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Harmful algal blooms (HABs) have garnered increasing attention due to their adverse effects on water quality, aquatic ecosystems, and animal and human health. Prior research suggests that HAB-contaminated water containing toxins can significantly affect the development of plant structures and inhibit essential physiological processes. However, the potential benefits and risks of using HAB-contaminated water sourced from local water bodies for agricultural irrigation is not completely understood. This perspective paper delves into the origins and impacts of HABs, the environmental and agricultural repercussions of their use in irrigation, and management strategies to mitigate associated risks of HAB-contaminated water in sustainable agriculture. Future studies are needed to validate the practical benefits of HABs in agricultural irrigation for the enhancement of soil health and overall crop growth and productivity.
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Introduction

Harmful algal blooms (HABs) are commonly perceived as a global environmental issue due to their extensive magnitude and devastating impacts on aquatic, animal, and human health. These blooms are characterized by sudden and excessive accumulations of microalgae, with cyanobacteria being a prominent and priority group (Anderson et al., 2008; Paerl and Otten, 2013). Specifically, the visibility of bloom material or the production of toxins from HAB organisms are concerning as they may bioaccumulate in aquatic organisms and contaminate drinking water consumed by animals, wildlife, and people, and inadvertently cause poisoning (Anderson et al., 2008; Iiames et al., 2021). If left untreated, HAB toxins can produce various health symptoms upon exposure including mild skin rash, throat irritation, and gastroenteritis in more severe cases (Iiames et al., 2021; Lim et al., 2023). The severity of symptoms is largely dependent on the species, type of toxin and concentration level, as well as the route and media of exposure (Svirčev et al., 2022). At the socio-economic level, HABs can cause noxious odors and unsightly views, recreational closures, pet sickness, and deteriorated aquatic conditions for organismal survival and ecosystem productivity (Carmichael and Boyer, 2016; Kourantidou et al., 2022).

As HABs continue to proliferate in local waterways, there is a growing urgency to address the challenges and opportunities associated with HAB-contaminated water use in agricultural irrigation, especially in semi-arid regions where water scarcity remains an ongoing environmental challenge (Morante-Carballo et al., 2022). As such, the utilization of alternative water sources, including reclaimed wastewater and, more recently, HAB-contaminated water, is being considered as one potential viable solution for the agricultural sector (Machado et al., 2017b; Helmecke et al., 2020). Research has indicated that HAB-contaminated water may improve the nutritional quality and growth and development of agricultural crops (Machado et al., 2017a,b). Despite these advantages, there are some limitations of using HAB-contaminated water such as impaired morphological and physiological changes in plant tissue, declined crop productivity, and groundwater contamination (Machado et al., 2017b). Consequently, these issues could present formidable challenges to agricultural workers, food security, and food safety (Machado et al., 2017b; Melaram et al., 2022).

In this perspective paper, we provide a comprehensive examination of the intricate relationship between HAB-contaminated water and agricultural irrigation. It will explore the underlying causes and consequences of HABs and discuss both the potential benefits and challenges associated with using HAB-contaminated water for irrigation. Moreover, it will delve into management strategies aimed at mitigating the risks involved and emphasize the significance of sustainable water use practices.



Causes and consequences of HABs

HABs typically arise due to nutrient pollution, elevated water temperatures, and stagnant water conditions in fresh and marine environments (Anderson et al., 2008; Rastogi et al., 2015; Birk et al., 2023). Toxic bloom formation has been documented in various freshwater sources worldwide including lakes, ponds, and rivers (Rastogi et al., 2014). It is essential to consider that HAB organisms and toxins can infiltrate both groundwater and surface water (Abesh et al., 2022). Contamination of these water bodies can be attributed to agricultural runoff, algal cell rupture during bloom senescence, and soil leaching. The far-reaching impacts of HABs encompass water quality deterioration, fish kills, animal and human illnesses, and severe economic losses, underscoring the gravity of HABs in aquatic and agricultural ecosystems (Carmichael and Boyer, 2016). Therefore, understanding the causes and consequences of HABs is crucial for addressing the complexities of contamination in agricultural settings. In the following sections, we highlight some of the major environmental and agricultural implications associated with HAB-contaminated water.



Environmental implications

HAB-contaminated water for irrigation has profound consequences for aquatic ecosystems, creating a complex web of environmental implications ranging from nutrient loading to aquatic toxicity.

A key environmental implication of using HAB-contaminated water for irrigation is nutrient loading. Anthropogenic activities are often the culprit for nutrient loading and can include agricultural runoff, fertilizer runoff from lawns, industrial and municipal wastewater treatment plants, faulty septic tanks, and atmospheric deposition (Foulon et al., 2019). HABs often thrive in nutrient-rich environments, and the introduction of nitrogen and phosphorus into water bodies can ignite eutrophication, a process characterized by excess algal or plant overgrowth (Melaram et al., 2022). Eutrophication disrupts the natural balance of aquatic ecosystems by increasing turbidity levels and reducing light penetration and dissolved oxygen, compromising water quality and biodiversity (Anderson et al., 2008; Yang et al., 2008). Consequently, the impacts may extend to aquaculture, drinking water supplies, real estate, and water recreation (Van Dolah et al., 2016).

Environmental toxicity resulting from HAB represents another pressing concern for aquatic ecosystems. Changes in phytoplankton community composition and dominance by toxin-producing species are closely linked to the frequency and severity of HABs, with implications for the entire aquatic food web. This shift in community structure can disrupt the balance of nutrient cycling, further exacerbating eutrophication and environmental degradation. Scientific research highlights the critical need to understand these complex interactions and their cascading effects on ecosystems and human well-being (Smayda, 1997; Anderson et al., 2008; Paerl and Otten, 2013).

In summary, the environmental implications of utilizing HAB-contaminated water for agricultural irrigation are far-reaching and interconnected. The repercussions are not limited to aquatic ecosystems but extend to human activities and livelihoods closely tied to these environments. A comprehensive and ecosystem-based approach to environmental management is vital for addressing these challenges effectively. This entails proactive measures to minimize nutrient loading, mitigate eutrophication, and preserve the delicate balance of aquatic ecosystems, thereby safeguarding not only the environment but also to public health.



Agricultural implications

The utilization of HAB-contaminated water for irrigation introduces a complex interplay of challenges and potential benefits, profoundly influencing the agricultural landscape. These implications touch upon various aspects of agricultural productivity and environmental stewardship, emphasizing the intricate trade-offs that demand consideration.

Perhaps the foremost challenge arising from using HAB-contaminated water for irrigation is the risk of crop contamination (Chorus and Bartram, 1999). Because HABs can produce harmful toxins, there is a potential for these toxins to concentrate in edible crop tissue. Past studies have shown that HAB toxin uptake can hinder sucrose metabolism, photosynthesis, and seedling development (Siegl et al., 1990; Kós et al., 1995; Abe et al., 1996). Toxin absorption not only jeopardizes plant growth and development but can also pose significant health risks to animals and consumers of the food industry. Consequently, HAB-contaminated water can lead to market rejection of agricultural crops, resulting in significant economic losses for farmers (Machado et al., 2017b).

Another challenge involves the potential degradation of soil health. HAB biomass and toxins have the ability to contaminate groundwater supplies, which can subsequently transport these substances into agricultural soils (Melaram et al., 2022). This can ultimately hinder plant growth and reduce agricultural productivity. Soil health deterioration is a concern not only for the current crop cycle but also for the long-term sustainability of agricultural land (Kibblewhite et al., 2008).

Furthermore, HAB-contaminated water in agriculture can perpetuate the cycle of HABs in the environment. When HAB-contaminated water is returned to water bodies through agricultural runoff, it can introduce additional nutrients and toxins, contributing to the persistence of HABs (Anderson et al., 2008). This cyclical problem poses a significant challenge for environmental management and exacerbates the negative consequences of HABs.

Paradoxically, HAB-contaminated water can offer a benefit in the form of nutrient enrichment. Decaying HABs, for example, can alter nutrient concentrations in the form of nitrogen and phosphorus and introduce organic matter into the water column, both of which are essential for agricultural soils and crop growth (Wang et al., 2020). In some agricultural contexts where nutrient availability is limiting, HAB-contaminated water may also provide a supplementary source of nutrients, potentially improving crop yields and overall agricultural productivity (Machado et al., 2017b).

Agriculture often faces the challenge of water scarcity in arid and semi-arid regions. In these areas, HAB-contaminated water can act as an alternative water source to enhance drought resilience (El Refaey et al., 2020). This alternative water source could offer a buffer against water shortages and ensures a more reliable water supply for agriculture, especially during periods of extended drought (Ndeketeya and Dundu, 2022).

In essence, HAB-contaminated water for agricultural irrigation introduces a dynamic landscape of challenges and potential benefits. These challenges encompass crop contamination, soil health deterioration, and the perpetuation of HABs, emphasizing the importance of careful management and mitigation strategies in dependable water sources (Sukenik and Kaplan, 2021). Simultaneously, benefits such as nutrient enrichment and enhanced drought resilience highlight the potential opportunities that must be weighed against the risks. Sustainable use of HAB-contaminated water in agriculture requires a comprehensive approach that balances the potential gains with the need for environmental and public health protection.



Management strategies

Mitigating the risks associated with the use of HAB-contaminated water in agriculture demands a multifaceted and proactive approach. It necessitates a combination of strategies including water treatment and filtration, the implementation of early warning systems, informed crop selection and rotation, nutrient management practices to curtail runoff, and diversification of water sources (Abbas et al., 2020; Khan et al., 2021; Alotaibi et al., 2022; Fraker et al., 2023; Yan et al., 2023; Zeng et al., 2023). These comprehensive management strategies are pivotal in achieving a harmonious equilibrium between sustaining agricultural productivity and preserving our environment.

Employing advanced water treatment and filtration technologies is a primary line of defense against the perils of HAB-contaminated water (Abbas et al., 2020; Zeng et al., 2023). Advanced treatments including activated carbon, ozonation, or ultraviolet (UV)-C irradiation are effective in reducing or eliminating HAB organisms and their toxins (Pandhal et al., 2018; Abbas et al., 2020; Li et al., 2020). They can offer substantial enhancements in water quality and safety, while ensuring cost-effective measures for treating HAB toxins. In addition, these methods provide more effective and sustainable alternatives compared to traditional methods like using copper sulfate, which, while effective in killing phytoplankton and algae, can cause health hazards to other organisms and the environment (Leal et al., 2018; Mehdizadeh Allaf et al., 2023). Implementing advanced treatments at a larger scale requires extensive planning and resources, and thus represents a long-term investment for water treatment companies. In the case of ozonation and UV-C irradiation, balancing the need for effective treatment with energy efficiency is a critical challenge (Pandhal et al., 2018; Li et al., 2020). Careful planning, investment, and regulatory compliance are essential to successfully address these challenges and realize the benefits of these technologies in agriculture.

The implementation of early warning systems is crucial in monitoring the presence of HABs in water sources. These systems combine remote sensing, meteorological data, and real-time monitoring of water quality to provide timely alerts about HAB occurrences. More recently, the application of airborne data such as unmanned aerial vehicle data has demonstrated promise in HAB monitoring owing to their high-quality data, affordability, and practicality (Khan et al., 2021). By adopting this proactive approach, agricultural communities can respond promptly, making informed decisions regarding water use.

Careful consideration of crop selection and rotation is also essential in minimizing the risk of HAB contamination (Koropeckyj-Cox et al., 2021). Compared to legumes, crops such as lettuce, corn, and tomatoes exhibit greater susceptibility to HAB toxin accumulation (Saqrane et al., 2009; Melaram et al., 2022). By strategically choosing and rotating crops, farmers can reduce the potential for toxin absorption and, consequently, enhance food safety and crop viability.

To control nutrient runoff from agricultural fields, nutrient management practices are indispensable. This involves employing precision farming techniques, implementing vegetative buffer zones, and adopting controlled release fertilizers. Such practices can significantly reduce the influx of excess nutrients into water bodies, mitigating the conditions conducive to HAB development. This knowledge is pivotal for enhancing our capacity to respond to shifting climate patterns and the emergence of HABs in endemic areas.

Reducing reliance on a single water source, particularly one prone to HAB contamination, is a prudent strategy. Incorporating alternative sources, such as reclaimed wastewater or desalinated water, can enhance water security while minimizing the dependence on HAB-prone sources (Alotaibi et al., 2022; Yan et al., 2023).

Comprehensive management strategies are pivotal in addressing the multifaceted challenges posed by HAB-contaminated water in agriculture. By integrating water treatment, early warning systems, informed crop choices, nutrient management, and water source diversification, agricultural communities can effectively navigate the complex terrain of HABs. These strategies not only enhance crop productivity but also play a pivotal role in safeguarding our environment and communities.



Discussion and future considerations

HAB present a multifaceted challenge, profoundly affecting various societal aspects including water quality, aquatic ecosystems, crops, and human well-being. These environmental incidents are mostly caused by accumulations of microalgae, notably freshwater cyanobacteria, which can introduce both potential benefits and risks to agriculture. This duality underscores the pressing need for further research and proactive measures to safeguard the agricultural industry.

From an agricultural perspective, HABs introduce an interesting, yet an important paradox. That is, HABs feed off nitrogen and phosphorus enrichment, but can serve as a source of essential nutrients when algal cells die and rupture in local water bodies. As a result, these nutrients may vary in their concentration levels and enter the irrigated water supply to sustain crop growth and development. In regions grappling with water scarcity, the use of HAB-contaminated water has the potential to bolster agricultural production. Therefore, future research endeavors should strive to optimize HAB-contaminated water resources for irrigation while effectively mitigating associated risks.

Moreover, contamination of crops by HAB toxins poses a grave threat to food safety and public health. The excessive biomass of microalgae can detrimentally impact soil health, leading to adverse consequences for agricultural crops such as reduced growth and photosynthetic capacity. It is imperative that research delves into mechanisms of toxin accumulation in crops, soil health preservation, and strategies to disrupt the persistent cycle of highly toxic HAB occurrences in the environment. In this way, agricultural workers and higher order consumers can avoid coming into direct contact with contaminated produce, thereby preventing risk of illness and disease.

The management of HAB-contaminated water in agriculture necessitates a comprehensive approach, combining robust research with sustainable practices. Understanding the dynamics of HABs is pivotal, necessitating an exploration of shifting patterns and underlying drivers to predict and mitigate their environmental and health impacts. Simultaneously, the development of efficient water treatment technologies for HAB toxin removal is of vital importance as they contribute to potable water for drinking, recreation, and irrigation.

The study of nutrient management strategies to prevent nutrient runoff and mitigate HAB proliferation also holds significant promise. Identifying crop varieties less susceptible to HAB contamination can enhance agricultural resilience, while an enhanced focus on food safety monitoring is crucial for public health protection. This multifaceted research agenda represents the cornerstone for addressing the complex challenges presented by HABs in an agricultural context.

The future of agriculture in the face of HAB challenges hinges on a combination of research and sustainable practices that effectively mitigate their impact while safeguarding agricultural productivity as well as the health of ecosystems and humans. Achieving this balance remains an ongoing, multidisciplinary effort to ensuring agricultural resilience amid evolving environmental challenges.
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