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ABSTRACT

Algae play a crucial role in nutrient cycling within freshwater ecosystems, influencing biogeochemical processes and
ecological dynamics. However, their role is multifaceted: while algae support primary productivity and contribute to
nutrient regulation, under certain conditions, they can also disrupt ecosystem balance, particularly during algal
blooms. This review synthesizes current research on the role of algae in nutrient cycling, focusing on their dual
function as both regulators and disruptors, emphasizing nitrogen, phosphorus, and carbon cycling, algal-bacterial
interactions, and the impact of climate change. While algae are indispensable for nutrient cycling and maintaining
ecosystem health, they can also become ecological disruptors if allowed to proliferate unchecked. This dual role
underscores the need for balanced nutrient management strategies in freshwater ecosystems. Properly harnessing the
beneficial aspects of algae while preventing the adverse effects of their overgrowth is essential for maintaining the
ecological integrity of freshwater systems. Sustainable nutrient management practices that take into account algae's
biogeochemical roles and potential for ecosystem disruption are vital to safeguarding freshwater biodiversity and
ecosystem functioning.
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1. INTRODUCTION

Algae are essential primary producers in freshwater ecosystems, contributing to the nutrient dynamics and overall
health of these habitats. They form the foundation of aquatic food webs, support biodiversity, and play a critical role
in biogeochemical cycles, particularly nitrogen, phosphorus, and carbon cycling (Cloern et al., 2014). However, algae
can also be ecological disruptors, especially when nutrient imbalances lead to excessive growth, known as algal
blooms, which can degrade water quality and threaten ecosystem functioning (Paerl & Otten, 2013). This review
examines the dual role of algae in freshwater nutrient cycling and their broader ecological implications.

2. ALGAE AND NUTRIENT CYCLING IN FRESHWATER ECOSYSTEMS

2.1 Nitrogen Cycling

Algae play a significant role in the nitrogen cycle within freshwater ecosystems by assimilating inorganic nitrogen
forms such as nitrate (NO3") and ammonium (NH4") for growth and reproduction (Vitousek et al., 2013). Nitrogen is a
limiting nutrient in many freshwater environments, and algae act as major nitrogen sinks, reducing its availability and
preventing eutrophication. Algae can also facilitate nitrogen cycling through their interactions with nitrogen-fixing
bacteria, which convert atmospheric nitrogen (N:) into biologically available forms, further supporting nutrient
cycling (Higgins et al., 2014). However, excessive nutrient loading, particularly from agricultural runoff and urban
waste, can lead to increased nitrogen availability, fueling rapid algal growth and causing harmful algal blooms (Paerl
et al., 2016). These blooms disrupt the nitrogen cycle by altering the balance between nitrogen uptake and release,
leading to nutrient imbalances and ecosystem destabilization.

2.2 Phosphorus Cycling

Phosphorus is another critical nutrient regulated by algae in freshwater ecosystems. Algae absorb dissolved inorganic
phosphorus (DIP) for growth and biomass production, contributing to the cycling of this nutrient in aquatic
environments (Schindler et al., 2016). In nutrient-limited ecosystems, phosphorus uptake by algae helps regulate its
availability, preventing nutrient overloading and supporting stable ecosystem dynamics. However, like nitrogen,
phosphorus availability can increase due to anthropogenic inputs, leading to eutrophication. Excessive phosphorus can
stimulate rapid algal growth, causing algal blooms that deplete dissolved oxygen levels and lead to hypoxia,
threatening aquatic life (Smith & Schindler, 2009). Phosphorus retention in algal biomass and sediment release during
decomposition further disrupts the natural phosphorus cycle, reinforcing the role of algae as ecological disruptors in
nutrient-rich waters (Carpenter, 2008).
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2.3 Phosphorus Cycling

Algae contribute significantly to carbon cycling through photosynthesis, where they assimilate carbon dioxide (CO-)
and convert it into organic carbon that forms the base of freshwater food webs (Falkowski et al., 2008). In this way,
algae act as primary producers, supporting higher trophic levels and contributing to carbon sequestration in aquatic
ecosystems (Behrenfeld & Falkowski, 1997). Through their role in carbon fixation, algae help regulate the carbon
balance in freshwater environments. However, algal blooms can lead to elevated rates of respiration during
decomposition, resulting in the release of CO: back into the water column and the atmosphere (Xiao et al., 2017). This
not only offsets the benefits of carbon sequestration but also contributes to greenhouse gas emissions, highlighting the
complex role algae play in carbon cycling.

Algae play a critical role in regulating nutrient cycling within freshwater ecosystems by acting as primary producers
and significantly influencing biogeochemical processes. They interact with other biotic components to affect nutrient
availability and ecosystem health. Microalgae, in particular, are vital in assimilating inorganic nutrients such as
nitrogen and phosphorus, which are essential for ecosystem productivity (Dhumal et al., 2020; Fitzgibbon, 2014).
Similarly, periphyton, a type of algae, is important in phosphorus cycling, where it can meet phosphorus demands
through internal recycling rather than relying solely on external sources (Mulholland et al., 1994). Dense algal growths
further enhance nutrient uptake rates, illustrating algae’s role in nutrient retention and recycling within aquatic
systems (Mulholland et al., 1994).

Cyanobacteria, a group of algae, also play a crucial role in phosphorus cycling, particularly in eutrophic conditions, by
efficiently absorbing and storing phosphorus (Gu et al., 2020). However, cyanobacterial blooms can complicate
nutrient dynamics by releasing toxins that negatively impact aquatic life and microbial diversity (Gu et al., 2020). The
composition of algal communities, influenced by factors such as herbivory and nutrient levels, significantly affects
overall nutrient dynamics (Mulholland et al., 1991; Carpenter et al., 1992). Furthermore, algae can alter hydraulic
characteristics, impacting nutrient dispersion and storage, which in turn influences nutrient cycling processes
(Mulholland et al., 1994).

In addition to their role in nutrient cycling, algae serve as indicators of ecosystem health. Their productivity and
nutrient uptake efficiency can be affected by environmental stressors such as acid mine drainage (Smucker et al.,
2014). Benthic algae, in particular, enhance nutrient retention and energy flow, both of which are crucial for
maintaining the structure and function of stream ecosystems (Smucker et al., 2014). Algae also hold significant
potential for bioremediation, helping to mitigate nutrient pollution and contribute to ecosystem stability (Vidotti &
Rollemberg, 2004). However, excessive algal growth, often driven by nutrient pollution, can lead to eutrophication,
hypoxia, and biodiversity loss, highlighting the importance of balanced nutrient management in freshwater ecosystems
(Smucker et al., 2014). Effective management is critical to harness the benefits of algae while preventing the negative
ecological impacts of their overgrowth.

3. ALGAL-BACTERIAL INTERACTIONS IN NUTRIENT RECYCLING

Algae and bacteria maintain a symbiotic relationship in nutrient cycling, particularly in organic matter decomposition
and nutrient recycling processes. Algae provide oxygen through photosynthesis, which bacteria use for aerobic
respiration, breaking down organic materials and releasing nutrients like nitrogen and phosphorus back into the water
column (Cole, 1982). This mutual relationship enhances nutrient availability in freshwater ecosystems, supporting
primary productivity and ecosystem stability (Azam et al., 1983). However, during algal blooms, the balance between
algae and bacteria is disrupted. Excessive algal growth can lead to oxygen depletion (hypoxia) during decomposition,
negatively impacting bacterial activity and nutrient recycling, further destabilizing nutrient cycles (Diaz & Rosenberg,
2008).

4. ALGAL BLOOMS AND EUTROPHICATION

While algae are vital for nutrient cycling, they can become ecological disruptors under conditions of nutrient overload.
Nutrient-rich environments, often caused by human activities such as agriculture and wastewater discharge, lead to
eutrophication, where the overabundance of nutrients fuels excessive algal growth (Smith et al., 1999). Harmful algal
blooms (HABS) result from this rapid growth, significantly altering nutrient dynamics and degrading water quality.
HABs can create dead zones, areas with severely reduced oxygen levels due to high rates of respiration and
decomposition of algal biomass, leading to the loss of aquatic life and disruption of food webs (Rabalais et al., 2010).
These blooms exacerbate nutrient cycling disruptions, contributing to further nutrient enrichment through feedback
loops.
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5. CLIMATE CHANGE AND ALGAL DYNAMICS

Climate change is expected to alter freshwater ecosystems by influencing algal growth patterns, nutrient availability,
and water temperatures. Warmer temperatures and increased nutrient runoff from extreme weather events may favor
the proliferation of certain algal species, leading to more frequent and intense algal blooms (Winder & Sommer,
2012). As a result, climate change may intensify the role of algae as ecological disruptors, further complicating efforts
to manage nutrient cycling in freshwater ecosystems (O’Neil et al., 2012).

6. BIOGEOCHEMICAL FEEDBACK MECHANISMS

Algae are involved in biogeochemical feedback loops that influence freshwater nutrient cycling and ecosystem
functioning. For example, algal activity can alter water chemistry, impacting nutrient availability and ecosystem
responses to environmental changes (Hecky & Kilham, 1988). These feedback mechanisms play a critical role in
maintaining ecosystem stability but can become maladaptive during algal blooms, when excessive nutrient cycling and
oxygen depletion disrupt the natural balance of aquatic ecosystems (Dodds et al., 2009).

7. CONCLUSION

Algae are vital players in the nutrient cycling of freshwater ecosystems, acting both as "nutrient guardians" by
facilitating the assimilation and recycling of key nutrients like nitrogen and phosphorus, and as potential "ecological
disruptors” when their growth becomes excessive. As primary producers, microalgae and periphyton efficiently
recycle inorganic nutrients, contributing to ecosystem productivity and overall health (Dhumal et al., 2020;
Fitzgibbon, 2014). Additionally, cyanobacteria, while critical for phosphorus cycling, can complicate nutrient
dynamics by releasing harmful toxins during blooms, disrupting aquatic life and biodiversity (Gu et al., 2020). Algal
communities are highly responsive to environmental stressors, including nutrient levels and herbivory, which makes
them significant indicators of ecosystem health (Mulholland et al., 1991; Carpenter et al., 1992). While algae's role in
biogeochemical cycling is indispensable, their overgrowth—often spurred by nutrient pollution—can lead to negative
consequences such as eutrophication, hypoxia, and reduced biodiversity (Smucker et al., 2014). Dense algal blooms
can alter hydraulic dynamics and nutrient dispersion, further exacerbating the disruption of nutrient cycling processes
(Mulholland et al., 1994). However, algae’s potential for bioremediation offers a promising solution to nutrient
pollution, contributing to ecosystem stability by mitigating excess nutrient loads (Vidotti & Rollemberg, 2004). Thus,
while algae are crucial for maintaining nutrient cycling and ecosystem structure, careful nutrient management is
essential to prevent their overgrowth and the associated ecological disruptions. A balanced approach that leverages
algae’s bioremediating capabilities while controlling nutrient inputs is necessary for ensuring the sustainability of
freshwater ecosystems. Effective management strategies must address both the positive and negative impacts of algae
to preserve freshwater biodiversity and ecosystem functioning.
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