely restricted to site-specific interventions and long-term ecological
restoration programs.

One of the most direct in situ approaches is algolization, in which selected microalgal
species are introduced into eutrophic systems to alter phytoplankton community structure
and improve water quality. For instance, Melikhov et al. [71] demonstrated active in situ
restoration of the Tsimlyansk reservoir (Don River) through algolization using Chlorella
vulgaris to mitigate eutrophication and suppress cyanobacterial blooms. The study reported
that the introduction of microalga altered phytoplankton community structure by reducing
bloom-forming cyanobacteria such as Anabaena, Microcystis, Aphanizomenon, and Oscillato-
ria, which simultaneously increased DO from 7.5 to 9.2 mg L~! and reduced COD from
19.4 to 15.0 mg L~!. Moreover, the study highlighted the potential of algolization as an
effective in situ strategy for aquatic system restoration, which improves oxygen dynamics,
enhances self-purification capacity, and restores ecological balance in eutrophic freshwater
ecosystems [71].

In addition to the effective improvements in water bodies quality, in situ restoration
may influence food web structure and trophic interactions within the aquatic ecosystems.
Taipale et al. [72] demonstrated that restoration measures implemented in the eutrophic
Lake Vesijarvi, Finland, including biomanipulation and hypolimnetic aeration, shifted phy-
toplankton communities by reducing cyanobacterial dominance and promoting nutrient-
rich algal taxa such as cryptophytes, chrysophytes, and diatoms. This transition increased
the availability of essential sterols and polyunsaturated fatty acids, resulting in increased
biomass of the keystone grazer Daphnia and improved trophic transfer efficiency [72]. More-
over, the restoration success should be assessed through ecological responses involving
food web recovery and ecosystem functioning, alongside the pollutant removal efficiencies.

Nevertheless, limited field-scale evidence reported in the literature reflects the com-
plexity of implementing in situ strategies for aquatic system restoration under natural
environmental conditions, in which the hydrological variability, seasonal nutrient loading,
internal nutrient release from sediments and complex ecological interactions could signifi-
cantly influence restoration trajectories and long-term ecosystem stability. Furthermore,
introduced or stimulated algal populations may not persist under changing environmental
conditions and the long-term stability of observed ecological improvements remains poorly
understood. Hence, future research on microalgae-based in situ restoration approaches
should prioritize field-scale validation, long-term monitoring and ecosystem-based assess-
ment frameworks, which evaluate biodiversity recovery, habitat rehabilitation, trophic
restructuring and ecosystem resilience, alongside conventional water quality indicators.

4. Challenges and Future Perspectives

The field-scale implementation of microalgae-based strategies for aquatic ecosystem
restoration remains constrained by technical, ecological, and regulatory challenges, despite
the increasing evidence demonstrating their capabilities for effective pollutant removal,
resource recovery and simultaneous ecosystem rehabilitation (Section 3). Importantly, a
major research gap remains in establishing the feasibility and long-term ecological per-
formance of in situ microalgae-based restoration in natural aquatic ecosystems due to
the limited availability of field-scale studies demonstrating successful restoration inter-
ventions. As discussed in Section 3.1, ex situ engineered systems have primarily been
evaluated at laboratory- and pilot-scales for phycoremediation and pollutant removal,
with comparatively limited assessment of their long-term ecological restoration outcomes.
Thus, the translation of microalgae-based ex situ and in situ restoration strategies into
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field-scale applications remains constrained by environmental heterogeneity, inefficient
biomass management, operational complexity and insufficient long-term validation under
natural conditions.

Natural aquatic ecosystems exhibit strong spatial and temporal heterogeneity in hy-
drodynamics, light availability, nutrient loading, and contaminant profiles, which directly
influence microalgal growth kinetics, phycoremediation efficiency, photosynthetic activity,
and biomass productivity [24,73,74]. Notably, the environmental heterogeneity represents
one of the major challenges associated with microalgae-based in situ restoration of aquatic
ecosystems, due to unstable treatment performance, limited process controllability; and
lack of treatment reproducibility under field conditions. Furthermore, pronounced diurnal
fluctuations in nutrient removal driven by light-dependent reactions of photosynthesis
and changes in dissolved oxygen, pH, and microbial dynamics have significant impacts
on microalgae-based aquatic ecosystem restoration strategies, as summarized in Table 3.
While microalgal photosynthesis increases DO concentrations during daytime, nighttime
respiration and biomass decomposition may induce localized hypoxia and unintended
oxygen supersaturation, particularly in eutrophic or poorly mixed water bodies, thereby
adversely affecting aquatic organisms and reducing restoration stability. Hydrological
disturbances such as storm events, flooding, rainfall-driven dilution, and sediment resus-
pension may further reduce biomass retention and compromise the treatment efficiency
of microalgae. In biofilm-based systems, physical disturbances may also induce biofilm
detachment, resulting in inefficiencies of microalgae-based restoration. Additionally, eco-
logical concerns associated with the introduction of non-native or genetically modified
algal strains into the aquatic ecosystems, including harmful algal blooms, invasion risks,
alterations in trophic interactions, grazing pressure, food web structure, and potential
displacement of indigenous species, affect the sustainable application of microalgae-based
aquatic ecosystem restoration [75,76].

Table 3. Challenges and potential solutions associated with microalgae-based aquatic ecosystem

restoration.
Challenges Proposed Mitigation Strategies References
e Selection of robust indigenous microalgae strains and consortia
Environmental variability ° Real—t}me monitoring . [63,77]
e Planning of seasonal operation
e  Nutrient load reduction at point sources
Diurnal fluctuations in e Adaptive operation strategies for day-night cycles
nutrient removal efficienc e Implementation of process control based on the dissolved oxygen [63]
Y and pH variations
Presence of toxic substances
inhibiting microalgal e  Upstream pretreatment prior to microalgal remediation [62,77,78]
metabolism
Competition from native
phytoplankton and harmful e  Careful selection of microalgal species [75]
cyanobacterial blooms
e  Development of advanced biomass retention and harvesting
- . . trategies
Inefficient biomass retention S &
e  Use of engineered approaches such as microalgal biofilms, [79-81]

and harvesting strategies

microalgae-bacteria granule sludge and constructed wetlands
integrated systems
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Table 3. Cont.
Challenges Proposed Mitigation Strategies References
Limited understanding of
microalgae-bacteria e  Conduct future research focused on microalgal-bacteria 82]

interactions under different
stressed conditions

interaction mechanisms

Lack of standardized and
scalable system designs

Standardization of system configurations
Pilot-to-field scale validation [75]
Develop predictive models

High capital and operational e  Multistage microalgae cultivation [79-81]

costs

Microalgal biomass valorization

Energy-intensive

downstream processing

Integration of low-energy harvesting strategies
Use of renewable energy [75]
Process optimization

Ecological risk related to the
manipulation of natural
microbial communities

Integration of ecosystem-based management strategies [77]
e Long-term ecological monitoring

Limited institutional
coordination and governance

barriers

e Interdisciplinary collaboration among ecologists, engineers, [9]
policymakers, and stakeholders

Large-scale implementation of ex situ engineered systems for microalgae-based aquatic
ecosystem restoration is further constrained by pollutant-specific toxicity effects, where
elevated concentrations of HMs, hydrocarbons, and persistent organic pollutants inhibit
algal metabolism and biomass productivity [83,84]. Furthermore, excessive N and P
loading in influent streams may promote the proliferation of harmful toxin-producing
cyanobacteria within microalgae cultivation systems, reducing treatment efficiency and
increasing operational risks. Additionally, interactions with microbial pathogens may
influence microalgal productivity and system stability by inhibiting algal growth, altering
microbial community structure and affecting the performance of microalgae—bacterial
consortia, thereby introducing variability in restoration outcomes. In this regard, careful
selection and application of robust indigenous microalgae strains and consortia could
enhance tolerance to fluctuations in light, temperature, salinity, and nutrient availability
of aquatic ecosystems. Furthermore, pretreatment techniques such as sedimentation,
adsorption, chemical oxidation, and dilution could be applied to mitigate the inhibitory
effects of toxic substances prior to the microalgae-based ex situ restoration of aquatic
ecosystems [78,85]. Moreover, real-time monitoring, seasonal operation planning, and
basin-scale controlling of nutrient loading are a few strategies that could facilitate the
implementation of microalgae for aquatic ecosystem restoration.

In addition, technical constraints and knowledge gaps related to variability in mi-
croalgal biomass generation, retention, harvesting and management across diverse aquatic
ecosystems remain major barriers to the field-scale implementation of microalgae-based
restoration strategies. These challenges are particularly pronounced in in situ applications
of microalgae-based restoration strategies, where inefficient biomass recovery may result in
biomass decomposition, nutrient re-release, DO depletion and secondary pollution, thereby
offsetting the ecological benefits of restoration. For instance, Zhu et al. [86] showcased
that the decay of algal material in eutrophic Lake Taihu, China, caused a rapid decrease
in DO than in the algae-free controls and led to significant increments in NH;*-N and
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PO4>~-P. Accordingly, biomass harvesting represents one of the principal engineering
bottlenecks limiting the deployment of in situ microalgae-based restoration systems, where
low biomass density, spatial heterogeneity, and hydrodynamic disturbances substantially
reduce biomass recovery efficiency. Also, the potential generation of metal-contaminated
algal biomass further introduces significant downstream challenges related to safe han-
dling, treatment and disposal. Thus, restoration system designs that reduce reliance
on suspended cultivation and enable stable biomass capture under open and hydrauli-
cally dynamic conditions are critical for sustainable scale-up of microalgae-based aquatic
ecosystem restoration.

As discussed in Section 3.1, engineered ex situ systems, including microalgal biofilms,
MBGS and microalgae-integrated CWs, demonstrate improved biomass stability and nutri-
ent removal efficiencies in laboratory- and pilot-scale studies. Moreover, the restoration
performance of these systems largely relies on microalgae-bacteria interactions, which
govern the nutrient uptake, organic matter degradation, and oxygen dynamics in various
aquatic ecosystems [62,64,66]. However, the behavior of microalgae-bacteria interactions
under varying environmental and operational conditions remains limitedly understood,
which hinders the development and optimization of the large-scale restoration of aquatic
ecosystems [82]. Hence, future studies must be directed towards the standardization
of system configurations for large-scale operations and deeper mechanistic insights into
microalgae-bacteria interactions under varying environmental conditions. Moreover, in-
tegrating predictive modeling and real-time process control will be essential to enhance
system stability, reproducibility, and field-scale applicability of microalgae-based strategies
for aquatic ecosystem restoration.

Additionally, operational complexity in microalgae-based strategies for aquatic ecosys-
tem restoration increases substantially under field conditions due to the requirements
for infrastructure development, efficient biomass harvesting, influent pretreatment, and
energy-intensive downstream processing, resulting in high capital and operational costs.
These costs represent key bottlenecks for long-term implementation of microalgae-based
strategies, particularly in low- and middle-income regions where progress towards SDGs
6 and 14 is already constrained [27,87,88]. Moreover, the integration of microalgae-based
ex situ restoration systems into existing aquatic ecosystem restoration and water man-
agement approaches remains limited, as conventional restoration strategies are often not
designed to accommodate active biomass production and recovery processes. Therefore,
the development and optimization of multistage treatment configurations where different
microalgal species are grown in a sequential or stage-dependent manner may improve
economic feasibility and process efficiency. Furthermore, microalgal biomass valoriza-
tion represents a potentially viable approach for valuable bioproduction of biopigments,
biofertilizers, biofuels, and animal feed [80,81], which would contribute to the overall
cost-effectiveness of the implementation of microalgae-based restoration strategies. For
instance, Monlau et al. [89] implemented a three-stage biorefinery process for the recovery
of five different bioproducts from Chlorella protothecoides, including biodiesel derived from
free fatty acids, high-value biomolecules such as sterols, squalene, and carotenoids from
defatted biomass, as well as biogas and biofertilizers recovered from defatted and depro-
teinized microalgal residue. These valorization pathways could be directly employed with
the microalgal biomass recovered during aquatic ecosystem restoration, which facilitates
enhanced resource recovery, economic sustainability and circular bioeconomy [90].

On the other hand, governance structures, regulatory frameworks, and social accep-
tance are critical in enhancing the viable implementation of microalgae-based strategies
for aquatic ecosystem restoration, particularly at the watershed and regional scales. Fur-
thermore, limited institutional coordination among water authorities, agricultural sectors,
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and environmental agencies continues to hinder integrated implementation, as prevailing
restoration policies emphasize passive restoration, which focuses on removing external
stressors, such as reducing agricultural runoff, restricting deforestation in riparian zones,
and limiting human disturbance, to enable natural regeneration and ecological succes-
sion. This policy orientation creates structural and regulatory gaps that complicate the
adoption of microalgae-based strategies, which require active system operation, biomass
management, harvesting, and continuous performance monitoring.

Consequently, successful deployment of microalgae-based ex situ and in situ strategies
for aquatic ecosystem restoration will require interdisciplinary collaboration among ecolo-
gists, engineers, policymakers, and local stakeholders, supported by adaptive management
frameworks, long-term monitoring, and risk-based regulatory oversight. Additionally,
updating aquatic restoration guidelines to explicitly incorporate microalgae-based restora-
tion strategies and standardized C accounting for microalgal CO, sequestration within
emerging Blue Carbon frameworks is essential to enhance policy relevance, regulatory
acceptance, and alignment with United Nations (UN) sustainability and climate gov-
ernance frameworks, including the SDGs and UN Framework Convention on Climate
Change-guided climate mitigation pathways [91,92]. Strengthening knowledge dissemina-
tion, stakeholder engagement, and community participation will further promote social
acceptance and support the integration of microalgae-based technologies into regional
water management and aquatic restoration strategies. Collectively, key scientific, technical,
and governance priorities are essential to advance microalgae-based strategies for efficient
aquatic ecosystem restoration from experimental studies to reliable, scalable and sustainable
field-scale applications.

5. Conclusions

Microalgae-based strategies demonstrate strong potential for supporting aquatic
ecosystem restoration through nutrient assimilation, contaminant attenuation, sediment
stabilization, oxygen regulation and C sequestration. Based on the available literature,
microalgae-based aquatic ecosystem restoration could be primarily achieved through
engineered ex situ systems, including high-rate algal ponds, algal-bacterial consortia,
and constructed wetland integrations, which collectively reduce external pollutant load-
ing to receiving aquatic environments. On the other hand, in situ applications remain
comparatively limited and highly site-specific due to hydrological variability, ecological
complexity and challenges associated with biomass control and long-term system stabil-
ity. Consequently, large-scale ecosystem restoration by employing microalgae cultivation
under natural environmental conditions remains limitedly studied. Thus, bridging the
gap between mechanistic understanding and ecosystem-scale application would require
long-term field validation, development of standardized ecological performance indicators
and integrated assessment frameworks, which must incorporate biodiversity recovery,
habitat quality, trophic structure and ecosystem resilience. Moreover, adaptive regulatory
frameworks, interdisciplinary collaboration, and stakeholder engagement are essential to
enable active strategies integrating microalgae for aquatic ecosystem restoration. Thus,
these research progressions are essential for the transition of microalgae-based approaches
from engineered treatment systems towards reliable, scalable aquatic ecosystem restoration,
while aligning with SDGs 6 and 14.
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Abbreviations

The following abbreviations are used in this manuscript:

SDG Sustainable Development Goal
HM Heavy metal

DIN Dissolved inorganic nitrogen

DIP Dissolved inorganic phosphorus
ocC Organic carbon

TOC Total organic carbon

DOC Dissolved organic carbon

EPS Extracellular polymeric substances
DO Dissolved oxygen

POC Particulate organic carbon

COD  Chemical oxygen demand

BOD Biological oxygen demand

HRAP High-rate algal pond

CW Constructed wetland

MBGS  Microalgal-bacterial granular sludge
MAB  Microalgae-associated bacteria

References

1.

10.

11.

Chaturvedi, P.; Khalasi, B.R.; Annappaswamy, T.S.; Sheethal, K.U.; Padmanabha, A.; Borichangar, R.V.; Shruthi, H.U.; Shinglai,
C.; Biju, B.; Maurya, N.K;; et al. Economic and Ecological Insights into Aquatic Ecosystem Services: Exploring Multifunctional
Benefits. Asian Res. J. Curr. Sci. 2025, 7, 119-131. [CrossRef]

Héder, D.-P; Banaszak, A.T.; Villafafie, V.E.; Narvarte, M.A.; Gonzalez, R.A.; Helbling, E.W. Anthropogenic Pollution of Aquatic
Ecosystems: Emerging Problems with Global Implications. Sci. Total Environ. 2020, 713, 136586. [CrossRef] [PubMed]

Aib, H.; Parvez, M.S.; Czédli, H.M. Pharmaceuticals and Microplastics in Aquatic Environments: A Comprehensive Review
of Pathways and Distribution, Toxicological and Ecological Effects. Int. . Environ. Res. Public Health 2025, 22, 799. [CrossRef]
[PubMed]

Kawade, S.S.; Sedyaaw, P.; Meshre, S.D.; Sadawarte, V.R.; Sawant, A.N. Climate Change Impacts on Aquatic Ecosystems:
Biodiversity Shifts, Ecological Risks and Mitigation Strategies. Int. J. Environ. Clim. Change 2025, 15, 309-323. [CrossRef]

Dahal, D.; Bhattarai, N.; Silwal, A.; Shrestha, S.; Shrestha, B.; Poudel, B.; Kalra, A. A Review on Climate Change Impacts on
Freshwater Systems and Ecosystem Resilience. Water 2025, 17, 3052. [CrossRef]

Geist, J.; Hawkins, S.J. Habitat Recovery and Restoration in Aquatic Ecosystems: Current Progress and Future Challenges. Aquat.
Conserv. 2016, 26, 942-962. [CrossRef]

Xiang, H.; Li, X.; Xiao, R.; Chen, J.; Dai, W. Is Dredging an Effective Ecological Restoration Method to Improve Water Quality in
Freshwater Ecosystems? Ecol. Eng. 2024, 209, 107425. [CrossRef]

Liu, R.; Gao, C.; Yang, J.; Zhou, L.; Yang, F. Aquatic Ecological Restoration Pathways Based on Habitat Restoration. In 2026
11th International Conference on Financial Innovation and Economic Development (ICFIED 2026); Atlantis Press: Dordrecht, The
Netherlands, 2026; pp. 829-835.

Tammeorg, O.; Chorus, L; Spears, B.; Noges, P.; Niirnberg, G.K.; Tammeorg, P.; Sendergaard, M.; Jeppesen, E.; Paerl, H.; Huser, B.;
et al. Sustainable Lake Restoration: From Challenges to Solutions. WIREs Water 2024, 11, €1689. [CrossRef]
Espinosa-Rodriguez, C.A.; Montes-Campos, L.J.; Rivera-De la Parra, L.; Pérez-Morales, A.; Lugo-Vazquez, A. Strategies for
Eutrophication Control in Tropical and Subtropical Lakes. Sustainability 2025, 17, 7755. [CrossRef]

Dunalska, J.A. Lake Restoration Techniques: A Review of Methods and Future Pathways. Sci. Total Environ. 2025, 979, 179450.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/app16147045


https://doi.org/10.56557/arjocs/2025/v7i1135
https://doi.org/10.1016/j.scitotenv.2020.136586
https://www.ncbi.nlm.nih.gov/pubmed/31955090
https://doi.org/10.3390/ijerph22050799
https://www.ncbi.nlm.nih.gov/pubmed/40427912
https://doi.org/10.9734/ijecc/2025/v15i105062
https://doi.org/10.3390/w17213052
https://doi.org/10.1002/aqc.2702
https://doi.org/10.1016/j.ecoleng.2024.107425
https://doi.org/10.1002/wat2.1689
https://doi.org/10.3390/su17177755
https://doi.org/10.1016/j.scitotenv.2025.179450
https://www.ncbi.nlm.nih.gov/pubmed/40280097
https://doi.org/10.3390/app16147045

Appl. Sci. 2026, 16, 7045 21 of 24

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Thoré, E.S.J.; Muylaert, K.; Bertram, M.G.; Brodin, T. Microalgae. Curr. Biol. 2023, 33, R91-R95. [CrossRef] [PubMed]
Kiranmayee, J.; Gujjarlapudi, S.L.; Kelam, N.; Rao, V.M.M.; Kokkanti, M. Microalgae as Environmental Helpers: A Comprehensive
Review on Their Role in Climate Mitigation, Ocean Health, and Ecosystem Restoration. Int. ]. Sci. Res. Arch. 2025, 14, 1467-1478.
[CrossRef]

Hanifa, N.M.; Thevarajah, B.; Liyanaarachchi, V.C.; Nimarshana, PH.V.; Boopathy, R.; Ariyadasa, T.U. Simultaneous Bioremedia-
tion, Resource Recovery and Natural Dye Production via Textile Wet Processing Wastewater-Integrated Microalgae Cultivation:
A Review. Curr. Pollut. Rep. 2025, 11, 38. [CrossRef]

Li, K;; Liu, Q.; Fang, F; Luo, R.; Lu, Q.; Zhou, W.; Huo, S.; Cheng, P; Liu, J.; Addy, M.; et al. Microalgae-Based Wastewater
Treatment for Nutrients Recovery: A Review. Bioresour. Technol. 2019, 291, 121934. [CrossRef] [PubMed]

Premaratne, M.; Nishshanka, G.K.S.H.; Anthonio, R.A.D.P;; Liyanaarachchi, V.C.; Thevarajah, B.; Nimarshana, PH.V.; Malik, A;
Ariyadasa, T.U. Resource Recovery from Waste Streams for Production of Microalgae Biomass: A Sustainable Approach towards
High-Value Biorefineries. Bioresour. Technol. Rep. 2022, 18, 101070. [CrossRef]

Defeo, S.; Beutel, M.W.; Rodal-Morales, N.; Singer, M. Sediment Release of Nutrients and Metals from Two Contrasting Eutrophic
California Reservoirs under Oxic, Hypoxic and Anoxic Conditions. Front. Water 2024, 6, 1474057. [CrossRef]

Carey, C.C. Causes and Consequences of Changing Oxygen Availability in Lakes. Inland Waters 2023, 13, 316-326. [CrossRef]
Kaur, S.; Kaur, S.; Thakur, B.; Narwat, N. Microalgae-Based Bioremediation of Emerging Contaminants: Techniques, Recent
Developments, and Future Perspectives. Arch. Microbiol. 2026, 208, 29. [CrossRef] [PubMed]

Xu, W.; Zhang, ].; Yang, C.; Ai, F; Yin, Y.; Guo, H. Differential Impacts of Organic and Inorganic Phosphorus on the Growth and
Phosphorus Utilization of Microcystis aeruginosa. Sci. Total Environ. 2024, 951, 175392. [CrossRef] [PubMed]

Weigelhofer, G.; Hein, T.; Bondar-Kunze, E. Phosphorus and Nitrogen Dynamics in Riverine Systems: Human Impacts
and Management Options. In Riverine Ecosystem Management; Springer International Publishing: Cham, Switzerland, 2018;
pp. 187-202.

Zeng, Q.; Qin, L.; Bao, L.; Li, Y.; Li, X. Critical Nutrient Thresholds Needed to Control Eutrophication and Synergistic Interactions
between Phosphorus and Different Nitrogen Sources. Environ. Sci. Pollut. Res. 2016, 23, 21008-21019. [CrossRef] [PubMed]
Popa, M.D.; Simionov, I.-A.; Petrea, S.M.; Georgescu, P--L.; Ifrim, G.A.; Iticescu, C. Efficiency of Microalgae Employment in
Nutrient Removal (Nitrogen and Phosphorous) from Municipal Wastewater. Water 2025, 17, 260. [CrossRef]
Delgadillo-Mirquez, L.; Lopes, F,; Taidi, B.; Pareau, D. Nitrogen and Phosphate Removal from Wastewater with a Mixed
Microalgae and Bacteria Culture. Biotechnol. Rep. 2016, 11, 18-26. [CrossRef] [PubMed]

Thevarajah, B.; Piyatilleke, S.; Nimarshana, PH.V.; Gunawardena, S.; Ariyadasa, T.U. Harnessing Algae: Advancements in
Wastewater Treatment and Resource Recovery. In Emerging Technologies in Biological and Hybrid Wastewater Treatment: Lessons from
Developed to Enhancing Practices in Developing Countries; Springer Nature: Cham, Switzerland, 2024; pp. 145-175. [CrossRef]
Kumar, A.; Bera, S. Revisiting Nitrogen Utilization in Algae: A Review on the Process of Regulation and Assimilation. Bioresour.
Technol. Rep. 2020, 12, 100584. [CrossRef]

Nguyen, L.N.; Aditya, L.; Vu, H.P; Johir, A.H.; Bennar, L.; Ralph, P; Hoang, N.B.; Zdarta, J.; Nghiem, L.D. Nutrient Removal by
Algae-Based Wastewater Treatment. Curr. Pollut. Rep. 2022, 8, 369-383. [CrossRef]

Bossa, R.; Di Colandrea, M.; Salbitani, G.; Carfagna, S. Phosphorous Utilization in Microalgae: Physiological Aspects and Applied
Implications. Plants 2024, 13, 2127. [CrossRef] [PubMed]

Solovchenko, A.; Khozin-Goldberg, I.; Selyakh, I.; Semenova, L.; Ismagulova, T.; Lukyanov, A.; Mamedov, I.; Vinogradova, E.;
Karpova, O.; Konyukhov, I; et al. Phosphorus Starvation and Luxury Uptake in Green Microalgae Revisited. Algal Res. 2019,
43,101651. [CrossRef]

Solovchenko, A.; Plouviez, M.; Khozin-Goldberg, I. Getting Grip on Phosphorus: Potential of Microalgae as a Vehicle for
Sustainable Usage of This Macronutrient. Plants 2024, 13, 1834. [CrossRef] [PubMed]

Nishshanka, G.K.S.H.; Thevarajah, B.; Nimarshana, PH.V.; Prajapati, S.K.; Ariyadasa, T.U. Real-Time Integration of Microalgae-
Based Bioremediation in Conventional Wastewater Treatment Plants: Current Status and Prospects. J. Water Process Eng. 2023,
56, 104248. [CrossRef]

Rani, V.; Mar6ti, G. Assessment of Nitrate Removal Capacity of Two Selected Eukaryotic Green Microalgae. Cells 2021, 10, 2490.
[CrossRef] [PubMed]

Pinosa, L.A.G.; Apines-Amar, M.].S. Optimization of Stocking Density for Isochrysis galbana, Nannochlorum sp., and Tetraselmis
tetrahele in the Bioremediation of Aquaculture Wastewater. Aquac. Int. 2024, 32, 3597-3616. [CrossRef]

Rafay, R.; Uratani, ].M.; Hernandez, H.H.; Rodriguez, ]. Growth and Nitrate Uptake in Nannochloropsis gaditana and Tetraselmis
chuii Cultures Grown in Sequential Batch Reactors. Front. Mar. Sci. 2020, 7, 77. [CrossRef]

Beardall, J.; Giordano, M. Acquisition and Metabolism of Inorganic Nutrients by Dunaliella. In The Alga Dunaliella; CRC Press:
Boca Raton, FL, USA, 2009; pp. 173-187.

Ramanathan, T.; Sathasivan, A. Dissolved Organic Carbon Concentration Changes in Surface Drinking Water Sources, Treatment
Challenges and Potential Solutions—A Review. |. Water Process Eng. 2025, 76, 108188. [CrossRef]

https:/ /doi.org/10.3390/app16147045


https://doi.org/10.1016/j.cub.2022.12.032
https://www.ncbi.nlm.nih.gov/pubmed/36750029
https://doi.org/10.30574/ijsra.2025.14.3.0820
https://doi.org/10.1007/s40726-025-00363-9
https://doi.org/10.1016/j.biortech.2019.121934
https://www.ncbi.nlm.nih.gov/pubmed/31395401
https://doi.org/10.1016/j.biteb.2022.101070
https://doi.org/10.3389/frwa.2024.1474057
https://doi.org/10.1080/20442041.2023.2239110
https://doi.org/10.1007/s00203-025-04567-x
https://www.ncbi.nlm.nih.gov/pubmed/41264010
https://doi.org/10.1016/j.scitotenv.2024.175392
https://www.ncbi.nlm.nih.gov/pubmed/39122037
https://doi.org/10.1007/s11356-016-7321-x
https://www.ncbi.nlm.nih.gov/pubmed/27488715
https://doi.org/10.3390/w17020260
https://doi.org/10.1016/j.btre.2016.04.003
https://www.ncbi.nlm.nih.gov/pubmed/28352536
https://doi.org/10.1007/978-3-031-74515-7_9
https://doi.org/10.1016/j.biteb.2020.100584
https://doi.org/10.1007/s40726-022-00230-x
https://doi.org/10.3390/plants13152127
https://www.ncbi.nlm.nih.gov/pubmed/39124245
https://doi.org/10.1016/j.algal.2019.101651
https://doi.org/10.3390/plants13131834
https://www.ncbi.nlm.nih.gov/pubmed/38999674
https://doi.org/10.1016/j.jwpe.2023.104248
https://doi.org/10.3390/cells10092490
https://www.ncbi.nlm.nih.gov/pubmed/34572139
https://doi.org/10.1007/s10499-023-01340-z
https://doi.org/10.3389/fmars.2020.00077
https://doi.org/10.1016/j.jwpe.2025.108188
https://doi.org/10.3390/app16147045

Appl. Sci. 2026, 16, 7045 22 of 24

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Subashchandrabose, S.R.; Ramakrishnan, B.; Megharaj, M.; Venkateswarlu, K.; Naidu, R. Mixotrophic Cyanobacteria and
Microalgae as Distinctive Biological Agents for Organic Pollutant Degradation. Environ. Int. 2013, 51, 59-72. [CrossRef] [PubMed]
Mohammad Mirzaie, M.A.; Kalbasi, M.; Mousavi, S.M.; Ghobadian, B. Investigation of Mixotrophic, Heterotrophic, and
Autotrophic Growth of Chlorella vulgaris under Agricultural Waste Medium. Prep. Biochem. Biotechnol. 2016, 46, 150-156.
[CrossRef] [PubMed]

Dell” Anno, F,; Rastelli, E.; Sansone, C.; Brunet, C.; Ianora, A.; Dell” Anno, A. Bacteria, Fungi and Microalgae for the Bioremediation
of Marine Sediments Contaminated by Petroleum Hydrocarbons in the Omics Era. Microorganisms 2021, 9, 1695. [CrossRef]
[PubMed]

Hama Aziz, K.H.; Mustafa, ES.; Omer, K.M.; Hama, S.; Hamarawf, R.F.; Rahman, K.O. Heavy Metal Pollution in the Aquatic
Environment: Efficient and Low-Cost Removal Approaches to Eliminate Their Toxicity: A Review. RSC Adv. 2023, 13, 17595-17610.
[CrossRef] [PubMed]

Thevarajah, B.; Nishshanka, G.K.S.H.; Premaratne, M.; Wasath, W.A ]J.; Nimarshana, PH.V.; Malik, A.; Ariyadasa, T.U. Cyanobac-
terial Pigment Production in Wastewaters Treated for Heavy Metal Removal: Current Status and Perspectives. J. Environ. Chem.
Eng. 2023, 11, 108999. [CrossRef]

Waluyo, L.; Prihanta, W.; Bachtiar, Z.; Permana, T.I. Potential Bioremediation of Lead (Pb) Using Marine Microalgae Nannochlorop-
sis oculata. AIP Conf. Proc. 2020, 2231, 040088. [CrossRef]

Tambat, V.S.; Patel, A.K.; Chen, C.-W,; Raj, T.; Chang, ].-S.; Singhania, R.R.; Dong, C.-D. A Sustainable Vanadium Bioremediation
Strategy from Aqueous Media by Two Potential Green Microalgae. Environ. Pollut. 2023, 323, 121247. [CrossRef] [PubMed]
Garcia-Galan, M.J.; Arashiro, L.; Santos, L.LHM.L.M.; Insa, S.; Rodriguez-Mozaz, S.; Barceld, D.; Ferrer, I.; Garfi, M. Fate of Priority
Pharmaceuticals and Their Main Metabolites and Transformation Products in Microalgae-Based Wastewater Treatment Systems.
J. Hazard. Mater. 2020, 390, 121771. [CrossRef] [PubMed]

Hom-Diaz, A.; Jaén-Gil, A.; Rodriguez-Mozaz, S.; Barcel6, D.; Vicent, T.; Blanquez, P. Insights into Removal of Antibiotics by
Selected Microalgae (Chlamydomonas reinhardtii, Chlorella sorokiniana, Dunaliella tertiolecta and Pseudokirchneriella subcapitata). Algal
Res. 2022, 61, 102560. [CrossRef]

Gowthami, A.; Syed Marjuk, M.; Santhanam, P.; Thirumurugan, R.; Muralisankar, T.; Perumal, P. Marine Microalgae—Mediated
Biodegradation of Polystyrene Microplastics: Insights from Enzymatic and Molecular Docking Studies. Chemosphere 2025, 370,
144024. [CrossRef] [PubMed]

Fayaz, T.; Rana, S.S.; Goyal, E.; Ratha, S.K.; Renuka, N. Harnessing the Potential of Microalgae-Based Systems for Mitigating
Pesticide Pollution and Its Impact on Their Metabolism. J. Environ. Manag. 2024, 357, 120723. [CrossRef] [PubMed]

Avila, R.; Peris, A.; Eljarrat, E.; Vicent, T.; Blanquez, P. Biodegradation of Hydrophobic Pesticides by Microalgae: Transformation
Products and Impact on Algae Biochemical Methane Potential. Sci. Total Environ. 2021, 754, 142114. [CrossRef] [PubMed]

Kim, H.; Lee, J.; Ha, H.J.; Choi, S.M.; Rho, Y.; Park, J.; Ha, HK.; Kwon, B.-O.; Khim, J.S. Environmental Factors on Microalgal
Resuspension and Dynamics in Tidal Flats on the West Coast of Korea. Mar. Pollut. Bull. 2026, 224, 119092. [CrossRef] [PubMed]
Ge, R.; Gong, Z.; Feng, Q.; Wang, S.; Jin, C.; Wei, J. Particle Aggregation Induced by Microorganisms Is a Key Mechanism for the
Biostabilization of Coastal Sediment. Sediment. Geol. 2024, 464, 106630. [CrossRef]

Hope, ].A.; Kleinteich, J.; Gerbersdorf, S.U. Benthic Biofilm Structure and Function under Abrupt Flow Changes. PLoS ONE 2025,
20, €0327216. [CrossRef] [PubMed]

Bastianon, E.; Hope, J.A.; Dorrell, R-M.; Parsons, D.R. Effect of Hydro-Climate Variation on Biofilm Dynamics and Its Impact in
Intertidal Environments. Earth Surf. Dyn. 2022, 10, 1115-1140. [CrossRef]

Fusi, M,; Rigaud, S.; Guadagnin, G.; Barausse, A.; Marasco, R.; Daffonchio, D.; Régis, J.; Huchet, L.; Camin, C.; Pettit, L.; et al.
Ideas and Perspectives: The Fluctuating Nature of Oxygen Shapes the Ecology of Aquatic Habitats and Their Biogeochemical
Cycles—The Aquatic Oxyscape. Biogeosciences 2023, 20, 3509-3521. [CrossRef]

Tian, R.; Cai, X.; Cerco, C.F,; Zhang, ].Y.; Linker, L.C. Simulation of Benthic Microalgae Impacts on Water Quality in Shallow Water
Systems, Corsica River, Chesapeake Bay. Front. Mar. Sci. 2024, 10, 1295986. [CrossRef]

Zhang, M.; Li, Y,; Uddin, K.B.; Liu, J.-H.; Qiao, R.-T.; Zhao, Y.-].; Ma, S.-N.; Sendergaard, M.; Wang, H.-Z. Benthic Primary
Production Decreases Internal Phosphorus Loading from Lake Sediments under Light Supplement. Ecofoxicol. Environ. Saf. 2024,
270, 115834. [CrossRef] [PubMed]

Croijmans, L.; De Jong, J.F,; Prins, H.H.T. Oxygen Is a Better Predictor of Macroinvertebrate Richness than Temperature—A
Systematic Review. Environ. Res. Lett. 2021, 16, 023002. [CrossRef]

Germ, M.; Tertinek, Z.; Zelnik, I. Diversity of Macrophytes and Macroinvertebrates in Different Types of Standing Waters in the
Drava Field. Water 2024, 16, 1130. [CrossRef]

Zhang, D.; Zhang, W.; Wang, W.; Shan, B. Widespread Dissolved Oxygen Supersaturation in Chinese Warming Lakes. Environ.
Res. 2026, 297, 124145. [CrossRef] [PubMed]

Li, G.; Yao, ]. A Review of Algae-Based Carbon Capture, Utilization, and Storage (Algae-Based CCUS). Gases 2024, 4, 468-503.
[CrossRef]

https:/ /doi.org/10.3390/app16147045


https://doi.org/10.1016/j.envint.2012.10.007
https://www.ncbi.nlm.nih.gov/pubmed/23201778
https://doi.org/10.1080/10826068.2014.995812
https://www.ncbi.nlm.nih.gov/pubmed/25807048
https://doi.org/10.3390/microorganisms9081695
https://www.ncbi.nlm.nih.gov/pubmed/34442774
https://doi.org/10.1039/D3RA00723E
https://www.ncbi.nlm.nih.gov/pubmed/37312989
https://doi.org/10.1016/j.jece.2022.108999
https://doi.org/10.1063/5.0002441
https://doi.org/10.1016/j.envpol.2023.121247
https://www.ncbi.nlm.nih.gov/pubmed/36764381
https://doi.org/10.1016/j.jhazmat.2019.121771
https://www.ncbi.nlm.nih.gov/pubmed/32127240
https://doi.org/10.1016/j.algal.2021.102560
https://doi.org/10.1016/j.chemosphere.2024.144024
https://www.ncbi.nlm.nih.gov/pubmed/39722402
https://doi.org/10.1016/j.jenvman.2024.120723
https://www.ncbi.nlm.nih.gov/pubmed/38565028
https://doi.org/10.1016/j.scitotenv.2020.142114
https://www.ncbi.nlm.nih.gov/pubmed/32911153
https://doi.org/10.1016/j.marpolbul.2025.119092
https://www.ncbi.nlm.nih.gov/pubmed/41389583
https://doi.org/10.1016/j.sedgeo.2024.106630
https://doi.org/10.1371/journal.pone.0327216
https://www.ncbi.nlm.nih.gov/pubmed/40700432
https://doi.org/10.5194/esurf-10-1115-2022
https://doi.org/10.5194/bg-20-3509-2023
https://doi.org/10.3389/fmars.2023.1295986
https://doi.org/10.1016/j.ecoenv.2023.115834
https://www.ncbi.nlm.nih.gov/pubmed/38101976
https://doi.org/10.1088/1748-9326/ab9b42
https://doi.org/10.3390/w16081130
https://doi.org/10.1016/j.envres.2026.124145
https://www.ncbi.nlm.nih.gov/pubmed/41765313
https://doi.org/10.3390/gases4040024
https://doi.org/10.3390/app16147045

Appl. Sci. 2026, 16, 7045 23 of 24

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Dasan, Y.K,; Suparmaniam, U.; Lam, M.K,; Tan, L.S.; Lau, S.Y.; Bridgid Lai, F.C. CO, Mitigation via Seaweed and Microalgae
Farming for Sustainable Biofuel Production in the Blue Bioeconomy. Curr. Opin. Green Sustain. Chem. 2025, 56, 101053. [CrossRef]
Arraga, R.; Barcel6-Villalobos, M.; Esteitie, R.; Ahaddouch, M.; Sdnchez-Salinas, C.; Acién, EG. Demonstration of Direct Air
Capture of CO, Using Microalgae Raceway Reactors. . CO, Util. 2026, 106, 103376. [CrossRef]

Ugya, A.Y.; Ajibade, F.O.; Hua, X. The Efficiency of Microalgae Biofilm in the Phycoremediation of Water from River Kaduna. J.
Environ. Manag. 2021, 295, 113109. [CrossRef] [PubMed]

Chen, C; Shi, Y.; Chen, B.; Li, A.; Meng, Q.; Jiang, Y.; Ji, B. Understanding Diurnal Variability in Organic Matter Processing by
Microalgal-Bacterial Granular Sludge in Lake Water Remediation. Bioresour. Technol. 2025, 433, 132717. [CrossRef] [PubMed]
Du, S,; Guo, S.; Yang, J.; Li, A.; Xiong, W.; Zhang, C.; Xu, S.; Shi, Y.; Ji, B. Evaluating the Efficacy of Microalgal-Bacterial Granular
Sludge System in Lake Water Remediation. Bioprocess Biosyst. Eng. 2025, 48, 17-26. [CrossRef] [PubMed]

Wu, Z; Shi, W.; Yuan, W.; Chen, Z; Xie, Y.; Lv, Z.; Xu, J.; Amadu, A.A; Qiu, S.; Ge, S. Development and Operation of Indigenous
Microalgal-Bacterial Consortium System Treating Eutrophic Lake Water: Consortium Identification and System Demonstration.
Bioresour. Technol. 2025, 429, 132496. [CrossRef] [PubMed]

Ferreira, J.S.; Machado, E.L.; Lobo, E.A. Nutrient Removal Efficiency Using Microalgae in Different Photoperiod Cycles, Combined
with Constructed Wetland in a Wastewater Treatment Plant. Rev. Ambiente Agua 2021, 16, €2692. [CrossRef]

Zhao, X.; Zhang, T.; Dang, B.; Guo, M.; Jin, M.; Li, C.; Hou, N.; Bai, S. Microalgae-Based Constructed Wetland System Enhances
Nitrogen Removal and Reduce Carbon Emissions: Performance and Mechanisms. Sci. Total Environ. 2023, 877, 162883. [CrossRef]
[PubMed]

Borg-Stoveland, S.; Draganovic, V.; Spilling, K.; Gabrielsen, T.M. Successful Growth of Coastal Marine Microalgae in Wastewater
from a Salmon Recirculating Aquaculture System. J. Appl. Phycol. 2024, 36, 2851-2861. [CrossRef]

Kumar, R.; Khan, S.K.; Kandar, B.; Dutta, S. Integrated Approach for Removal of Oil from Contaminated Seawater. Sep. Sci.
Technol. 2025, 60, 828-839. [CrossRef]

Sacristdn de Alva, M.; Luna Pabello, V.M. Phycoremediation by Simulating Marine Aquaculture Effluent Using Tetraselmis sp.
and the Potential Use of the Resulting Biomass. . Water Process Eng. 2021, 41, 102071. [CrossRef]

Melikhov, V.V.; Medvedeva, L.N.; Moskovec, M.V,; Fedorov, A.L. Tutorial for Increasing the Potential of Microalgae in Restoring
the Ecosystem of the Don River. IOP Conf. Ser. Earth Environ. Sci. 2022, 1069, 012030. [CrossRef]

Taipale, S.J.; Kuoppamaki, K.; Strandberg, U.; Peltomaa, E.; Vuorio, K. Lake Restoration Influences Nutritional Quality of Algae
and Consequently Daphnia Biomass. Hydrobiologia 2020, 847, 4539-4557. [CrossRef]

Thevarajah, B.; Nimarshana, PH.V.; Shehan Sandeepa, G.D.; Boopathy, R.; Ariyadasa, T.U. Upcycling Food Processing Industrial
Wastes in Spirulina Cultivation: A Perspective on the Advancement of Sustainable Development Goal 12. Trends Food Sci. Technol.
2024, 149, 104537. [CrossRef]

Stumpner, E.B.; Bergamaschi, B.A.; Kraus, T.E.C.; Parker, A.E.; Wilkerson, EP.; Downing, B.D.; Dugdale, R.C.; Murrell, M.C,;
Carpenter, K.D.; Orlando, J.L.; et al. Spatial Variability of Phytoplankton in a Shallow Tidal Freshwater System Reveals Complex
Controls on Abundance and Community Structure. Sci. Total Environ. 2020, 700, 134392. [CrossRef] [PubMed]

Anderson, D.M.; Wells, M.L.; Trainer, V.L.; Suddleson, M.; Claridge, K.; Coyne, K.J.; Dortch, Q.; Gobler, C.J.; Heil, C.A ; Inaba, N,;
et al. Controlling Harmful Algal Blooms (HABs) in Marine Waters: Review of Current Status and Future Prospects. Harmful Algae
2025, 150, 102989. [CrossRef] [PubMed]

Wang, M.; Ye, X,; Bi, H.; Shen, Z. Microalgae Biofuels: Illuminating the Path to a Sustainable Future amidst Challenges and
Opportunities. Biotechnol. Biofuels Bioprod. 2024, 17, 10. [CrossRef] [PubMed]

Butnariu, M. Aquatic Pollution and Marine Ecosystems. In Bacterial Fish Diseases; Elsevier: Amsterdam, The Netherlands, 2022;
pp- 1-29.

Faltstrom, E.; Gustafsson, S. Upstream Pollution Control by Water Utilities in Sweden: Incentives and Challenges. Water Policy
2021, 23, 1400-1414. [CrossRef]

Vézquez-Romero, B.; Villar-Navarro, E.; Perales, ].A.; Garrido-Pérez, C.; Ruiz, J. Techno-Economic Analysis of Using Microalgae
to Treat Streams from Fish RAS Farming and Replace Fish Meal: A Case Study. |. Water Process Eng. 2024, 59, 104904. [CrossRef]
Thevarajah, B.; Piyatilleke, S.; Nimarshana, P.H.V.; Koushalya, S.; Malik, A.; Ariyadasa, T.U. Exploring Effective Light Spectral
Conversion Techniques for Enhanced Production of Spirulina-Derived Blue Pigment Protein, c-Phycocyanin. Bioresour. Technol.
2024, 399, 130612. [CrossRef] [PubMed]

Hanifa, N.M.; Thevarajah, B.; Nimarshana, PH.V.; Perera, M.A.R.C.; Harshan, G.M.M.; Abeyarathna, D.R.P.; Ariyadasa, T.U.
Starch Wastewater-Integrated Microalgae Cultivation: A Circular Bioeconomy Approach for Bioremediation and Natural
Carotenoids Production. ACS ES T Water 2025, 5, 7105-7118. [CrossRef]

Amaro, H.M,; Salgado, E.M.; Nunes, O.C.; Pires, ].C.M.; Esteves, A.F. Microalgae Systems—Environmental Agents for Wastewater
Treatment and Further Potential Biomass Valorisation. |. Environ. Manag. 2023, 337, 117678. [CrossRef] [PubMed]

Yang, X.-Y.; Wei, Y.-X,; Su, Y.-Q.; Zhang, Z.-W.; Tang, X.-Y.; Chen, Y.-E.; Yuan, M.; Yuan, S. The Strategies Microalgae Adopt to
Counteract the Toxic Effect of Heavy Metals. Microorganisms 2025, 13, 989. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/app16147045


https://doi.org/10.1016/j.cogsc.2025.101053
https://doi.org/10.1016/j.jcou.2026.103376
https://doi.org/10.1016/j.jenvman.2021.113109
https://www.ncbi.nlm.nih.gov/pubmed/34216901
https://doi.org/10.1016/j.biortech.2025.132717
https://www.ncbi.nlm.nih.gov/pubmed/40414518
https://doi.org/10.1007/s00449-024-03090-5
https://www.ncbi.nlm.nih.gov/pubmed/39316167
https://doi.org/10.1016/j.biortech.2025.132496
https://www.ncbi.nlm.nih.gov/pubmed/40204026
https://doi.org/10.4136/ambi-agua.2692
https://doi.org/10.1016/j.scitotenv.2023.162883
https://www.ncbi.nlm.nih.gov/pubmed/36934950
https://doi.org/10.1007/s10811-024-03310-1
https://doi.org/10.1080/01496395.2025.2453894
https://doi.org/10.1016/j.jwpe.2021.102071
https://doi.org/10.1088/1755-1315/1069/1/012030
https://doi.org/10.1007/s10750-020-04398-5
https://doi.org/10.1016/j.tifs.2024.104537
https://doi.org/10.1016/j.scitotenv.2019.134392
https://www.ncbi.nlm.nih.gov/pubmed/31704513
https://doi.org/10.1016/j.hal.2025.102989
https://www.ncbi.nlm.nih.gov/pubmed/41241537
https://doi.org/10.1186/s13068-024-02461-0
https://www.ncbi.nlm.nih.gov/pubmed/38254224
https://doi.org/10.2166/wp.2021.047
https://doi.org/10.1016/j.jwpe.2024.104904
https://doi.org/10.1016/j.biortech.2024.130612
https://www.ncbi.nlm.nih.gov/pubmed/38508281
https://doi.org/10.1021/acsestwater.5c00897
https://doi.org/10.1016/j.jenvman.2023.117678
https://www.ncbi.nlm.nih.gov/pubmed/36948147
https://doi.org/10.3390/microorganisms13050989
https://www.ncbi.nlm.nih.gov/pubmed/40431162
https://doi.org/10.3390/app16147045

Appl. Sci. 2026, 16, 7045 24 of 24

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ben Othman, H.; Pick, ER.; Sakka Hlaili, A.; Leboulanger, C. Effects of Polycyclic Aromatic Hydrocarbons on Marine and
Freshwater Microalgae—A Review. . Hazard. Mater. 2023, 441, 129869. [CrossRef] [PubMed]

de Morais, E.G.; Sampaio, I.C.F.; Gonzalez-Flo, E.; Ferrer, I.; Uggetti, E.; Garcia, ]. Microalgae Harvesting for Wastewater Treatment
and Resources Recovery: A Review. New Biotechnol. 2023, 78, 84-94. [CrossRef] [PubMed]

Zhu, M.; Zhu, G.; Zhao, L.; Yao, X.; Zhang, Y.; Gao, G.; Qin, B. Influence of Algal Bloom Degradation on Nutrient Release at the
Sediment-Water Interface in Lake Taihu, China. Environ. Sci. Pollut. Res. 2013, 20, 1803-1811. [CrossRef] [PubMed]

Evaristo, J.; Jameel, Y.; Tortajada, C.; Wang, R.Y.; Horne, J.; Neukrug, H.; David, C.P.,; Fasnacht, A.M.; Ziegler, A.D.; Biswas, A.
Water Woes: The Institutional Challenges in Achieving SDG 6. Sustain. Earth Rev. 2023, 6, 13. [CrossRef]

Johansen, D.E; Vestvik, R.A. The Cost of Saving Our Ocean—Estimating the Funding Gap of Sustainable Development Goal 14.
Mar. Policy 2020, 112, 103783. [CrossRef]

Monlau, F; Suarez-Alvarez, S.; Lallement, A.; Vaca-Medina, G.; Giacinti, G.; Munarriz, M.; Urreta, I.; Raynaud, C.; Ferrer, C.;
Castafién, S. A Cascade Biorefinery for the Valorization of Microalgal Biomass: Biodiesel, Biogas, Fertilizers and High Valuable
Compounds. Algal Res. 2021, 59, 102433. [CrossRef]

Thevarajah, B.; Nimarshana, PH.V.; Chang, J.-S.; Ariyadasa, T.U. Cost-Effective Large-Scale Production of Chlorella vulgaris-Based
Biodiesel and Bioethanol: A Comparative Assessment. J. Taiwan Inst. Chem. Eng. 2026, 179, 106395. [CrossRef]

He, J.; Cao, M. The United Nations and Global Blue Carbon Governance: A Policy and Practice Review of Frameworks, Challenges,
and Possible Pathways. Front. Mar. Sci. 2026, 12, 1734688. [CrossRef]

Boettcher, M.; Winkler, M.; Michaelowa, A. Accounting and Monitoring Challenges for Blue Carbon Enhancement in National
Climate Policy Targets and International Carbon Markets. Carbon Manag. 2025, 16, 2585895. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/app16147045


https://doi.org/10.1016/j.jhazmat.2022.129869
https://www.ncbi.nlm.nih.gov/pubmed/36063709
https://doi.org/10.1016/j.nbt.2023.10.002
https://www.ncbi.nlm.nih.gov/pubmed/37820831
https://doi.org/10.1007/s11356-012-1084-9
https://www.ncbi.nlm.nih.gov/pubmed/22825639
https://doi.org/10.1186/s42055-023-00067-2
https://doi.org/10.1016/j.marpol.2019.103783
https://doi.org/10.1016/j.algal.2021.102433
https://doi.org/10.1016/j.jtice.2025.106395
https://doi.org/10.3389/fmars.2025.1734688
https://doi.org/10.1080/17583004.2025.2585895
https://doi.org/10.3390/app16147045

	Introduction 
	Mechanistic Pathways of Microalgal-Based Approaches for Aquatic Ecosystem Restoration 
	Nutrient Assimilation Pathways 
	Organic Carbon Attenuation and Detoxification 
	Heavy Metal Removal 
	Removal of Emerging Organic Pollutants 
	Sediment Stabilization and Extracellular Polymeric Substances Secretion 
	Oxygenation, Redox Regulation and Carbon Cycling 

	Implementation of Microalgae-Based Strategies as a Tool for Aquatic Ecosystem Restoration 
	Ex Situ Restoration Systems 
	In Situ Restoration Approaches 

	Challenges and Future Perspectives 
	Conclusions 
	References

