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In 2021 the Intergovernmental Panel on Climate Change (IPCC) issued the first volume of its latest authoritative report on climate change. Underlining the seriousness of the situation, the United Nations Secretary-General branded its findings a “code red for humanity.” The need for climate action is now evident, but finding viable pathways forward can be elusive. Microalgae have been attracting attention as a category of “future food,” with species like Arthrospira platensis (spirulina) and Chlorella vulgaris (chlorella) seeing growing uptake by consumers while research interest continues to expand. One timely but neglected question is whether microalgae might offer options for promising climate actions via their agri-food applications. Specifically, might they offer scope to help secure food supplies, while also providing climate resilient livelihood pathways for vulnerable farmers already grappling with food insecurity and environmental degradation? This paper reports on a review of the academic literature on microalgae as an agri-food technology, notably their uses as a food, feed, biofertilizer, biostimulant, and biochar. This family of applications was found to offer promising climate actions vis-à-vis both mitigating and adapting to climate change. Aspects pertinent to adaptation include growing rapidly under controlled conditions, reusing water, providing potent nutrition for humans and animals, and supporting resilient crop production. Agri-food applications of microalgae also provide opportunities to mitigate climate change that could be explored. The paper concludes by flagging possible risks and obstacles as well as research and policy priorities to elaborate and harness this potential.
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Introduction


What does the “code red for humanity” mean for food and agriculture?

United Nations Secretary-General António Guterres branded the latest authoritative report by the Intergovernmental Panel on Climate Change (IPCC) a “code red for humanity.” Responding to its findings, he said, “The alarm bells are deafening, and the evidence is irrefutable… putting billions of people at immediate risk. If we combine forces now, we can avert climate catastrophe. But… there is no time for delay and no room for excuses” (UNRIC, 2021).

The emerging and predicted impacts on agriculture and food supplies are stark (Table 1).


TABLE 1 Selected quotations from relevant sections of the latest IPCC report (IPCC, 2022a,b).
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Sky-high rates of climate anxiety among young people underline the gravity of climate change (CC). A recent survey (Thompson, 2021) asked 10,000 16–25 year-olds from 10 countries how they felt about CC. It found nearly 60% felt “very worried” or “extremely worried” about it, while 45% said these feelings affected their daily lives, due in part to a sense that governments aren't doing enough to avoid catastrophic outcomes. Similarly, a climate scientist reported that the top five questions she has been asked on TikTok regarding CC are: Is it too late? Should I go to college or will the world end by then? Am I a bad person for having a child? Will we run out of food and water soon? How can I help as an individual with no power? (Wood, 2022).



Agriculture as a source of CC response options

While agriculture is clearly impacted by CC, it is also a key cause of CC and offers various potential response options. When talking about agriculture as a locus of CC mitigation options, the IPCC groups it together with forestry under the heading “agriculture, forestry, and other land uses” (AFOLU). The AFOLU sector is currently responsible for 13–21% of the anthropogenic greenhouse gas (GHG) emissions causing CC, and key contributing activities include deforestation, enteric fermentation from ruminants, and soil fertilization effects. At the same time, the AFOLU sector offers significant near-term CC mitigation potential at relatively low cost, and these CC mitigation measures can potentially also deliver multiple co-benefits including food security (IPCC, 2022c).

In short, some agricultural practices and technologies could be termed “climate smart.” Climate-smart agriculture has been defined as a family of technological options that can simultaneously address three objectives, namely increasing farm productivity and incomes, adapting and building resilience to CC, and mitigating CC. As such, climate-smart agriculture offers scope for “win-win” outcomes (FAO, 2013). Emerging critiques suggest however that this optimistic narrative can mask difficult questions like how any trade-offs are managed and who decides this (Ellis and Tschakert, 2019).

Various proven climate-smart agriculture practices have already been identified, but given the magnitude of the CC threat all promising technologies should be explored. Notably, innovative options are needed to permit a step change vis-à-vis food and agriculture. The United Nations Food Systems Summit (United Nations, 2021a) in September 2021 was premised on such a need for fundamental change. Its vision was to support the United Nations Sustainable Development Goals by fostering tangible changes to food systems, building on extensive consultations with stakeholders around the world.



Agri-food uses of microalgae as possible climate response actions

Algae are already attracting attention as a possible basis of climate action, but the focus to date has primarily been macroalgae, or seaweeds, rather than microalgae, notably on their potential contributions to CC mitigation (Seaweed Climate, 2022). For instance, seaweeds were discussed at the high-level CC conference in November 2021 (COP 26, 2021) in the context of the Global Methane Pledge (2021), which seeks to rapidly reduce methane emissions by advancing technical and policy work. This follows evidence that using seaweeds as feed supplements can sharply lower enteric methane emissions from cattle (Kinley et al., 2016; Makkar, 2018; Mihaila et al., 2022).

Microalgae are a diverse group of microscopic aquatic organisms that can be either single-celled or multicellular. Like plants, they typically generate energy from sunlight via photosynthesis, but they differ from plants in basic ways. One example is growing in fresh, brackish or sea water instead of on land, while another is absorbing nutrients from their substrate instead of via roots (Petersen et al., 2021). Some microalgae are seen as harmful, such as those that cause algal blooms which kill aquatic organisms (Shaw et al., 2003), while others can provide or serve as feedstocks for useful products like dyes, biofuels, or bioplastics.

Some microalgae uses involve food and agriculture, and may be termed agri-food technologies. This includes using microalgae as human dietary supplements, livestock feeds, or means to foster “climate smart” cropping via products like biofertilizers, biostimulants, and biochar.

One critical difference between macroalgae and microalgae stems from how they are produced. Microalgae are grown in either ponds or enclosed tanks, and hence as an inland crop. By contrast, macroalgae are typically either harvested from or farmed in the sea. While macroalgae can also be grown in ponds or tanks (Mata et al., 2015), such facilities must be situated on or near the coast. The fact that microalgae can grow inland means they can be produced diverse locations, and might thus serve as the basis of climate actions in a wide range of contexts. Microalgae production systems typically rely on photosynthesis, but recent technological developments also allow cultivation in the dark via heterotrophy (Linder, 2019). Still another possibility is producing microalgae via mixotrophy, which is a combination of these two strategies (Tibbetts, 2018).

This review considered whether agri-food uses of microalgae might offer options to help society face the looming CC threat, and hence represent a fruitful focus area for intensified research and development efforts. This study question stems from the urgent need faced coupled with encouraging early evidence on these technologies.

One demographic that is emphasized by this paper is small-scale farmers in the Global South, given their elevated vulnerability to CC, notably threats to their farming operations and food security. Critically, farming is the primary livelihood for many of the world's poor, while agricultural development is central to addressing development goals like ending poverty and achieving food security. It is estimated that 590 M of the world's 656 M farms are family farms, of which 551 M are small-scale (<2 ha; Erenstein et al., 2021). Such small-scale farmers are a key focus of international development efforts. The numbers of undernourished people are higher still due to also including many working in other sectors. Namely, 768 M people worldwide are undernourished of which 700 M live in Africa or Asia, while 2.37 B are unable to access adequate food year-round (FAO, 2021).

Charting climate resilient livelihood pathways for these populations is important not just for them but also others, given predictions of sharp rises of climate refugees from such areas under current trends (IPCC, 2022d), which could prove difficult for both migrants and recipient countries (Krieger et al., 2020). This paper thus specifically considers whether the technologies it examines may offer pertinent resilience building options for such communities.




Methodology

The study question was investigated via a systematic review of the academic literature conducted using the Web of Science and Google Scholar.

The literature search began by using the term climate change in combination with the terms microalgae, spirulina, chlorella, resilience, food, feed, and livestock, which delivered 191 papers. Scanning these for relevance to the study question gave 63 pertinent papers, while excluded papers addressed themes like microalgae as a biofuel or impacts of CC on natural microalgae populations. This search was supplemented by the 70 papers delivered at the AlgaEurope conference in December 2021 (AlgaEurope, 2021).

Due to insufficient evidence obtained on three key agri-food applications of microalgae, supplementary searches on biofertilizers, biostimulants, and biochar were also conducted. These searches were broadened by excluding the term climate change. Relevant studies cited by the various papers identified were also incorporated into this review.

Analysis of these papers involved grouping them then distilling their findings under target themes. The potential of each agri-food use of microalgae to help meet both of the key climate action objectives—CC mitigation1 and CC adaptation2—was then explored, since viable options are needed in both these domains. The scope for microalgae to help build climate resilience—a form of CC adaptation—was emphasized, given the importance of resilience considerations for both farmer livelihoods and food supplies. A conceptual framework was also proposed on the potential future role of such technologies as CC response options. Finally, risks and obstacles were highlighted then research and policy priorities were flagged.



Results

The following subsections share results for the five agri-food applications examined, with biofertilizers and biostimulants being combined due to overlaps in the literature on these technologies. One overarching finding was that many of the papers reviewed reported evidence on microalgae and their agri-food applications that is directly relevant to the objectives of climate action, namely CC mitigation and/or CC adaptation (Figure 1). For the most part, however, these papers did not highlight these linkages or frame these technologies as potential bases for climate action. Given this apparent disconnect, two further searches were conducted to elucidate these dynamics. The mitigation and adaptation volumes of the 2022 landmark CC report were also searched (IPCC, 2022f). Microalgae was mentioned four times, of which two involved possible agri-food uses as a climate action, specifically microalgae as an alternative protein source for livestock or aquaculture. Finally, the 191 Nationally Determined Contributions (NDCs), or national climate action plans, submitted by governments as the basis of their Paris Accord commitments were searched, and no mentions of microalgae were found (United Nations, 2021b). In short, it seems that researchers and practitioners alike are largely failing to make these connections at present. Possible explanations include the body of relevant evidence being thin, most studies being recent, and mapping such linkages requiring input from different disciplines and an interdisciplinary perspective.


[image: Figure 1]
FIGURE 1
 Agri-food applications of microalgae can potentially contribute to CC mitigation and/or CC adaptation objectives.



Microalgae as food supplements

Microalgae have been used as traditional foods in various countries where suitable species occur naturally. For instance, spirulina was harvested from lakes for use as a food by the Aztec civilization of Mexico (Ciferri, 1983), while communities living nearby Lake Chad in Africa still harvest spirulina from its waters (Abdulqader et al., 2000). The ancient Maya are believed to have both cultivated spirulina as a food and incorporated it into crop irrigation waters (Piccolo and Short, 2014).

Contemporary production of microalgae is dominated by two species—spirulina and chlorella—that account for 80% of estimated global production at 15,000 and 5,000 tons/year, respectively (Ciani et al., 2021). Besides these two, only a few other species are authorized for use as food in key jurisdictions like the European Union and United States (Ciani et al., 2021).

In addition to being the most widely produced microalgae, spirulina (Arthrospira platensis) is a key focus of published research on agri-food applications of microalgae (Habib et al., 2008), so the reported findings focus largely on this species.

Microalgae food supplements are principally eaten by health-conscious consumers, but can also be used to help address malnutrition and improve health in places where diet is poor (Piccolo, 2011). They can be sold as a dry powder or capsules, or incorporated into food products to boost their nutritional profile (Gantar and Svircev, 2008). Examples of studies on such products include pasta (Fradinho et al., 2020), baked goods (Uribe-Wandurraga et al., 2019), and sweetened snacks (Batista et al., 2017).

Microalgae can be potent sources of various nutrients, including high-quality proteins, lipids, and vitamins.

Some microalgae species are protein-rich, such as spirulina and chlorella. At 45–65% of dry weight biomass, spirulina has a protein content that is two times higher than beef, pork, or poultry, four times higher than eggs, and 1.5 times higher than soy (Ciani et al., 2021). A key determinant of protein quality is its amino acid profile. The essential amino acids are especially important, since they are not produced by the human body and hence must be obtained from food (Damodaran et al., 2007). Some authors suggest that microalgae can contain all the essential amino acids (Wells et al., 2017), while others report examples of microalgae supplying most but not all of the essential amino acids, such as Chlorella vulgaris being deficient in isoleucine (Amorim et al., 2021).

Digestibility is another important consideration, though findings differ between studies. Machado et al. (2022) suggest that microalgae cell walls could affect their digestibility and bioaccessibility without prior processing, but specify this does not apply to spirulina. Acquah et al. (2020) report that pre-treating microalgal biomass is important prior to using it as a food due to poor digestibility (Acquah et al., 2020). Niccolai et al. (2019) examined the digestibility of crude protein from several microalgae species and the values obtained for spirulina and chlorella compared favorably with the values for established human foods like beans, oats, and wheat.

Lipids are essential to all living organisms for membrane formation, energy storage, and cell signaling (Eyster, 2007). Although humans and other mammals synthesize lipids, some essential lipids must be obtained from diet, notably the long-chain polyunsaturated fatty acids (PUFAs; Holdt and Kraan, 2011). Microalgae like spirulina and chlorella are good sources of some PUFAs, such as linoleic acid (an omega 6 fatty acid) and α-linolenic acid (an omega 3 fatty acid), but less effective as sources of some other PUFAs (Wells et al., 2017). Microalgae may offer a sustainable means to obtain essential fatty acids amidst fears fish stocks are being depleted (Merz and Main, 2014; Morao et al., 2021).

Vitamins are micronutrients needed for essential metabolic functions that must be obtained from diet since organisms cannot synthesize them in sufficient quantities (Wells et al., 2017). Vitamin deficiencies, meanwhile, can lead to diseases like beriberi, pellagra, and scurvy (Stabler and Allen, 2004; Martin et al., 2011). Microalgae are rich in vitamins. For instance, spirulina has been found to be rich in vitamins A, B1, B2, B12, and E (Becker, 2013), while Chlorella is a good source of vitamin B12 (Watanabe et al., 2002).

In addition to their nutritional value, there is growing evidence on the scope for microalgae to serve as functional foods or nutraceuticals. These are defined as foods that contain bioactive compounds or phytochemicals that may benefit health beyond basic nutrition (Wells et al., 2017; Kholssi et al., 2021). Such studies might examine potential anti-inflammatory, antibacterial, antioxidative, antiviral, hypolipidemic, and/or anti-carcinogenic activity associated with microalgae consumption (Hosseini et al., 2013; Qinghua et al., 2016). This work, however, falls outside the scope of the present review.



Microalgae as a family of crops

Most microalgae produce biomass via photosynthesis using carbon dioxide (CO2), nutrients and light. Some species including chlorella can also grow heterotrophically (i.e., in the dark) via chemical processes. This can deliver much higher yields than production via photosynthesis, namely 150–200 vs. 5–10 g/L of dry biomass (Ciani et al., 2021). Recent technological developments make it possible for microalgae to be commercially produced via heterotrophy, but for the moment most production still relies on photosynthesis (Linder, 2019; Ciani et al., 2021).

In nature, spirulina can be found growing in marshes, lakes, seawater and thermal springs. It grows best under bright sunshine in alkaline (pH 8.5–11) and saline water (ideally 20–70 g/L but up to 270 g/L) and at elevated temperatures (35–37°C; Habib et al., 2008). These properties help limit the risk of biotic contaminants, since other microorganisms may struggle to survive under such conditions (Kebede and Ahlgren, 1996). For instance, it thrives in highly alkaline, saline lakes in Africa's Rift Valley, where it strongly dominates other microalgae populations (Habib et al., 2008).

Spirulina production currently falls into two broad categories: Commercial operations supplying the health food market and initiatives to bolster food security in developing countries. It can be produced using expensive equipment like photobioreactors with precise parameter control systems. Alternatively, simple technologies can be used like unlined ditches, rudimentary stirring devices, harvesting with cloth and drying in the sun (Habib et al., 2008). Production operations could also use intermediate technologies like PVC-lined culture ponds stirred by electrically driven paddle wheels (Piccolo and Short, 2014). The quality control of the algal biomass produced via simple systems will be lower, potentially raising questions about its suitability as a food. Alternatively, such algal biomass could perhaps be used for other agri-food applications for which quality standards are less stringent.

At present microalgae is generally produced in open ponds under natural light, but it can also be produced under artificial light. As things stand this imposes additional costs but solar PV costs continue to plummet (IRENA, 2022), which could make this option economically competitive in time for microalgae uses like food. The benefits of using artificial light include greater independence from weather conditions and continuous operation throughout the day and year. By facilitating use of closed production systems, artificial light also creates scope for providing higher and more constant biomass quality (Ciani et al., 2021).

Microalgae production can be much more efficient than growing crops or raising livestock, since it occurs under controlled conditions that foster efficient nutrient utilization and stable, rapid growth, while also having low land and water demands and not requiring pesticides or antibiotics (Tredici, 2010). This is reflected in comparisons of securing dietary protein via different foods, notably estimates of inputs required and environmental impacts imposed (Ciani et al., 2021). The protein production per unit land (kg/ha/year) of spirulina was 500x more than beef, 60x more than pork, 15x more than poultry, and 5x more than soybeans. Water requirements per kg protein from spirulina were comparatively low, namely 0.7–3% of beef, 1.5–5% of pork, 3–10% of poultry, 2–9% of eggs, and 13–50% of soy. GHG emissions per kg protein of spirulina were likewise comparatively low, namely well below 1% of beef, 5–12% of pork, 8–12% of poultry and 8–11% of eggs (Values for soy were not provided.).

An FAO report (Habib et al., 2008) on spirulina as a food or feed set the stage for the current review. It observes, “spirulina appears to have considerable potential for development… as a small-scale crop for nutritional enhancement, livelihood development and environmental mitigation.” It laments that spirulina “has not yet received the serious consideration it deserves as a potentially key crop in… areas where traditional agriculture struggles” due to factors like “salination and water shortages,” especially given the “impacts of global CC.” It suggests that governments and international organizations should reassess the potential utility of spirulina as an alternative crop, notably in “communities where the staple diet is poor or inadequate.” This report did not however explore the ways that spirulina might help deliver on CC objectives. Another FAO report (Piccolo, 2011) suggests producing spirulina to serve markets like health conscious consumers and institutions supporting food insecure populations offers an attractive business opportunity, since this can be done with a modest investment while the needed technical expertise is simple to obtain.



Is microalgae cultivation climate resilient?

Various authors list distinguishing characteristics of microalgae cultivation as part of their analysis. These are sometimes framed as key advantages of such cultivation relative to conventional crop or livestock production. Table 2 shares characteristics cited by several papers analyzed for this review.


TABLE 2 Characteristics of microalgae production flagged by different authors.
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Taken together, these characteristics could be seen as different ways in which microalgae production is resilient to stresses and shocks. Critically, the technological profile they evoke seems well-suited to boosting the climate resilience of production, or enhancing the scope to deliver dynamic production despite climatic shocks. Still another characteristic of microalgae that supports the contention that it can help build climate resilience is their capacity to evolve quickly to adjust their biology to stresses like elevated temperatures and ultraviolet radiation (Wong et al., 2015; Padfield et al., 2016).

According to the IPCC, climate resilience is defined as “The capacity of social, economic and environmental systems to cope with a hazardous event or trend or disturbance, responding, or reorganizing in ways that maintain their essential function, identity and structure” (IPCC, 2014). For perspective on climate resilience priorities for agriculture and food supplies, see Table 1 on the different ways CC threatens agriculture.

Table 3 distills the main characteristics of microalgae repeatedly evoked in this literature, then highlights their linkages to fostering climate resilient farming and food supplies.


TABLE 3 Key characteristics of microalgae flagged in the papers reviewed and their linkages to climate resilience.
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Microalgae as livestock feeds

Livestock production is key to the human food system, with animal-sourced foods like meat and dairy key parts of diet in cultures across the world, notably as a source of protein. Moreover, livestock can transform substances inedible to humans like grasses or food waste into nutritious, palatable foods (Halmemies-Beauchet-Filleau et al., 2018). Livestock is also a key source of rural employment and savings and can be central to culture, particularly in the developing world (Dumont et al., 2018; Chia et al., 2020).

A key challenge facing this sector is sustainably securing ample and nutritious livestock feed. Feed is a particular problem in parts of the tropics, where forages often have poor nutritive value including low protein content, which limits the efficiency of animal production (Halmemies-Beauchet-Filleau et al., 2018). Yet feed demand is expected to continue rising strongly, particularly in developing countries (Chia et al., 2020). Securing feed is estimated to account for 60–70% of livestock production costs (Chia et al., 2020), with meeting the protein needs of animals a particular concern (Amorim et al., 2021). Proteins are needed for key physiological and biochemical processes such as those by which dairy cows convert feed into milk (Hof et al., 1994).

Feed supply concerns dovetail with CC concerns in two distinct ways.

Feed insecurity is an emerging concern among livestock keepers that is linked to CC (Cordeiro M. R. C. et al., 2022). CC can adversely affect feed supplies by threatening the quantity and quality of pastures and feed crops, thus hampering livestock production or even causing animal deaths. Maluleke and Mokwena (2017) report that livestock in South Africa are highly vulnerable to CC due primarily to adverse effects on feed supplies, while Catley et al. (2014) found that elevated livestock mortality rates in Ethiopia were due primarily to starvation or dehydration linked to climatic effects.

Meanwhile, steps taken to secure feed can increase GHG emissions and thus aggravate CC, notably where this involves converting forests to pastures or cropland for feed crops. Clearance of forest to produce feed crops like soya is the main cause of global deforestation, and two-thirds of forest losses in Brazil involve conversion to pastures (Guéneau, 2018). A related source of GHG emissions is transporting feed to its target users. For instance, ruminant milk and meat production in Europe relies largely on imported soya from distant South America (Lindberg et al., 2016). Livestock are estimated to account for 14.5% of total current GHG emissions (Gerber et al., 2013), making it a key cause of CC, though a more recent analysis suggests this may be an underestimate (Xu et al., 2021).

Novel feeds like microalgae (Lamminen et al., 2017), seaweed (Makkar et al., 2016), bacteria (Halmemies-Beauchet-Filleau et al., 2018), and insects (Van Huis et al., 2015; Shah et al., 2022) offer options to improve the sustainability of livestock production. They can provide environmentally friendly protein-rich feed supplements that complement staple feeds like grasses and feed crops. Moreover, they can do so without compromising the quality of animal products, and may actually improve the quality of products like meat (Meale et al., 2014) and milk (Boeckaert et al., 2008).

Microalgae have been flagged as especially promising future livestock feeds, despite their minimal use at present (Halmemies-Beauchet-Filleau et al., 2018).

Microalgae have been tested in feed formulations for cattle, goat, sheep, pigs, poultry and fish, and results have typically included higher productivity and/or better nutritional quality of products (Amorim et al., 2021). Such feeds also provide avenues to face the looming climate threat, including both adapting to and mitigating CC.

Using microalgae as feed supplements offers scope to enhance the climate resilience of livestock production in two distinct ways. First, it could ensure access to protein supplements thanks to the fact that production of microalgae biomass seems likely to be climate resilient, as discussed in Section Is microalgae cultivation climate resilient?. Second, this feed could have positive effects on animals that may enhance their capacity to cope with CC impacts. Notably, it can improve the digestive function of ruminants—including rumen-based protein synthesis—thus enhancing animal performance given available feed resources (Halmemies-Beauchet-Filleau et al., 2018). For instance, chlorella was found to improve the digestive function and milk yield of goats (Kholif et al., 2017). Amino acid profile is a key determinant of feed quality, and microalgae like chlorella and spirulina have profiles that resemble soybean, the leading source of feed protein (Amorim et al., 2021). Microalgae can also provide key minerals, thus avoiding imbalances that can hamper feed conversion and animal growth (Tibbetts et al., 2015).

Using microalgae as a feed supplement also provides CC mitigation opportunities in two distinct ways. Most simply, it offers scope to partially replace leading supplements like soy (Walsh et al., 2015; Lamminen et al., 2019) that have a large carbon footprint due to causing deforestation and transport emissions. By contrast, microalgae requires comparatively little land and could be locally sourced (see Section Is microalgae cultivation climate resilient?). Microalgae-based supplements may also help reduce enteric methane emissions from ruminants, since these emissions are associated with poor digestive function and lost feed energy. The potential for protein supplements to improve ruminant digestive function and mitigate enteric emissions is thought to be highest in the tropics (Knapp et al., 2014; Halmemies-Beauchet-Filleau et al., 2018).

Walsh et al. (2015) modeled possible impacts of wider use of microalgae as a livestock feed. They suggest this could boost the efficiency of livestock production and enable better use of land and water, thus supporting food security while creating scope to reduce deforestation and GHG emissions. They estimate microalgae feed could free up 40% of existing pastures and feedcrop land by 2100 while securing large GHG emissions reductions, and suggest this merits serious consideration as a CC mitigation option. They note however that realizing such outcomes would require addressing challenges like designing systems that are robust against contaminants and can recycle water across successive harvests. Palatability issues may also require attention, notably at higher concentrations of microalgae in feed (Van Emon et al., 2015).



Microalgae-based biofertilizers and biostimulants for crop support

World agriculture has depended heavily on chemical fertilizers to boost crop productivity and meet food needs over the past several decades, yet mounting evidence suggests these chemicals can undermine agricultural sustainability. Critically, excessive use of such products is not climate smart. It can lead to soil degradation (Guo et al., 2010) including depletion of soil organic matter (Odhiambo and Magandini, 2020), and hence aggravate the vulnerability of cropping to CC by reducing the water-holding capacity of soils. Chemical fertilizers also seem ill-suited to coping with CC, since under hot and/or dry conditions crop response can be marginal (Odhiambo and Magandini, 2020) or even deleterious (Bushong et al., 2016). They also contribute to GHG emissions via their status as fossil-fuel based products.

Biofertilizers and biostimulants are natural alternatives that can boost crop production while making it more sustainable and resilient to stresses (Garcia-Gonzalez and Sommerfeld, 2016; Van Oosten et al., 2017). They also offer scope to make crop production climate smart, though most authors do not explicitly make this link. While definitions of these terms vary between papers, both are substances of biological origin that can either take the form of extracted chemical compounds or inoculants of living microorganisms.

Biofertilizers contain key plant nutrients in forms that support plant growth. They can increase soil nutrient availability, thus fostering plant growth while also reducing reliance on chemical fertilizers (Ronga et al., 2019; Guo et al., 2020; BHU, 2022; Cordeiro M. R. C. et al., 2022).

Biostimulants are substances that promote plant growth when applied to plants or soil without being nutrient sources, soil improvers, or pesticides. They function by stimulating biological and chemical processes in plants and/or associated microbes like mycorrhizal fungi. This can facilitate nutrient uptake, raise yields, improve crop quality, and/or enhance crop tolerance to stresses like heat and salinity (Du Jardin, 2015; Ronga et al., 2019; Navarro-López et al., 2020).

Biofertilizers and biostimulants derived from microalgae are attracting growing attention from both researchers and farmers. This is reflected in spiking numbers of both academic papers and patents in recent years driven by factors like sustainability concerns and demand for organic food (Murata et al., 2021). At present, however, these products remain largely unexploited (Ronga et al., 2019).

Various studies have clearly demonstrated the potential efficacy of microalgae-based biofertilizers and biostimulants (Tables 4, 5), although factors like timing and dosage can be important (Vernieri et al., 2005).


TABLE 4 Efficacy of microalgae-based biofertilizers on crops.
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TABLE 5 Efficacy of microalgae-based biostimulants on crops.
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Crop production can be threatened by abiotic stresses linked to CC like elevated temperatures, water scarcity and soil salinity (Biancardi et al., 2010; Ronga et al., 2018). An emerging literature on pertinent aspects of microalgae-based biofertilizers and biostimulants offers grounds for hope that these technologies might in time provide ways to build crop resilience to these stresses (Table 6).


TABLE 6 Examples of studies that explored aspects of these technologies pertinent to climate resilience.
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Some microalgae can also function as soil amendments when applied to fields and may offer ways to control erosion and limit any yield losses from CC impacts like erratic rainfall. Kheirfam et al. (2017) examined the effect of using a microalgal inoculant on rainfall-induced soil erosion in Iran and found that soil losses decreased by 73–98% following treatment thanks to creating biofilms that formed larger more stable soil particles. Malam Issa et al. (2007) investigated the impact of microalgal inoculation on degraded soils in South Africa and found treated soils showed improved aggregate stability that increased gradually over time due to binding and gluing effects by microbes. Trejo et al. (2012) tested the potential for alginate beads to restore eroded, infertile soil in an arid part of Mexico and found they sharply increased fertility measures like soil carbon and growth of sorghum crops.



Microalgae as biochar feedstocks

Another way microalgae could potentially support crop production is via using algal biomass to make biochar, or charred biomass. Biochar is formed by heating organic matter like wheat stover, sawdust or microalgae over time in the absence of oxygen (i.e., pyrolysis). The resulting product can serve as a soil amendment, as advocated by entities like the International Biochar Initiative (2022). This can improve the availability of soil nutrients, enhance soil water-holding capacity, and support beneficial soil microbes, with impacts greatest on degraded soils (Roberts et al., 2010; Whitman et al., 2010; Lehmann and Joseph, 2015). Such changes can restore degraded soils and hence support crop production in areas where land degradation is prevalent. They can also build the climate resilience of production by helping crops cope with CC impacts like erratic rainfall and extreme weather events, though none of the papers reviewed made this link.

A key feature of biochar is its stability. Notably, when used as a soil amendment its carbon components are highly recalcitrant, with estimated residence times in soil of hundreds to thousands of years (Spokas, 2010; Lehmann and Joseph, 2015). Biochar use was a traditional soil management practice in some cultures, and some treated fields have remained distinct over time (Lehmann and Joseph, 2015). For instance, terra preta soils in Brazil treated by the Amerindians many centuries ago were found to contain up to 9% carbon compared with 0.5% on neighboring lands, while their productivity was estimated to be twice as high (Marris, 2006). This stability enables biochar to make lasting changes to soils, including fixing atmospheric carbon in soils and thus potentially offering options for CC mitigation, though net GHG flux effects will also depend on factors like the feedstock and heat source used to produce biochar (Lehmann and Joseph, 2015).

Some early studies have investigated biochar made from microalgae and its potential as a soil amendment. Wang et al. (2013) studied the organic elements and minerals in biochar made from chlorella and suggested it had good prospects as a soil amendment. Gong et al. (2014) examined biochar made from two types of microalgae and found they had a higher content of nitrogen and various minerals compared to those made from lignocellulosic feedstocks like sawdust or rice husk. Chang et al. (2015) conducted chemical analysis of biochar derived from chlorella and suggested it could be used as a mineral-rich soil amendment. One caveat however is that if this chlorella contains heavy metals then these could be incorporated into biochar and released into soil. Minimizing or removing any such contaminants is thus a priority where microalgae are to be used as biochar feedstock.

Other studies have investigated the potential of microalgae-based biochar as both a soil amendment and CC mitigation option. Yu et al. (2018) found that biochar derived from chlorella was suitable for use on agricultural soils while also contributing to CC mitigation thanks to its chemical composition. Zhao et al. (2013) compared different biochar feedstocks including chlorella and found that biochar properties key to crop support and CC mitigation potential (e.g., total carbon, carbon sequestration capacity) were largely a function of feedstock type, and that chlorella performed well by such measures. Chen et al. (2021) examined biochar derived from chlorella compared to those derived from soybean straw and sawdust and found that it had higher nitrogen content but lower carbon content, though all three showed potential to both improve soils and mitigate CC.




Discussion

CC poses an existential threat to agriculture and food supplies via impacts like erratic rainfall and more frequent or severe extreme weather events. Parts of the Global South may be at particular risk from climatic shocks, notably areas where agriculture and herding are already marginal due to factors like poor soil conditions and limited access to inputs like irrigation, improved seeds, or vaccines.

Conventional agricultural production is highly vulnerable to CC especially when coupled with environmental degradation. For instance, maize or sorghum may struggle due to poor or erratic rains, while cattle or goats may struggle where pastures or water sources become depleted. Inputs like irrigation, fertilizers, and improved seeds can overcome such stresses to a point but may see diminishing returns over time due to factors like salinization and depletion of soil organic matter or aquifers (Wise, 2020). There is thus an urgent need for innovative options to ensure the climate resilience of agriculture and the security of food supplies.


Future foods, agri-food uses of microalgae, and building climate resilience

Future foods (FFs) like microalgae, insects and mycoprotein (i.e., fungus) are an emerging class of foods that show promise as nutritious and sustainable dietary options. These foods can also complement or substitute for conventional plant-sourced foods (PSFs) and animal-sourced foods (ASFs) in various ways (Tzachor et al., 2021).

The defining characteristic of FFs is that they are typically produced within controlled systems that are often also enclosed. For instance, microalgae is cultivated in man-made ponds or enclosed bioreactors while insects are grown in stackable, multicompartment nurseries. Such farming systems enable greater control over the physical, chemical, and biological conditions of production, which can boost performance and potentially deliver elevated production per unit time and area. These farms can also sharply reduce exposure to biotic and abiotic stresses. Critically, such systems may enable farmers to sidestep threats like water scarcity and pest attacks that might otherwise jeopardize farm production (Tzachor et al., 2021).

Given their profile, FFs like microalgae hold promise as options to deliver vigorous and sustainable production despite stresses including CC, in contrast to farms producing PSFs and/or ASFs. Figure 2 considers how well PSF, ASF, and FF farming systems cope with different stresses using maize, cattle, and spirulina as case studies. While this typology shows tendencies for these different farm types, farm performance given stresses clearly also depends on local factors like whether or not climate smart practices are employed.
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FIGURE 2
 How well PSF, ASF, and FF farming systems cope with major stresses (adapted from Tzachor et al., 2021).


The present review builds on this foundation by exploring the linkages between one group of future foods and one abiotic stress, namely microalgae and CC. This includes examining how different agri-food uses of microalgae might offer options to build the climate resilience of both farmers and food supplies.

Via their agri-food applications, microalgae offer several distinct avenues for building climate resilience. Figure 3 shows the ways they can boost the climate resilience of wider food supplies, namely fostering robust, sustained production of this FF despite CC while also enhancing the resilience of PSF and ASF production. Figure 4 shows how they can provide climate resilient livelihood pathways for farming communities that are vulnerable to CC shocks, such as small-scale farmers in Africa.
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FIGURE 3
 Agri-food uses of microalgae and pathways to enhanced climate resilience of food supplies.
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FIGURE 4
 Agri-food uses of microalgae and pathways to enhanced climate resilience of vulnerable farmers.


Figure 4 includes an additional resilience factor besides the effects of microalgae on food production, namely creating scope to harness climate finance flows. Climate finance is defined as “all financial flows whose expected effect is to reduce net GHG emissions and/or to enhance resilience to the impacts of climate variability and the projected climate change” (IPCC, 2014). The prerequisite for any such flows would be for microalgae investments to be recognized as viable means to deliver on CC objectives, which is not presently the case. If this were addressed, it would set the stage for climate finance to be channeled to microalgae initiatives via NDC plans or offset projects (see Section Agri-food applications of microalgae and CC mitigation below).

Climate resilient development pathways are defined as trajectories that successfully integrate sustainability, CC adaptation and CC mitigation considerations to deliver human wellbeing and planetary health. Climate resilient development has emerged as a guiding principle for climate policy and action (IPCC, 2022e), as reflected in a growing literature on pathways (e.g., Quandt et al., 2017; Ellis and Tschakert, 2019).

Whether or not vulnerable farmers can access climate resilient livelihood pathways could have profound consequences over time both locally and more widely. Figure 5 illustrates how the effects of CC shocks and related stresses can differ depending on whether or not farmers can access viable technological options to build climate resilience. Without such options, farmers might resort to desperate measures like depleting key resource stocks (Adger et al., 2014; IEP, 2020; Siedenburg, 2021) that could see them fall into a “vicious circle” of rising climate vulnerability and deepening poverty. Conversely, if they could access viable technologies, this might enable them to instead reach a “virtuous circle” of climate resilience and food security (Pimbert, 2012; Hendrix and Brinkman, 2013).


[image: Figure 5]
FIGURE 5
 Differing effects of CC on vulnerable small-scale farmers depending on whether they can access viable technologies.




Agri-food applications of microalgae and CC mitigation

AFOLU measures like agroforestry or livestock management are seen as offering scope for substantial CC mitigation at relatively low cost. The IPCC estimates that AFOLU could provide 20–30% of needed CC mitigation to remain within a 1.5–2°C emissions trajectory to 2050, and that 30–50% of this could be achieved at a carbon price of $20/ton CO2 equivalent (tCO2e) or less. AFOLU measures are also well-positioned to deliver co-benefits that foster climate resilience like boosting soil productivity, water availability, and food security (IPCC, 2022c).

Despite such promise, implementation of AFOLU measures remains limited due to barriers such as insufficient financial and policy support. The IPCC has suggested that national investment plans under NDCs are urgently needed to accelerate AFOLU deployment, coupled with policy levers like payments for ecosystem services and fostering engagement from the private sector and charities (IPCC, 2022c).

The linkages of microalgae to GHG emissions and the goal of CC mitigation are complex. Microalgae absorb CO2 and transform it into microalgal biomass and hence could potentially help mitigate CC, especially since some studies suggest they can fix atmospheric carbon significantly more efficiently than terrestrial plants (Pires et al., 2014). Alternatively, however, microalgae could have ambiguous or even negative impacts on GHG dynamics.

One key question is the sourcing of microalgae production inputs like light, heat, water, nutrients, and CO2. Notably, utilizing fossil-based energy inputs undermines CC mitigation potential, while relying on renewable energy or waste streams enhances it (Fonteinis et al., 2018; Khan et al., 2019).

Another key question is how microalgal biomass is used. Several agri-food uses of microalgae offer possible pathways to deliver CC mitigation (Table 7). This includes using microalgae-based feeds to reduce deforestation pressures, replacing agro-chemical inputs with biofertilizers and biopesticides, and producing biochar to sequester CO2 in a stable form.


TABLE 7 Possible ways agri-food applications of microalgae could serve as climate actions.

[image: Table 7]

Carbon offsets are a major source of climate finance that can foster delivery of CC mitigation actions by entities such as businesses and charities (Ecosystem Marketplace, 2021). They involve buyers paying those who deliver verifiable CC mitigation outcomes to carbon markets via approved activities (Lee, 2017). If any agri-food applications of microalgae were formally recognized as offset options, this could provide a mechanism for those delivering these applications to earn income from these markets. While the theory that offsetting is mutually beneficial has sometimes proven problematic in practice (Watt, 2021), efforts to foster sound offsetting practice continue (Allen et al., 2020).

Notwithstanding such competing perspectives, one critical reality is that the agri-food uses of microalgae flagged as possible CC mitigation options could, it seems, also foster climate resilience based on the available evidence (Table 7). It follows that any offset payments to fund such options may foster both outcomes simultaneously. This would fit with the IPCC's suggestion that integrated measures which contribute to both mitigation and adaptation have a greater likelihood of being successful (IPCC, 2022c).

One factor that fundamentally affects any discussions about CC mitigation options is the carbon price. A higher carbon price could augment the profitability of activities or products that qualify as CC mitigation options, thus strengthening the incentives for economic actors to deliver them. Until 2018 the price of the leading carbon market was typically under €10/ton, but since early 2022 it has been approximately €80/ton, so prices have risen sharply (Trading Economics, 2022).

One risk is that efforts to explore such CC mitigation prospects may face accusations of “greenwashing” that could have a chilling effect. For instance, a leading environmentalist recently tweeted “Every sector needs to be decarbonised” and “offsetting… solves nothing” (Monbiot, 2021), while a leading climate scientist tweeted, “Normalize ridiculing carbon offsets and net zero” (Kalnus, 2021). Such critics support their arguments by citing troubling examples of immoral practice, like Shell telling its customers that thanks to its global portfolio of offset projects, “you don't even have to change the way you work” (Monbiot, 2021).

Regrettably, such blanket condemnations neglect economic realities, notably the fact that financial considerations can be key determinants of action. Poorer populations like small-scale farmers in the Global South may be especially unlikely to take innovative actions without clear incentives, given their often tenuous circumstances (Siedenburg et al., 2015). Such communities often address shocks or stresses via short-term coping responses rather than transformative adaptations, but strategic financial investments can help overcome barriers to more proactive responses (IPCC, 2022d). Given the scale of the climate challenge, it is to be hoped that such critics move toward being more constructive about offsetting, ideally by deploying their influence to improve practice and minimize abuses.

While agri-food applications of microalgae may offer potential CC mitigation opportunities, realizing this potential will depend on essential building blocks being in place. This includes further developing the relevant technologies and institutional factors like elaborating carbon market methodologies to enable selected microalgae technologies to qualify for mitigation finance.



Summarizing findings on microalgae and climate action

Table 7 summarizes this paper's analysis, highlighting how the five agri-food uses of microalgae examined might serve as the basis for climate action, including both adaptation to and mitigation of CC. In cases where microalgae are used for agricultural support, it should be noted this can be compatible with organic farming and the price premiums it offers (Colla and Rouphael, 2020). This summary assumes energy needs are met by renewable power given its plummeting costs, thus minimizing GHG emissions from energy. One factor not included in the table is how climate finance could potentially be provided to support initiatives on any of these technologies, and how such cashflows could represent an additional aspect of climate resilience for farming communities.



Potential risks and obstacles

Of the many microalgae species relatively few are well-known, yet several (e.g., Arthrospira, Chlorella, Dunaliella) have been designated as generally safe for human consumption by the regulatory authorities of key jurisdictions like the European Union (Niccolai et al., 2019) and United States (Chacón-Lee and González-Mariño, 2010).

Consumption of any food is not without risk, however, so potential harm to consumers must be considered. One possible concern is allergic reactions to eating microalgae. Another is contamination of microalgae with biotic pathogens like microcystins or abiotic toxins like heavy metals (Inthorn et al., 2002; Becker, 2013; Wells et al., 2017). Some early studies have sought to examine these linkages, but further research is needed. Al-Dhabi (2013) examined 25 commercial spirulina supplements and found that heavy metal levels were well below the allowable daily intake in all cases. Roy-Lachapelle et al. (2017) examined 18 microalgae supplements and found that four contained microcystins at levels exceeding tolerable daily intake.

Risk mitigation measures are clearly needed for microalgae destined for use as food or feed (Amorim et al., 2021). Microalgae cultivated in open ponds are more vulnerable to contamination (Heussner et al., 2012), while enclosed cultivation systems can reduce contamination risk but can also be capital-intensive (Linder, 2019). Hybrid options like open ponds within greenhouses offer scope to balance these considerations by reducing contamination risk cost-effectively (Lu et al., 2011). Another option that has shown promise is varying the temperature or salinity of the culture medium in ways that microalgae can tolerate but other species may not (Wang et al., 2016).

Despite growing use of microalgae as foods, consumer acceptance remains an issue, as does the affordability of microalgal biomass. These issues are likely to be key determinants of future demand for edible microalgae (Linder, 2019) and hence merit greater attention. One possible way to enhance consumer acceptance is raising awareness of the health and environmental benefits of microalgae (Linder, 2019), but early efforts to foster microalgae consumption suggest that information provision on its own may be ineffective due to strong cultural associations with food (AIM, 2016).



Research and policy priorities

While the literature reviewed suggests clear potential for the agri-food technologies examined to serve as the basis for climate actions, the evidence base remains thin. Research priorities include:

• Conducting further investigations of these agri-food technologies to explore and verify their suitability for building climate resilience and mitigating CC. This should include studies under real world conditions, since such studies are critical for assessing the viability of technologies.

• Identifying ways to lower the costs of microalgae production while maintaining quality standards, including developing improved “appropriate technology” production systems.

• Identifying effective, accessible strategies to minimize contamination risks to microalgae production.

• Trialing agri-food applications of microalgae with small-scale farmers in the Global South to assess their efficacy in a context that is a focus of global concerns about food insecurity and vulnerability to CC.

• Quantifying tons of CO2 equivalent that could be delivered by microalgae technologies identified as promising CC mitigation measures, coupled with developing improved and affordable measurement, reporting and verification measures.

• Assessing the scope for business engagement with deploying agri-food applications of microalgae as climate actions, given claims like “businesses are now in hyperdrive when it comes to climate (Financial Times, 2022).”

• Exploring why there is not greater interest in microalgae and their agri-food uses from governments and international agencies, given their technological promise.

• Examining why farmers and consumers do not show greater interest in microalgae as a crop and food given their promise, while also identifying and investigating any barriers to demand.

• Assessing whether other microalgae species besides those emphasized by research and commercial applications to date show promise as agri-food technologies given CC.

Policy measures would also be needed to elaborate and harness the technological potential suggested by this review. Policy priorities include (i) funding studies to address research priorities; (ii) incorporating these technological options into policy documents such as NDC plans and climate finance schemes; and (iii) developing carbon market methodologies for the most promising CC mitigation options.




Conclusions

Across the globe, CC poses a serious and growing risk to agricultural production and food security, especially for vulnerable populations like small-scale farmers in the Global South. Effective response actions are needed, notably ones that offer scope to secure continued agricultural production and ample, nutritious food despite CC. The academic evidence reviewed suggests that using microalgae as a food, feed or crop support technology shows promise in this regard for both vulnerable farmers and wider society, while also potentially offering CC mitigation options. Characteristics of microalgae that make them well-suited to facing the looming CC challenge include (i) growing fast and not needing arable land or regular rainfall, (ii) being highly nutritious as a food or feed, and (iii) capacity to support “climate smart” crop and livestock production. While the promise of these agri-food technologies is clear, further research is needed to explore and substantiate their potential, and to examine issues like risks and barriers to uptake. In the meantime, such technologies merit greater attention from practitioners like farmers and governments as promising and timely technologies.
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Footnotes

1“A human intervention to reduce the sources or enhance the sinks of GHGs...” (IPCC, 2014).

2“The process of adjustment to actual or expected climate and its effects. In human systems, adaptation seeks to moderate or avoid harm or exploit beneficial opportunities…” (IPCC, 2014).
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o Climate change (CC) results in more frequent heat waves, extreme rainfall, drought, and rising sea levels, which negatively affect
crop yields

o CCwillincreasingly expose.... animals to heat stress, reducing... dairy and meat production

o CChasalready... increased variability of rainfall....

o Increased soil sali

ty... [is] among the most common effects of CC in irrigated regions

o CCimpacts are stressing agriculture... increasingly hindering efforts to meet human needs

o Impacts on food availability and nutritional quality will increase the number of people at risk of hunger, malnutrition and
dict-related mortality...

o Increased, potentially concurrent climate extremes will periodically increase simultaneous losses in major
food-producing regions.

o Approximately 33 to 3.6 billion people live in contexts that are highly vulnerable to climate CC

« Global hotspots of high human vulnerability are.... Africa, South Asia, Central and South America, Small Island Developing States

and the Arctic

o CC impacts everybody, but vulnerable groups such as....small-scale producers, are often at higher risk
o CCis... increasingly driving displacement in all regions.

o Effe

 adaptation options.... enhance food availability and stability and reduce climate risk for food systems while increasing
their sustainability

o For 127 identified key risks, ... mid- and long-term

npacts are up to multiple times higher than currently observed, [yet their]

magnitude.... depends strongly on near-term mitigation and adaptation actions.
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Study findings

Key parameters like germination rate and plant height roughly doubled (Uysal et al,, 2015)
Enhanced plant growth; delivered yield increases of 28-40% (Cordeiro E. C. et al, 2022; Cordeiro M. R. C. et al, 2022)
Boosted plant dry weight by 7-33% and grain weight by 6-8%; enhanced mineral content (Renuka et al,, 2016)

Strongly enhanced growth with effects comparable to chemical fertilizer (Wuang et al, 2016)

One microalgae biofertilizer significantly increased plant growth while two others decreased it (Ekinci et al,, 2019)

Significantly raised yields but was most effective when used together with chemical fertilizers (Jha and Prasad, 2006)
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Quotations from selected papers

It does not require fertle land and can actually benefit from saline conditions. It also uses less water per kilogram of protein than other crops,

and water can be recycled such that the only significant water loss is through evaporation.... Its production can be conducted at... different

scales, from household “pot culture to intensive commercial development over large areas.

Microbial protein production does not directly compete with crop-based food commaodities for fertile soil and freshwater and can be located

in marginal lands and in industrial or metropolitan areas.... [1t] is much more efficient than cultivating plants in an open field or raising
animals, owing to the stability of growth parameters, eficient utilization of nutrients, low water and land footprint, and no need for pesticides
or antibiotics.

‘The major advantages of single-cell proteins [like bacteria, fungi or microalgac].... are the independence of production from arable land and of

weather conditi

ns as well as the high and continuous harvests.

‘The beneficial impact derived from replacing conventional animal feed with. .. alga results primarily from avoiding land use and fresh-water
consumption to cultivate crops. Soy and corn use much more land than algae due to algac’ high areal productivity, and ability to grow on
non-arable land. Using renewable electricity can improve the environmental performance of algal biorefineries

Microalgal strains and growing conditions can be selected or engineered to match varying clin

ic conditions and commodity demands.

Algacultural production systems can be constructed on degraded or otherwise unproductive land. . Many strains grow in brackish or

seawater, and freshwater can be recycled through many harvests, thus minimizing.... freshwater use... Finally, CO2 can be supplied from flue
gases or drawn directly from the atmosphere in open systems.

Ata time when.... food production... is threatened by... CC, the production of edible microorganisms has the potential to circumvent many

of the current environmental boundaries of food production... [while also] reducing its environmental impact.... If... conditions are
favorable and nutrients are abundant, some microorganisms are capable of very rapid growth.

‘Algae farming can be performed on lands with soil, water or climate that are not suitable for conventional crops which may allow the
production of food and energy in regions wherein people are experiencing hunger.

Growing green microalgac could be a great option for fixing CO2 by photosynthesis as it can be grown on non-arable lands.... Several algac

species are able to grow in wastewater.... an available source of water with necessary nutrients for algae cultivati
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Description

Some microalgac tolerate elevated temperature, e.g., 35-37°Cis

optimal for spirulina

Cultivation systems like tanks or ponds have controlled water
supplies, so cultivation does not rely directly on local weather
patterns

Microalgae grows in aqueous medium. Hence It does not require
arable land and can be grown on degraded, salinized or
contaminated lands

Microalgae can be produced in small spaces due to growing fast in
aqueous medium, potentially including extending production
vertically

Microalgae culture avoids many pests and diseases but may be

vulnerable to aquatic pathogens

How it builds climate resilience

Higher average temperatures is a key CC impact, so crops that
tolerate this should cope better

Water scarcity and erratic rains are key CC impacts, but
evaporation of culture medium can be limited and water can
potentially be reused

Land degradation exacerbates CC vulnerability, since it lowers
soil fertility and water-holding capacity. Microalgae is not affected
by this

CC threatens agriculture so securing higher productivity in areas

that are sill producing could help compensate for any shortfalls

CC can aggravate pest and disease risks to crops and livestock, so

averting these reduces risks
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By creating scope for ongoing production of a valuable crop despite
CC, microalgae reduces risk that farmers experience hunger or
desperation

 Microalgae could be consumed to boost health and vigor or sold to
create an income stream

 Better nutrition despite CC helps ensure animal strength,

minimizing CC-related mortalities

 Better nutrition enables livestock to maintain production of mil
eggs, offspring despite CC

o Ample crop nutrients and stimulated biology raise crop productivity
and boost resilience to CC-related stresses like heat, drought,
and salinity

o Stable soil carbon boosts fertilty and water-holding capacity of soils,

making cropping more resilient to climatic shocks

CC mitigation

o Vulnerable farmers have less need for hardship behaviors that can
deplete carbon pools (g, selling fuelwood or charcoal), since

microalgac offers a secure source of food/income

o Reduced dependency on feeds like soy that cause deforestation and
transport emissions

* Potential to reduce enteric methane emissions from ruminants

* Reduced use of petroleum-based chemical fertilizers

o Using bioproducts can gradually enhance soil carbon

o Biochar fixes CO2 in a stable form suitable for use as a

soil amendment





OPS/images/fsufs-06-976946-g001.gif
0
X
-l

w L il

Microalgae used as food, feed or for crop support
m——

oy






OPS/images/fsufs-06-976946-g002.gif
Stross factors hat could thresten production___| PS¥ (maise) | ASF eatia} | ¥ (spirulina)_
Civons weser vt e vty o e i T
Fapages oo -
o s e - -
e P P BcObis S e pni maeacod o7 o svovets Tk griad b e peAeas S






OPS/images/fsufs-06-976946-t006.jpg
Threat

Drought, heat,
salinity
Heat, drought

Drought

Water stress

Water stress

Salinity

Salinity

Study findings

Van Oosten et al. (2017) reviewed evidence on whether biostimulants could help crops tolerate abiotic stresses and found numerous studies suggesting
they can help crops cope with drought, heat, and salinity, but only a few of the biostimulants considered were based on microalgae.

Santini et al. (2021) tested spirulina-based biostimulants on grapevines facing heat stress and drought and observed greater tolerance of such conditions
resulting in higher berry weight (+11%).

Martini et al. (2021) tested chlorella-based biostimulants on maize plants and observed greater root development and accumulation of microelements in
plant tissue, resulting in enhanced tolerance to nitrogen deficiency and improved resistance to drought stress.

Oancea et al. (2013) tested nannochloris-based biostimulants on well-watered and water-stressed tomato plants. On well-watered plants biostimulants
more than doubled root length, leaf number and leaf area, while on water-stressed plants they alleviated the adverse effects of water stress on root
development and strongly mitigated adverse effects on plant height.

Mancuso et al. (2006) tested a microalgae extract as a biostimulant on grape plants and found it increased leaf water potential and stomatal conductance
under drought stress.

Abd El-Baky et al. (2010) tested spirulina and chlorella extracts on wheat plants irrigated with seawater and found they helped the plants cope with
salinity while also sharply enhancing the nutritional profile of wheat grains, including their protein content and antioxidant capacity.

Guzmén-Murillo et al. (2013) tested two microalgal extracts on bell pepper seeds facing salt stress and observed longer roots and lower stress effects,

resulting in substantially higher germination rates.
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Study findings

Doubled key parameters like fruits per plant and total soluble sugars while also improving factors like plant height (Suchithra et al,, 2022)
Boosted watercress germination by 40% and plant hormonal activity by 60-1879%, with stimulant effects strongest at low concentrations
(Navarro-Lopez et al., 2020)

Increased root and shoot length by 30-50% and gave a two- to three-fold increase in the “vigor index” of plants, which combines growth
and germination rates (Kumar et al, 2013)

‘Two microalgac strains were found to boost germination by 26-147%, but stimulant effects were strongest at low concentrations, notably
0.2 g/L (Viegas et al., 2021a)

‘Two microalgae biostimulants boosted growth of watercress (77-238%) and wheat (70-98%) (Viegas et al, 2021b)
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