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Abstract

:

Cyanobacteria are the most common toxigenic algae in inland waters. Their toxins can affect the health of aquatic and terrestrial organisms, including humans. Other algal groups, such as haptophytes (e.g., Prymnesium parvum) and euglenoids (e.g., Euglena sanguinea), can also form harmful algal blooms (HABs) whose toxins cause injury to aquatic biota but currently have no known effects on human health. Prymnesium parvum, however, is responsible for some of the worst HAB-related ecological disasters recorded in inland waters. Here, we provide an overview of the primary toxigenic algae found in U.S. inland waters: cyanobacteria (planktonic forms), P. parvum, and E. sanguinea with the objective of describing their similarities and differences in the areas of HAB ecology, algal toxins, and the potential for future range expansion of HABs. A detailed account of bloom habitats and their known associations with land cover and use is provided from the perspective of water quality. This review revealed that salinity may have an influence on inland cyanobacterial blooms and cyanotoxins that had not been fully recognized previously.
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1. Introduction


Toxic algae occur in inland waters worldwide, with the first reports in the scientific literature dating back to the 17th century [1]. Cyanobacteria are the most commonly occurring algae with known toxin-producing strains in inland waters and the only group known to produce toxins that affect the health of aquatic and terrestrial organisms, including humans [2]. The term cyanobacterial harmful algal bloom (cyanoHAB) is deeply engrained in the literature and is used in this review to describe harmful blooms associated with cyanobacteria. However, because cyanobacteria are technically not algae but prokaryotic organisms, the term harmful cyanobacterial bloom is also sometimes used. Eukaryotic taxa, such as haptophytes and euglenoids can produce toxins during bloom events that have caused fish kills in the United States (USA), but their toxins have no known effects on human health ([3]; Section 3). In addition to their impacts on environmental and human health, HABs can also have considerable economic consequences [4,5]. This review focuses on planktonic HABs whose harmful actions are mediated by toxin production.



Cyanobacteria comprise a diverse group of organisms present in oceanic, coastal, and inland waters. They are abundant in today’s environment as well as in the fossil record. There are over 2700 species of cyanobacteria [6], of which about 100 have known toxin-producing strains [7]. Toxic cyanobacteria were first reported in the USA in 1882 after livestock deaths in Minnesota were associated with a bloom [8]. While not common, livestock and wildlife mortalities after cyanobacterial bloom exposure were reported occasionally, particularly in the mid-continent region, throughout the late 19th century and much of the 20th century [8,9]. High-profile pet mortalities in the late 20th century and early 21st century led to an increase in synoptic surveys and state monitoring programs [9], and cyanobacteria-related incidents have now been reported in most U.S. states [10,11]. Human illnesses associated with toxic cyanobacteria have occurred after exposure through drinking water and recreational activities. Worldwide, the first report of human illness associated with toxic cyanobacteria was from West Virginia, USA, in 1930; widespread gastroenteritis occurred during a bloom in communities using the Ohio River as a drinking-water supply [12]. Cyanobacteria-related human illnesses have now been reported from at least 18 states in the USA [13,14,15,16,17]. Human deaths associated with toxic cyanobacteria are rare but have been documented [18,19]. The U.S. Centers for Disease Control has a voluntary One Health Harmful Algal Bloom System [20] in which states can report animal and human illnesses associated with cyanobacterial and other algal blooms. However, reporting is not consistent, and creating a national summary relating bloom events to illnesses remains a challenge.



Four planktonic cyanobacterial genera commonly associated with toxic incidents in the USA and worldwide are: Aphanizomenon, Dolichospermum (formerly Anabaena), Microcystis, and Planktothrix (formerly Oscillatoria) [8,21,22,23]. The taxonomy of cyanobacteria is under revision, and the former Anabaena and Oscillatoria genera were split into planktonic (Dolichospermum and Planktothrix) and benthic (Anabaena and Oscillatoria) growth forms [24,25,26]. These changes in nomenclature were not consistently adopted by algal taxonomists or in the literature until recently. Herein, we reference each genus individually to the extent possible; when it was not possible to distinguish between genera, both the former and new naming conventions are referenced. A recent survey of U.S. states identified Microcystis, Dolichospermum/Anabaena, and Aphanizomenon as the genera of most concern in recreational waters; Planktothrix and Oscillatoria were also of concern but were not indicated as commonly as other taxa [27]. In a national survey of 1161 lakes conducted in the 2007 National Lake Assessment, NLA [28], Microcystis and Dolichospermum/Anabaena were present in more than 55% of lakes, Planktothrix/Oscillatoria were present in about 38%, and Aphanizomenon in about 28% [29]. The 2017 NLA [30] separated planktonic from benthic forms and showed that Microcystis was present in 25% of the surveyed lakes with Dolichospermum present in 29%, Planktothrix in 8%, and Aphanizomenon in 24%.



In contrast to cyanobacteria, the haptophyte lineage is predominantly marine with relatively few representatives in inland waters [31,32]. About eleven species have been recognized in U.S. inland waters [32,33], of which at least two can form harmful blooms. Prymnesium breviturrita (formerly Chrysochromulina breviturrita [32]) is a nuisance alga found in soft-water lakes in the northeastern region of the country [34]. Although P. breviturrita blooms can generate foul odors, there is no concrete evidence that this species can produce toxins [32,35]. The only toxigenic haptophyte documented to date in U.S. inland waters is Prymnesium parvum. It has been reported in 25 U.S. states (including Hawaii), and toxic blooms have occurred in 21 states (Section 2.1.2).



Blooms of P. parvum can be singularly catastrophic. In Texas (USA), over two million fish were estimated to have died in a single lake during a P. parvum bloom in 2001 [36]. More recently (2022), a major P. parvum bloom event in the Oder River (Poland and Germany), resulted in “one of the largest ecological disasters in recent European river history” [37]. Prymnesium parvum was first described in U.S. inland waters in the mid-1980s [38] following massive fish kills in large segments of the Pecos River (New Mexico and Texas, USA). Rhodes and Hubbs [39] hypothesized that toxic P. parvum blooms may have occurred in the Pecos River as early as the 1960s—a hypothesis based on anecdotal reports of a fish kill in conjunction with some typical signs of P. parvum blooms, such as golden-colored and foamy water conditions. Rhodes and Hubbs [39] additionally proposed that P. parvum is a native inhabitant of the Pecos River and that the appearance of blooms in the 1980s was the result of anthropogenic modifications to the riverine environment. However, a subsequent study on genetic relationships by Lutz-Carrillo et al. [40] found that U.S. strains of P. parvum are closely related to European strains and concluded that the presence of P. parvum in the USA is the result of relatively recent introductions.



Euglenoids are a diverse group of organisms that include photosynthetic and non-photosynthetic species, and most photosynthetic species reside in inland waters [31,41]. Photosynthetic genera, including Euglena, were first described in the early 1800s [41]. Although toxigenicity in the laboratory has been demonstrated for eight or nine photosynthetic euglenoids [42,43], an association with toxic blooms in the field has been confirmed for only one, Euglena sanguinea [42,44]. Euglena sanguinea is a globally distributed species [45] that was first described in U.S. inland waters in the early 1900s [46,47,48,49]. However, the first incidence of a toxic bloom associated with E. sanguinea was not documented until 2002 in a fish culture pond in North Carolina, USA [42]. This event was soon followed by multiple reports of toxic blooms of E. sanguinea in aquaculture facilities throughout the South Central and South Eastern USA [44]. Zimba et al. [43] subsequently observed blooms composed of mixed assemblages of photosynthetic euglenoids—including E. sanguinea and another potentially toxic species, Lepocinclis acus—in a wider variety of habitats that included ponds, lakes, rivers, and estuaries in a total of 17 U.S. states. Euglenoid blooms accompanied by ichthyotoxicity have not been reported outside the USA.



Recent reviews on toxic algae have mostly focused on cyanobacteria, with topics including specific genera (e.g., Aphanizomenon [50]; Dolichospermum [51]; Microcystis [52]), benthic cyanobacteria [53], and cyanobacteria in oligotrophic lakes [54]. The last comprehensive review of toxic cyanobacteria in the USA [9] was published over 15 years ago before cyanobacteria and cyanotoxins were broadly included in state and national monitoring programs. The haptophyte P. parvum and several euglenoid species are currently the only known eukaryotic taxa in the USA to produce toxins and have not been as widely studied or reviewed as cyanobacteria. Here, we provide an overview of these three toxigenic taxa with an emphasis on the most commonly occurring planktonic forms. Detailed descriptions of the toxigenic members of the cyanobacteria, haptophyte, and euglenoid algal groups could help facilitate comparative assessments of their HAB ecology (with emphasis on physicochemical factors; Section 2), algal toxins (Section 3), and the potential for future range expansion of HABs (Section 4). For all taxa, we present a comprehensive account of bloom habitats and their known associations with land cover and use from the perspective of water quality, including novel analyses of the potential influence of salinity on inland cyanobacteria.




2. Ecology


2.1. Biology and Biogeography


2.1.1. Cyanobacteria


Although cyanobacteria are prokaryotic organisms (i.e., no nucleus or membrane-bound organelles), most species contain chlorophyll-a and are capable of fixing carbon and producing oxygen by CO2-dependent photosynthesis [55]. When dense cyanobacterial blooms occur, they can change the color of the water, and buoyant species may also form floating scums or mats (Figure 1). There is no quantitative index that is generally applicable to a definition of what constitutes a cyanobacterial bloom, but coupled with visual changes in the appearance of water, chlorophyll-a concentrations ≥20 µg L−1 [56], densities ≥10,000 cells mL−1 [57], or biovolumes ≥0.3 mm3 L−1 [19] have been proposed as base values. Toxigenic and nontoxigenic strains have been described within the same species—for example, in M. aeruginosa [58]—but it is not possible to distinguish these strains in the field or under a microscope.



There is little understanding of what regulates cyanobacterial diversity and biogeography [59]. While some taxa are relatively cosmopolitan in distribution, others are considered temperate, tropical, or endemic [60]. Many cyanobacteria have traits that help them survive even in the most extreme environments. Some can fix dissolved nitrogen (N2; diazotrophic species) through a special cell called a heterocyte (e.g., Anabaena, Aphanizomenon, Dolichospermum); some can regulate buoyancy with the aid of gas vesicles to move to a preferred location in the water column (e.g., Aphanizomenon, Dolichospermum, Microcystis, Planktothrix); and some have cells called akinetes (e.g., Anabaena, Aphanizomenon, Dolichospermum) that help them survive dormant in sediments until conditions are adequate for growth [50,61,62]. Given this wide range of variation, it follows that cyanobacteria have survived since ancient times in environments ranging from clear, low-nutrient temperate lakes to deserts and hot springs [63]. The ecological success of cyanobacteria may be due to the ability of individual species to selectively exploit various environmental conditions [64,65], suggesting niche specificity for individual species [59].



Cyanobacteria reproduce by binary or multiple cell fission. Most species are very small—the largest are barely visible to the naked eye [66]. They are shaped as spheres, rods, and spirals; some are unicellular, but others have secondary morphology that can include the formation of filaments or colonies that can be up to several millimeters in size [66,67]. Cellular shape and dimension can be influenced by the development of heterocytes [68], akinetes [61], or motile filaments [69,70]. These differences can in turn be caused by certain environmental cues including nutrients [69], oxygen, or light availability [71]. Stressors, such as changes in salinity and temperature, could also be the cause of morphological differences among cells [72]. Microcystis spp. are examples of small, spherical cyanobacteria that form colonies, but many other toxigenic taxa in U.S. waters are filamentous (Figure 2).



Buoyancy regulation is especially important for species residing in deep waters in order to minimize sinking and be able to access sunlight in the near-surface layers of a water body. The tendency to settle depends not only on buoyancy regulation but also on shape, size, and density of the cyanobacterial cell. Thus, variations in buoyancy regulation, shape, size, and density “coincide with typical habitats”; cyanobacteria with low intrinsic velocities occur in well-mixed environments, whereas filamentous forms tend to occur in optically deep shallow lakes or in deep lakes with seasonal mixing [64]. Reynolds et al. [64] reported the speed of travel for some common cyanobacteria as Microcystis > Dolichospermum > Planktothrix > Synechococcus. Reynolds et al. [64] also reported that the preferred habitat of Dolichospermum flos-aquae and Aphanizomenon flos-aquae is the epilimna of temperate lakes in summer, and the preferred habitat of M. aeruginosa is systems that stratify on a diel basis. Reynolds et al. [64] stated that it may take several hours to inflate gas vesicles in cyanobacteria, and buoyancy also is influenced by nutrients and CO2. Taxa such as Anabaena and Oscillatoria lack gas vesicles and primarily consist of benthic forms because they cannot regulate buoyancy, in contrast to planktonic taxa. Due to wind, large lakes generally have large fluctuations in mixing depth, with cyanobacteria dispersed throughout this layer, whereas smaller lakes generally have persistent periods of near-surface stability [64], where surface blooms may flourish. This could also be related to wind speed and the orientation of the lake (long and narrow, along the wind direction).



Cyanobacterial blooms have been recorded in surface waters of nearly every U.S. state [10]. Toxigenic cyanobacteria in inland waters are generally described as members of freshwater biotic communities (≤0.5 psu)—the salinity classification of Mitsch and Gosselink [73] is used in this review. However, based on taxonomic and salinity data collected during the 2017 NLA campaign [30], Anabaena, Aphanizomenon, Dolichospermum, Microcystis, and Planktothrix are present in U.S. inland lakes with salinities as high as 4.9, 3.8, 3.8, 7.2, and 3.8 psu, respectively (salinity was estimated using specific conductance [74,75]; see also Section 2.2.1). Species of potentially toxic cyanobacteria that are more typical of marine or brackish environments have been found in hypersaline inland lakes in the USA, such as Salton Sea (Synechococcus and Oscillatoria spp. [76]) and Great Salt Lake (e.g., Nodularia spumigena [77]). A brackish lake in Nevada (USA), Pyramid Lake, has experienced recurring blooms of potentially toxic N. spumigena [78]. Nodularia spumigena, Sphaerospermopsis aphanizomenoides, Anabaenopsis spp., and Microcystis spp. were also found at bloom conditions in a brackish lagoon (4 psu) in California, USA (B. Rosen, personal observations, 2020–2022).




2.1.2. Haptophytes


Haptophytes are typically unicellular, flagellated, and bear a haptonema—a flagellum-like structure that may serve in attachment, feeding, and avoidance responses [31]. Haploid and diploid life stages have been recognized in some haptophytes, suggesting the existence of sexual life stages, but haploid and diploid forms can also reproduce by mitosis [31]. The life cycle of Prymnesium parvum, the most common of the Prymnesium spp., has four distinct stages: two biflagellated haploid types, one biflagellated diploid type, and a non-motile (unflagellated) cyst believed to be a resting stage [79]. Three major clades of P. parvum have been identified worldwide, each producing only one of three known types of prymnesin toxin (Section 3), indicating the possible existence of cryptic species within this taxon [80,81].



Flagellated forms of P. parvum are generally considered to be planktonic, but they can also attach to macroalgae and benthic substrates [82]. There is evidence suggesting that P. parvum (most likely the cyst stage) can survive in dry sediment exposed to high levels of heat and irradiance [3]. Prymnesium parvum contains two golden-brown chloroplasts where photosynthesis occurs (Figure 3) and can also derive nourishment by heterotrophic means via osmotrophy and phagotrophy [3,79]. High-density blooms of P. parvum can be near-monospecific and, under these conditions, the water can take a golden-brown coloration (Figure 3)—thus, the common name for this species in the USA, “golden alga” (singular), should not be confused with “golden algae” (plural), a term commonly used to describe a higher-ranked taxon that includes haptophytes and other algae [83]. A density of ≥10,000 cells mL−1 has been used as a quantitative criterion to define P. parvum bloom conditions [84]. However, the association between cell density and toxicity can vary among water bodies within and across river basins [85]. High- and low-toxicity strains of P. parvum can coexist in time and space [86], further complicating our understanding of the association between cell density and toxicity. Indeed, although they seem to be relatively uncommon, high-density blooms with no overt signs of ichthyotoxicity (e.g., dead or dying fish) have been reported in the USA [85,87,88] and in England [89]. The true frequency of non-toxic blooms is unknown because they can go unnoticed and unreported. In this regard, the NLA campaigns are not a good source of information for P. parvum bloom incidence because the surveys are conducted in the summer when cell densities are typically low (Section 2.4).



Prymnesium parvum is highly euryhaline and found in marine, estuarine, and inland waters worldwide [32,79]. There is some confusion in the literature regarding the distribution of P. parvum and its blooms in the USA. Until recently, its presence had been reported in 22 states of the conterminous USA and in Hawaii [3]. However, in two of these states (Washington [90] and Maine [91]), the records were from open coastal waters, and there is no evidence they were associated with bloom conditions. In Texas, P. parvum was also detected in the tidal reach of some rivers that drain into the Gulf of Mexico [92]. Except for one case (0.14 psu, Waco Lake, Texas; [93]), all inland reports of P. parvum occurrence were associated with brackish waters. The 2017 NLA [30] recorded the presence of P. parvum in additional freshwater bodies in three states: one in Washington (0.03 psu, Panther Lake) and the other two in states where the species had not been previously documented, including Utah (0.13 psu, Gooseberry Reservoir) and Maryland (0.01 psu, Morsell Creek). The increasing number of detections in freshwater sites suggests that P. parvum is more widely distributed in freshwater than previously thought. At the time of this writing, however, toxic blooms in the USA have occurred only in inland brackish waters (>0.5 psu; Section 2.2.2). Texas is the state that has been most severely impacted by P. parvum blooms followed by Arizona, New Mexico, and Oklahoma [36,87,94,95]. One of the latest states to report toxic blooms is California, where, since about 2014, blooms have occurred with some regularity in small brackish lakes in the southern region [96]. Figure 4 shows an updated historical distribution of P. parvum toxic blooms or presence by state.




2.1.3. Euglenoids


Euglenoids are unicellular, flagellated organisms. They can form cysts—including non-motile reproductive palmella—in response to changes in environmental conditions [97]. Their main mode of reproduction is asexual by cellular division [98]. Euglena spp. have a single emergent flagellum, are fusiform in shape with a round anterior end and a tapered posterior end (Figure 5), and exhibit typical shapeshifting euglenoid movement (metaboly) [31]. Their blooms can form scums on the water surface, and some species, such as E. sanguinea, can turn the water “blood red” (Figure 5)—thus, its species name (sanguis, Latin word for blood)—due to the large accumulation of carotenoid pigments, primarily astaxanthin [31]. Quantitative indices of euglenoid bloom conditions do not seem to be available. Toxigenic and nontoxigenic strains of E. sanguinea have been described [43], and not all of its blooms are toxic (Section 2.2.3). Photosynthetic euglenoids are mostly found in freshwater, shallow, eutrophic, and lentic ecosystems in tropical and temperate climates [31,41]. Most species that have been examined typically reside in slightly acidic to slightly basic waters ([99,100,101,102]; see also Section 2.2.3).





2.2. Toxic Bloom Habitats


2.2.1. Cyanobacteria


Toxic cyanoHABs generally occur in nutrient-rich, alkaline (basic pH) waters at temperatures of ≥15 °C [103,104]. However, blooms have also been documented in oligotrophic systems due to unique physiological adaptations found in some species that favor their growth over most eukaryotic taxa, such as the ability to fix nitrogen, use organic forms of nutrients, store nutrients intracellularly, and others [54]. Toxigenic planktonic cyanobacteria are present in lentic and lotic ecosystems, but they are relatively less abundant in the latter [105,106]. Field studies on cyanoHABs in the USA have not always reported the salinity of their sampling sites, but considering their geographic locations, most were probably conducted in freshwater (≤0.5 psu). Due to the scarcity of published reports on toxic cyanoHABs in inland brackish waters, it has been generally assumed that they preferentially occur in freshwater.



As part of this review, the assumption that most inland blooms occur in freshwater was examined using taxonomic and salinity data collected during the 2017 NLA campaign [30]. The NLA campaigns collect data from a single site in or near the lake center, and the entire set of lakes is sampled in the summer and only once [107]. This sampling design could lead to underestimating the true incidence of bloom conditions; however, it is assumed that these sampling biases generally apply across lakes and, consequently, do not affect analyses of the association between salinity and bloom conditions. Five taxa were evaluated: Anabaena, Aphanizomenon, Dolichospermum, Microcystis, and Planktothrix. Although their incidence was low, Anabaena were reported in the water column, and we included this taxon in the analysis. Records of cyanobacterial cell density representing bloom conditions (≥10,000 cells mL−1; Section 2.1.1) were selected and grouped according to lake salinity into freshwater (≤0.5 psu), oligohaline (>0.5 and ≤5 psu), mesohaline (>5 and ≤18 psu), and polyhaline (>18 and ≤30 psu) [73]. Oligohaline, mesohaline, and polyhaline waters together represent the brackish salinity range [73]. Practical salinity units were estimated using specific conductance values. A small fraction of lakes in the NLA datasets includes data collected during a second visit; these data were not used in the present analysis to avoid biasing our results. Results of these analyses showed that 19 to 48 percent of bloom records for individual taxa were associated with oligohaline lakes (Table 1). These rates of bloom occurrence are all disproportionally higher than the percentage of brackish lakes in the NLA database—11.7 percent of a total of 1090 individual records. Especially noteworthy was Planktothrix, for which one-half of all bloom conditions were observed in brackish waters (Table 1). Also notable was that of the ten highest-density records for each taxon, three (Anabaena, Dolichospermum, Microcystis), four (Aphanizomenon), or eight (Planktothrix) cases were associated with brackish lakes. Using the distribution of freshwater (≤0.5 psu; 88.3 percent) and brackish lakes (>0.5 psu; 11.7 percent) in the NLA database as the expected distribution, differences between observed and expected bloom distributions by salinity were statistically evaluated using binomial tests (GraphPad Prism version 9.5.0, GraphPad Software, San Diego, California USA)—the null hypothesis being that inland cyanobacterial blooms have no preference between freshwater and brackish waters. Relative rates of bloom occurrence in oligohaline waters were significantly higher than expected (p < 0.05) for Anabaena, Aphanizomenon, Microcystis, and Planktothrix but not Dolichospermum (Table 1). It should also be noted that a Microcystis bloom was observed during the second visit to a mesohaline lake (5.9 psu; NLA17-SD-10010) that was not in a bloom condition during the first visit; this is the highest-salinity lake where a Microcystis bloom was recorded during the 2017 NLA campaign. These observations indicate that blooms of potentially toxic cyanobacteria in U.S. inland waters are not limited to freshwaters but are also observed in brackish waters, where blooms of several taxa may preferentially occur. Similar observations were made regarding relative rates of cyanotoxin detections in brackish versus freshwater lakes (Section 3).



Blooms dominated by inland taxa such as Microcystis (including M. aeruginosa) have been observed in the upstream reaches of some U.S. estuaries [108,109,110,111,112,113]. Although the presence of toxigenic cyanobacteria and their toxins in open coastal waters could be at least partly due to seaward transport in river flow, a study on the San Francisco Estuary in California reported the formation of a large bloom dominated by Microcystis spp. during a period of extreme drought and minimal flow when salinity in the affected areas was ~1–1.8 psu [114]. The authors of the study also suggested that Microcystis populations may have become established in the upper reaches of the estuary and that these resident populations may now be serving as endemic sources of propagules [114] (see also Section 4). The salinity of the San Francisco Estuary area where the bloom occurred is well within the salinity range where Microcystis blooms are observed in inland waters (Table 1).



Toxigenic cyanobacteria typical of inland waters have also been reported at high densities in brackish waters outside the USA. For example, potentially toxic diazotrophic taxa (A. flos-aquae, Dolichospermum/Anabaena) have been found at salinities as high as ~6 psu (estimated from conductivity values) in saline inland lakes in Alberta, Canada [115,116]. In coastal systems, blooms of M. aeruginosa have been observed in Lake Shinji (0.5–8 psu), a coastal lagoon in Japan [117]; Kucukcekmece Lagoon (~8.8 psu), a coastal lagoon in Turkey [118]; and in brackish areas (7–27 psu) in the Saint Eloi River Estuary, France [119]. Microcystis spp. were reported in brackish waters (up to ~7.6 psu) in the Mekong Delta, Vietnam [120], and blooms of A. flos-aquae and Dolichospermum/Anabaena have occurred in brackish areas (~3–12 psu) in the Baltic Sea [121,122].



Salinity represents the total sum of dissolved ions in water, and research has shown that the ionic composition and major ion concentrations of surface waters may affect the spatial distribution of inland cyanoHABs, and in some cases, independently of salinity. Cations such as calcium [123,124,125,126,127], magnesium [126,127], and potassium [128] can influence the growth of cyanobacteria in the laboratory. At low concentrations, calcium stimulates unicellular growth of M. aeruginosa with little effect on colony formation, but at high concentrations (especially ≥60 mg L−1), calcium inhibits unicellular growth while stimulating colony formation [124,125]—colony formation is considered advantageous for bloom formation [129]. If vigorous growth and colony formation were both necessary for toxic bloom development, calcium alone would seem insufficient to achieve bloom conditions given its opposing effects on said processes. Magnesium also stimulates unicellular growth and colony formation in M. aeruginosa, and it has been suggested that this ion works interactively with calcium to facilitate bloom formation [126,127]. Because potassium concentrations above 2.5 mM (~98 mg L−1) inhibit M. aeruginosa growth in the laboratory, this ion also has been proposed as a water quality factor affecting bloom distribution [128]. However, based on data collected during the 2017 NLA campaign [30], this potassium concentration cutoff for growth inhibition is high and rarely observed in U.S. inland waters.



Among major anions, there is information suggesting that sulfate may play an important role in shaping the biogeography of cyanoHABs. The amount of phosphorus that is released into the water column from sediment is positively associated with sulfate concentration, and this is one of the reported reasons why nitrogen limitation is more prevalent in saline, sulfate-rich environments (e.g., estuaries) than in freshwaters [130]. Although conditions of nitrogen limitation would theoretically favor growth of diazotrophic cyanobacteria, sulfate also reduces the bioavailability of molybdenum, a cofactor of the enzyme nitrogenase that is necessary for nitrogen fixation [131,132]. Therefore, as its concentration increases, sulfate would be expected to slow down growth of these species by hindering their ability to fix nitrogen [130,132]. Marino et al. [116] examined the association between sulfate, molybdenum, and diazotrophic cyanobacteria in inland saline lakes in Alberta (Canada) and found that the sulfate:molybdenum ratio is in fact inversely associated with the abundance of A. flos-aquae and Dolichospermum/Anabaena spp. A more recent study on different saline lakes in the same general area (Alberta) found that lakes with relatively high cyanobacterial abundance were generally nitrogen-limited (TN:TP < 16) and had relatively low sulfate:molybdenum (the study did not distinguish diazotrophic from non-diazotrophic cyanobacteria) [115]. These observations seem to support the notion that sulfate concentrations typical of inland brackish waters help create ecological conditions (nitrogen deficiency) that favor growth of diazotrophic cyanobacteria while also physiologically limiting their growth (molybdenum deficiency). Another inference from these observations is that growth of diazotrophic cyanobacteria in nitrogen-limited environments may not be possible past a certain high concentration of sulfate. Indeed, an earlier review on this topic noted that diazotrophic cyanobacteria are not found in coastal environments above salinities of 10–12 psu, or about one-third of seawater salinity [130]. The review did not mention the sulfate concentration in these environments, but salinity and sulfate are positively associated in coastal waters. Our analysis of the 2017 NLA datasets showed that the highest salinity at which blooms of diazotrophic taxa (Anabaena, Aphanizomenon, and Dolichospermum) occur is 2–3 psu, which is associated with sulfate concentrations as high as ~1500–2340 mg L−1 (Table 1). These sulfate concentrations are high relative to their corresponding salinity (and well above sulfate concentration in one-third of seawater), and yet diazotrophic taxa seem to be able to grow and develop blooms in these brackish lakes. Data for water-borne molybdenum are not available in the NLA datasets, and associations among sulfate, molybdenum, and cyanobacterial abundance could not be examined.



There is evidence suggesting that sulfate may also influence the distribution of non-diazotrophic cyanobacteria. Although sulfur seems necessary for growth and microcystin production in M. aeruginosa [133], reduced growth of a freshwater strain was observed at sulfate concentrations ranging from 40 to 300 mg L−1 (above unspecified culture medium levels) via mechanisms involving oxidative stress and impaired photosynthesis [134]. Whether growth inhibition by sulfate also occurs in strains isolated from brackish waters is unknown but, based on data from the 2017 NLA, this seems unlikely. The median sulfate concentration at which Microcystis blooms were recorded during the 2017 NLA campaign was low at 18 mg L−1 (in freshwaters), but blooms were also observed at sulfate concentrations of 1525 mg L−1 in brackish waters (Table 1). For Planktothrix, the median and maximum sulfate concentrations at which blooms occurred were 128 and 2888 mg L−1, respectively (Table 1). Like the diazotrophic species, Microcystis and Planktothrix strains residing in brackish lakes seem to grow well under the sulfate-rich conditions in these lakes.




2.2.2. Haptophytes


Toxic blooms of P. parvum in U.S. inland waters largely occur during the cooler months of the year, with peak bloom conditions often coinciding with temperatures in the range of 8 to 15 °C [36,85,87,88,94,135] Although rare, there are a few instances of toxic blooms occurring in the summer. For example, a highly toxic bloom was recorded in Moss Creek Lake, Texas, at a temperature of ~29 °C in the summer [135]. Blooms typically occur in eutrophic-to-hypereutrophic, brackish, and alkaline water bodies [3,87,135,136,137,138]. They have been observed in flowing reaches of large rivers [38,39] and streams [139], suggesting that this species can grow and produce toxins in lotic ecosystems. However, blooms happen more frequently in standing waters (including aquaculture ponds), and for this reason, ecological studies have largely focused on lentic water bodies.



Most ecological studies on P. parvum that included nutrient measurements in their sampling designs reported total or inorganic nutrient fractions but ignored organic fractions. The results of the few studies that provided this information indicate that organic nutrients may play a role in determining not only where P. parvum is found but also when. For example, in the Upper Colorado River (Texas), reservoirs impacted by P. parvum have a higher concentration of total (dissolved + particulate) organic nitrogen than reservoirs without a history of toxic blooms [135]. In the Pecos River, the spatiotemporal presence of P. parvum was positively associated with total organic phosphorus, and the spatiotemporal abundance was positively associated with total organic nitrogen [95]. In an impounded urban stream system in the upper reaches of the Brazos River (Texas), the spatiotemporal presence of P. parvum was positively associated with the total organic nitrogen [88]. These observations are generally consistent with a scenario where elevated concentrations of organic nutrients may favor the growth of P. parvum, a mixotrophic species. A similar scenario was described previously for an organic matter-rich coastal site in Norway with a history of toxic P. parvum blooms [140].



In U.S. inland waters, P. parvum has been recorded at salinities ranging from freshwater levels as low as 0.01 psu (Section 2.1.2) to a high-mesohaline value of ~18–19 psu [95]. Toxic blooms, however, usually occur in oligohaline (>0.5 psu) to mid-mesohaline (~10 psu) waters [3,95]. This salinity range is comparable to the range of 1 to 12 psu reported during toxic P. parvum blooms in inland or coastal environments elsewhere around the world [37,82,89,141,142]. In the USA, toxic blooms of P. parvum have not been reported in inland freshwaters (≤0.5 psu) or in open estuarine/coastal waters.



Like cyanoHABs (Section 2.2.1), the inland distribution of toxic P. parvum blooms may be influenced by the ionic composition of water. The hardness cations calcium and magnesium are typically higher in water bodies that have experienced toxic blooms than in those that have not, and their potential role in modulating the potency of P. parvum toxins (Section 3) was proposed long ago and reviewed by Roelke et al. [3]. In addition, there is evidence suggesting that magnesium supports P. parvum growth under conditions of high salinity stress [143].



Sulfate has also emerged as a potentially important variable associated with the distribution of P. parvum blooms. Reservoirs in the Brazos River and Colorado River (Texas) that have experienced toxic blooms are not only of higher salinity but also have much higher concentrations of sulfate (~164–1307 mg L−1) than reservoirs without a history of blooms [137,138,144]. In the Pecos River, high sulfate concentrations (e.g., Red Bluff Reservoir, 3225 mg L−1) have been recorded throughout its P. parvum-affected reaches [95]. In fact, sulfate concentrations in P. parvum-impacted sites in the Brazos River, Colorado River (Texas), and Pecos River are comparable to or even higher than chloride concentrations [95,137]. In Dunkard Creek (West Virginia and Pennsylvania, USA), a freshwater stream where P. parvum blooms had never been recorded, discharge of treated mine wastewater resulted in large increases in sulfate concentration (from <200 mg L−1 pre-spill to 812 mg L−1 post-spill) and salinity but not in chloride concentration, and this event was followed within a few weeks by the formation of a toxic P. parvum bloom [139]. In an endorheic, man-made lake in southern California where P. parvum blooms have repeatedly occurred since 2014 [96], sulfate concentrations are three times higher than chloride concentrations (T. Buckowski, lake biologist, written communication, 2022). In China, sulfate concentrations in brackish inland lakes where P. parvum is present are similar to chloride concentrations [141]. In the Oder River (Poland and Germany), the site of a recent toxic bloom of P. parvum that covered hundreds of river kilometers, sulfate concentrations of ~500 mg L−1 were recorded in its upstream reaches (Gliwice Canal, Poland) [37]. Rashel and Patiño [143] showed that P. parvum growth is enhanced by sulfate over an environmentally relevant range of concentrations (up to 1000 mg L−1) and under conditions of constant salinity (5 psu), suggesting a causal association between sulfate and P. parvum growth. It appears, therefore, that the relatively high sulfate concentrations typical of P. parvum bloom habitats are ecophysiologically relevant. The specific mechanisms underlying these ion-growth associations are at present unclear.




2.2.3. Euglenoids


Blooms of photosynthetic euglenoids generally occur in eutrophic waters during the warmer months of the year, and many of the reported cases were associated with aquaculture ponds [42,44,45,100,101]. With some exceptions, euglenoid blooms have occurred at slightly basic to slightly acidic pH (Section 2.1.3). Toxic euglenoid blooms have been sufficiently documented only for E. sanguinea and only in the South Central and South Eastern regions of the USA [42,44]. In other countries, blooms of E. sanguinea have caused fish injury in aquaculture ponds but via nontoxic mechanisms such as clogging of the gills or shifts in phytoplankton communities to less nutritious assemblages for cultured herbivorous fishes [100,101].



On a global scale, most of the information available suggests that blooms of E. sanguinea—toxic [42,44] or non-toxic [45,100,101,145]—occur in freshwater habitats (Section 2.1.3). Zimba et al. [43] reported blooms composed of mixed euglenoid assemblages in estuaries but did not provide water quality information for their study sites. Our evaluation of Euglena records collected during the 2017 NLA campaign showed that 19 percent of the detections came from oligohaline lakes, where the highest salinity was 3.8 psu (Table 1). However, because differences between observed and expected distributions in brackish and freshwaters were not statistically significant (Table 1), Euglena spp. seem to have equal preference for freshwater and oligohaline lakes. This finding is consistent with the earlier report that photosynthetic euglenoids typical of inland waters can be found in estuarine waters [43].





2.3. Influence of Land Cover and Use


Planktonic taxa in inland waters typically bloom in eutrophic environments (Section 2.2). A historical association between the cultural eutrophication of aquatic habitats and the increased geographic range and intensity of phytoplankton blooms is well established on a global scale [146,147,148]. Surveys of sedimentary records of cyanobacterial pigments and DNA across north-temperate and subarctic lakes have revealed an increase in cyanobacterial abundance beginning about ~200 years ago, a trend which was further accelerated in the mid-20th century [148,149]. Major sources of anthropogenic nutrients in surface waters include runoff from agricultural lands, cities, and towns and municipal and industrial wastewater effluent discharges. Atmospheric deposition of nitrogen can also be regionally important [150,151].



Land cover studies on the conterminous USA have shown a positive association between agricultural land cover and lake cyanobacterial abundance [152,153] and cyanotoxin concentration [154]. These studies also reported that the cyanobacterial abundance [152,153,154] and cyanotoxin concentration [154] are positively associated with nutrient loading [152,153]. Compared with high-elevation lakes, low-elevation lakes have higher percentages of agricultural and developed lands over their watersheds as well as higher levels of cyanobacteria [155]. Watershed size—presumably due to increased nutrient availability—and lake nutrient concentrations were shown to be positively correlated with cyanobacterial bloom incidence in Oregon and Washington, USA [156]. Although these observations together point to nutrients from agricultural and developed lands as primary drivers of cyanobacterial bloom trends, nutrient loading alone may not be a sufficient explanatory variable in all cases. A time-series global survey of large lakes reported that trends in summer bloom intensity since the 1980s (period of record: 1984 to 2012) have not always tracked changes in fertilizer use over their watersheds or other proposed bloom drivers such as temperature or geomorphological traits of individual lakes [157]. The authors of the study suggested that local ambient conditions—such as lake water quality—may interact with other bloom drivers to influence temporal trend patterns in individual lakes [157]. A recent study of Texas reservoirs also reported the lack of an association between agricultural land coverage and the occurrence of P. parvum blooms [138]. A better understanding of the association between land cover and HAB incidence may be gained by examining land uses other than fertilizer application and land cover types other than agricultural and developed lands.



Beyond fertilizers, the use of chemicals in agriculture has increased greatly over the last several decades [158], and mounting evidence suggests that the presence of these chemicals in surface waters may increase the risk of HAB occurrence. In the simplest scenario, agrochemical-tolerant algal species would have a reproductive advantage over intolerant species and consequently grow to higher densities. Evidence in favor of this scenario may be strongest for herbicides [158,159], and among herbicides, glyphosate-based herbicides have received much attention in part because they are the most widely used herbicides in the USA and globally [160,161]. Glyphosate acid contains 18.3% phosphorus by mass and, under certain circumstances, may also contribute to eutrophication [161]. Thus, the selective growth of glyphosate-tolerant species may be further enhanced with the added nutrient, especially in phosphorus-deficient environments.



Cyanobacteria are generally resistant to a variety of agrochemicals and other pollutants [158,159]. In the specific case of glyphosate, some cyanobacteria (e.g., Anabaena sp., M. aeruginosa, Planktothrix sp.) are not only resistant to the herbicide but their growth is also stimulated at low concentrations, particularly in phosphorus-deficient media [162,163,164,165]. A recent study on M. aeruginosa found that growth and microcystin production are both increased in the presence of glyphosate at a very low concentration of 0.1 µg L−1 [164]. Tolerance to—and growth stimulation with—glyphosate is not unique to cyanobacteria. Glyphosate-induced growth has been documented in P. parvum at a concentration of 10 µg L−1 in phosphorus-sufficient media [166]. In Chlorella vulgaris, an extremophile green alga [167], glyphosate and its metabolite aminomethylphosphonic acid (AMPA) stimulate growth at concentrations of 50 and 100 µg L−1, respectively [168]. Glyphosate has a relatively short half-life, and its concentration in U.S. inland waters generally is ≤1 µg L−1 [169,170,171,172]; however, far higher concentrations have been measured in streams receiving agricultural runoff—as high as 430 and 49 µg L−1 for glyphosate and AMPA, respectively [170]. In addition, glyphosate can be taken into biofilm where its concentration (and that of AMPA) is ~3 orders of magnitude higher than in water [173]. Considering these observations, planktonic and benthic algae in water bodies associated with agricultural lands where glyphosate is used may be experiencing exposure to biologically active concentrations of the herbicide and its metabolites, especially following rainfall events. This situation may contribute to an increased risk of HAB occurrence by providing a growth advantage to glyphosate-resistant species, such as potentially toxic cyanobacteria and P. parvum. Consistent with this scenario, a series of large range expansions of P. parvum blooms that occurred in brackish Texas reservoirs during the first decade of the 21st century generally coincided with a large rise in the use of glyphosate-based herbicides over the state’s agricultural lands [138].



Wetlands store, release, and transform a variety of natural and anthropogenic chemicals and play a key role in the maintenance of aquatic ecosystem integrity [73]. They are known to retain pesticides, including glyphosate [174]. Degradation and losses of wetlands due to anthropogenic activities have occurred globally over many centuries, but the pace of destruction increased greatly in the early 1900s, and more so in inland environments compared to coastal areas [175]. Because of their ability to retain nutrients and other pollutants, treatment (constructed) wetlands have been used or proposed as a means to reduce the incidence of HABs [176,177,178]. Although only a handful of studies have addressed the historical or contemporaneous association between wetland cover and HABs in the conterminous USA, the information available is consistent with the notion that wetland or forest cover influences the risk of HABs. In lakes of Oregon and Washington, for example, evergreen forest cover at the watershed level negatively correlates with cyanoHAB occurrence [156]. In Texas, the percentage of wetland cover at the riparian or whole-watershed levels is much lower in reservoirs impacted by P. parvum than in those without a history of blooms [138]. In New York, water quality attributes such as stream salinity and total phosphorus concentration negatively correlate with riparian forest cover [179]. A national study examining the association between cyanobacteria and land cover at the county level found a negative association between cyanobacterial abundance and the extent of forested area [153].



Additional landcover studies with emphasis on wetlands and riparian areas and on water quality (e.g., salinity, major ions, agrochemicals) may help understand the variability in HAB trends among lakes noted by some investigators, e.g., [157]. Such studies would also help identify watersheds and water bodies that would benefit most from enhanced land management practices and wetland construction or restoration projects.




2.4. Seasonal Bloom Dynamics


Seasonal changes in the composition and abundance of plankton communities are driven by external factors and internal interactions. A review by Sommer et al. [180] concluded that the beginning and end of the phytoplankton growth period are defined primarily by physical factors such as light availability (day length) and that overall phytoplankton abundance is limited by nutrients. Changes in phytoplankton abundance during the growth period can be due to multiple factors including nutrient depletion, protist and metazoan (zooplankton) grazing, and parasitism (fungal and viral infections). The classic annual profile of phytoplankton abundance for a eutrophic temperate water body with limited fish predation and little overwintering of metazoan grazers includes a spring bloom, a clear water phase, and a summer bloom with a relatively high proportion of species inedible for zooplankton [180]. Here, we discuss bloom seasonality in the context of physicochemical variables.



Patterns in the seasonal growth of cyanobacteria generally fit within the model of Sommer et al. [180]. Toxic cyanoHABs mostly occur at temperatures of ≥15 °C (Section 2.2.1), however, and temperature also has been used to explain the seasonal succession of phytoplankton communities that generally ends with cyanobacterial blooms in the summer. Using the 2007 NLA survey data, Paerl and Otten [104] found a negative association between water temperature and abundance of diazotrophic cyanobacteria (e.g., Dolichospermum/Anabaena, Aphanizomenon) and a positive association with the abundance of non-diazotrophic species (e.g., Microcystis, Planktothrix/Oscillatoria). These observations are consistent with the seasonal shift from diazotrophic to non-diazotrophic cyanobacteria reported by several studies [104,181,182]. More broadly, eukaryotic algae often dominate in the winter/spring but subsequently give way to cyanobacterial dominance as the summer approaches or progresses, reflecting, at least in part, differences in thermal optima among various taxa [104,183,184]. This eukaryote-to-prokaryote succession may also be partly due to the relatively large increase in pH (basification) that occurs during intense cyanobacterial blooms in the summer coupled with the high tolerance of cyanobacteria to basic water conditions [185,186,187]. Cyanobacterial blooms in U.S. inland waters can last up to several months in the summer [188]. Likewise, cyanotoxin levels are generally highest in the summer (during the stratified period), but increased levels have been observed in the fall (Figure 6 [189]). Outside the USA, cyanobacterial bloom durations of up to five months starting in the summer (artificial ponds in southern Poland) [190] or eight months starting in the spring (Taihu, China) [191] have been reported. It should be noted, however, that cyanobacterial blooms can also occur during the cooler months of the year (<15 °C) including the winter [10,192]. The relative frequency of cold-water cyanobacterial blooms is at present uncertain but there is evidence suggesting that the strains involved have acquired adaptative mechanisms to survive and grow at the lower temperatures [192].



The timing of P. parvum’s growth in U.S. inland waters is not what would be expected if light (increased daylength and light intensity) were its primary driver. With rare exceptions, toxic blooms of P. parvum typically occur during the cooler months of the year (<15 °C), either in the fall or spring [88] or from the fall to the spring (Figure 7). The growth period of this species thus has been described as beginning in the fall and ending in the spring, with variability in population density and toxicity (including the absence of blooms) along this timeline being a function of other environmental variables [88]. In view of this information, temperature seems to be more important than light as driver of P. parvum’s growth period in U.S. inland waters. (For comparison purposes, although P. parvum blooms elsewhere around the world have occurred at various times of the year including the summer [37,82,89,142], most toxic blooms appear to have been recorded outside of the summer [82,89,142]). Prymnesium parvum can utilize organic forms of nitrogen and phosphorus but still requires light to meet its carbon demands for growth [193]. Light intensities during the bloom season in the USA, however, are sufficient to support growth in the field as well as the laboratory [194]. Blooms can last from a few weeks [88,139,195] to several months [144,196], including an extreme case of a toxic bloom that lasted eight months from initiation in the fall to termination in the spring [144] (Figure 7). Geographic differences in bloom duration and ecological impact have been noted [144,197], with lakes in watersheds receiving lower amounts of precipitation [198] generally faring worse.



There is no established answer to the question of why most toxic P. parvum blooms occur when temperatures are seasonally low, which are suboptimal for their growth [194,199]. However, using a common P. parvum strain found in U.S. inland waters, Baker et al. [194] reported that toxin production (Section 3) increases as temperature decreases at salinities typical of P. parvum bloom habitats. Also, the pH of water can increase to relatively high levels during intense P. parvum blooms in the field (>9 [88]), and, like cyanobacteria, this haptophyte is relatively resistant to high pH—P. parvum growth in batch cultures can continue until pH reaches values ≥10 [200]. In addition, the potency of P. parvum toxin increases with increasing pH [3]. Thus, the ability of P. parvum to produce toxins at cool temperatures coupled with the toxin’s increased potency as pH increases during bloom development may deter grazing, reduce competition, and consequently confer a reproductive advantage to P. parvum over other phytoplankton [196]. Indeed, intense P. parvum blooms in the USA [3] and elsewhere [79] can be near-monospecific. It should be noted that toxic blooms of P. parvum do not occur every year in many, if not most, of the affected water bodies. The reasons for this interannual variability are uncertain, but external factors other than temperature may in some instances include the timing (relative to bloom season) and amount of stormwater runoff [88].



Blooms of photosynthetic euglenoids typically occur during the warmer months of the year (Section 2.2.3), and in the USA, E. sanguinea blooms have been recorded between the mid-spring and early fall [42,44,145]. These observations are consistent with the classical model [180] of the primary role of light in defining the annual growth period of photosynthetic euglenoids. Euglenoid blooms are generally restricted to slightly basic/slightly acidic environments and, unlike most cyanobacteria and P. parvum, with some exemptions, photosynthetic euglenoids do not tolerate high pH (Section 2.1.3 and Section 2.2.3; [201]). Although the growth periods of cyanobacteria and euglenoids are similar and these taxa can coexist in time and space, differences in pH preferences or tolerances may partly explain why euglenoid abundance (E. sanguinea) seems to be negligible during intense cyanobacterial (e.g., M. aeruginosa) blooms (associated with high pH), while cyanobacteria can coexist with euglenoids during euglenoid-dominated (e.g., E. sanguinea) blooms [202]. Information on euglenoid bloom duration in U.S. inland waters is unavailable or difficult to find. In Bangladesh, blooms lasting up to 5 months from initiation to termination have been recorded in aquaculture ponds [203].





3. Toxins


The toxin classes covered herein are those that are known or suspected to cause harm, occur in the USA, and are produced by primarily planktonic cyanobacteria, haptophytes, and euglenoids. In U.S. water bodies used for recreation and drinking water, microcystin was cited as the cyanotoxin of most concern; anatoxins and cylindrospermopsin were also frequently cited as a concern [27]. Of note is the large number of cyanobacterial taxa and strains known to produce toxins compared to haptophyte and euglenoid taxa. Toxins discussed include anatoxin, cylindrospermopsin, euglenophycin, microcystin, prymnesin, saxitoxin, and emerging toxin classes (β-methylamino-L-alanine (BMAA), anabaenopeptins, and cyanopeptolins). Currently (2023), the classification of BMAA as a human neurotoxin is controversial, and further studies would be beneficial to clarify its role in human disease [19,204]. Although there are numerous variants in each toxin class with a range of toxicities, those discussed here fall into general categories: neurotoxins, hepatotoxins, and ichthyotoxins. These toxins generally have different modalities and thus behave differently in the environment and organisms. Neurotoxins that are produced in inland waters include anatoxins, saxitoxins, and BMAA [205] and act upon the nervous system; hepatotoxins include microcystin and cylindrospermopsin and act upon the liver; and prymnesins and euglenophycin are ichthyotoxins, which are toxic to fishes and other aquatic—primarily gilled—organisms.



Because relative rates of cyanobacterial bloom occurrence were generally higher in brackish than in freshwater lakes (Section 2.2.1), an analysis was conducted to determine if this situation also applies to cyanotoxin detections. Microcystins (sum of congeners), cylindrospermopsin, and salinity data from the 2017 NLA [30] were used for this analysis. All cases of toxin concentrations greater than the method detection limit (MDL) or the national recreational water quality criteria (microcystins > 8 µg L−1; cylindrospermopsin > 15 µg L−1) were classified according to lake salinity into freshwater, oligohaline, mesohaline, and polyhaline for a general assessment of salinity-dependent distributions. In addition, differences between observed and expected cyanotoxin distributions in freshwater and brackish sites were evaluated with binomial tests, as described in Section 2.2.1. Microcystins were detected over a wide range of salinities, from freshwater to polyhaline (0.00–21.7 psu), and one-half of the cases above the national criterion were recorded in oligohaline lakes (Figure 8, Table 2). Cylindrospermopsin concentrations in the 2017 NLA database all fell below the national criterion, but this toxin was recorded at salinities ranging from freshwater to mesohaline (0.00 to 7.2 psu; Figure 8, Table 2). Differences in relative rates of toxin detections in freshwater and brackish lakes were highly statistically significant; namely, cyanotoxin detections occurred at relatively higher rates in brackish than freshwater lakes (Table 2).



Across the USA, some toxins (i.e., microcystin, see Figure 9) appear more cosmopolitan than others [29,206]. However, data on many toxins are limited and the variation in data availability may be due to monitoring or study design rather than actual variability in occurrence. Some cyanobacterial species have shown regional or local dominance, and it follows that their toxins may have a regional or local pattern as well. Associations have been documented for microcystin and watershed land use [154] and microcystin and ecoregion [207]. Many cyanobacterial taxa show preferences for certain extreme environments [63]. It follows that if taxa are adapted to certain niches, toxins that are produced by those taxa may have a higher occurrence in those niches.



Bioaccumulation occurs when organism tissue concentrations exceed environmental concentrations [208]. Organisms may be exposed to toxins through skin contact, direct consumption of contaminated water, or secondary consumption through contaminated fish, crops, or other food sources. Algal toxins have varying degrees of bioaccumulation potential.



3.1. Anatoxins


Anatoxins consist of a group of neurotoxins, including anatoxin-a, homoanatoxin-a, and dihydroanatoxin-a. Anatoxin-a(s) is structurally unrelated to anatoxin-a [205,209], and a new name, guanitoxin, has been adopted [210]. Most field studies [211] on this group of toxins focus on the anatoxin-a analog. Organisms that are orally exposed are affected because anatoxin-a mimics acetylcholine, a neurotransmitter, and binds to acetylcholine receptors, effectively overstimulating muscles, including those responsible for respiration, leading to fatigue and possibly death by respiratory failure [212,213,214]. Chronic and sublethal effects of anatoxin-a are understudied.



A recent study indicated that the global distribution of anatoxin-a-producing cyanobacteria is expanding [215], although many instances are due to benthic cyanobacteria, e.g., [216]. Reporting on blooms in Midwestern USA, Graham et al. [206] noted that anatoxin-a occurred more frequently than reported in other studies both in the USA and worldwide. Some multiple-toxin studies reported that seasonal anatoxin-a occurrence patterns were not the same as microcystin patterns [217,218].



Bioaccumulation of anatoxin-a is a possible exposure route for larger organisms. Anatoxin-a was shown to have negative allelopathic effects on macrophytes [219], and the effects of anatoxin-a include altered morphology and inhibited photosynthesis [220]. When compared with microcystin and cylindrospermopsin, anatoxin-a showed greater bioaccumulation capacity in aquatic plants [220]. In one study [221], anatoxin-a was shown to bioaccumulate in fish, with the highest concentrations occurring in the liver. This would indicate that humans, who typically eat fish fillets, may not be as at-risk as wildlife that consume fish whole [211]. Global occurrence, toxicity, and environmental fate of anatoxins are extensively reviewed in Christensen and Khan [211].




3.2. Cylindrospermopsin


Until recently, cylindrospermopsin was not monitored routinely in the USA [222], yet it has become a freshwater toxin of increasing interest due to the severity of its human health impacts and multiple toxicity endpoints—damaging the liver, digestive system, and DNA, as well as being a possible carcinogen [223]. Thus, cylindrospermopsin could also be considered a cytotoxin, affecting cells throughout an organism. Sublethal effects also can include changes in growth, reproduction, and behavior [222]. There are five known analogs: cylindrospermopsin, 7-epi-cylindrospermopsin, 7-deoxy-cylindrospermopsin, 7-deoxy-desulpho-cylindrospermopsin, and 7-deoxy-desulpho-12-acetylclylindrospermopsin [19,224]. Cylindrospermopsin is water soluble, typically extracellular [19], and relatively stable but decomposes rapidly when exposed to sunlight (half-life of 1.5 h; [224,225]).



Some of the challenges for tracking and detecting cylindrospermopsin are that some cyanobacteria that produce it have expanded from tropical and subtropical areas into temperate zones [208] and some (e.g., Raphidiopsis raciborskii; formerly Cylindrospermopsis raciborskii [226]) can bloom in the winter when many monitoring programs are on hold. Data on cylindrospermopsin occurrence due to planktonic cyanobacteria is limited, although there are reports of cylindrospermopsin occurrences attributed to benthic cyanobacteria [227]. Raphidiopsis raciborskii, a planktonic cyanobacteria known to produce cylindrospermopsin, can be found in many different environments including flowing water, and it is able to tolerate a wide range of temperatures, light, and other cyanobacteria species [228], potentially contributing to its expansion into temperate climates. Based on the 2017 NLA data, the distribution of cylindrospermopsin across the USA is concentrated primarily in the Midwestern states including the eastern edge of the Missouri watershed, the Arkansas–White–Red watershed and the Texas–Gulf watershed (Figure 10). Other watersheds with notable numbers of detections include the South Atlantic–Gulf watershed and the Mid-Atlantic watershed (Figure 10). Midwestern Plains states and North Central Texas appear to be affected by the highest concentrations.



Evidence of cylindrospermopsin bioaccumulation, even at very low field concentrations, was reported by Kinnear [208], who reviewed more than ten studies on cylindrospermopsin bioaccumulation. These studies included evidence of bioaccumulation in snails, mussels, crayfish, fish, tadpoles, duckweed, hydrilla, mice, and more. Sundaravadivelu et al. [229] noted that cylindrospermopsin is likely to be taken up by a variety of aquatic organisms. Some evidence indicates that bioaccumulation in fish is species-specific [227], and bioaccumulation also varied between different snails [230]. Cylindrospermopsin has been shown to damage gut linings, which may accelerate absorption and accumulate preferentially into certain tissues, such as the pancreas and liver [208]. However, organisms like snails, which are lower in the trophic chain, can accumulate high concentrations of cylindrospermopsin without negative effects [208]. Global occurrence, detection, toxicity, and degradation of cylindrospermopsin is are extensively reviewed in De La Cruz et al. [223].




3.3. Euglenophycin


Euglenophycin, produced by euglenoids, can cause fish kills, affect the growth of microalgae, and inhibit mammalian cancer tissue growth [43], having demonstrated cytotoxic activity against colon and neuroblastoma cancer cells [231]. Euglenophycin has a structure similar to solenopsin, an alkaloid found in fire ant (Solenopsis invicta) venom [43]. In laboratory experiments, euglenophycin was found to be more stable at room temperature than at 8 °C or −80 °C [232]. Fish exposed to euglenophycin in the laboratory exhibited behavioral changes that included loss of equilibria and disorientation, see [42]. The discovery of euglenophycin was relatively recent, and methods for its detection are emerging [232,233].



Information on the geographic range of euglenophycin is limited, but the toxin has been detected in farmed fish ponds in the South Central and South Eastern USA [44]. The geographic range of euglenophycin is likely smaller than the range of euglenoids (see Section 4.3), as many euglenoids do not produce euglenophycin [43]. No evidence of bioaccumulation of the toxin was found in the literature, possibly due to the relatively recent discovery of euglenophycin.




3.4. Microcystins


Among the cyanobacterial toxins, microcystins are the most widely investigated and best described in the literature [234,235] with at least 246 known variants [7,236]. Microcystins are stable and water-soluble [237] and quickly concentrate in the liver of exposed organisms [236]. Once in the liver, microcystins bind to protein phosphatase, which may lead to cell necrosis, hemorrhage, and death, e.g., [15,238]. Microcystins are stable and can persist for weeks after being released from cyanobacterial cells [239].



In a study on 1156 U.S. water bodies [154], high microcystin concentrations (>1 mg L−1) were limited to three ecoregions where agriculture has a strong influence (Corn Belt and Northern Great Plains, Mostly Glaciated Dairy Region, and South Central Cultivated Great Plains). The NLA 2017 data support this finding, with most microcystin detections in Central USA, within the Mississippi River drainage (Figure 9), and the highest concentrations in North Dakota and South Dakota, with one high detection in Oklahoma. Numerous field studies have reported microcystin concentrations across the USA, e.g., [29], and one study noted differences in the distribution of microcystin within bays of the Great Lakes, with intracellular concentrations lower in the center and higher near the edges. However, extracellular concentrations did not retain this pattern but rather had an east–west pattern with higher concentrations on the western shores [239]. Svirčev et al. [23] reviewed blooms and associated poisonings worldwide, noting that the highest percentage of poisonings occurred in North and Central America.



Microcystin has been shown to bioaccumulate in fishes, although one study indicated detectable concentrations occurred in the liver and gut and not in muscle tissues [240]. Preece et al. [241] not only documented freshwater to marine transfer of microcystins but also showed subsequent bioaccumulation in mussels. A number of studies have shown additional evidence of bioaccumulation of microcystin, including in terrestrial insects [242] and plants [243]. More information on the global occurrence, detection, toxicity, and congeners of microcystin can be found in a variety of reviews [29,213,234,236].




3.5. Prymnesins


Blooms of P. parvum have caused mortality in a wide variety of aquatic organisms including vertebrate (fishes, amphibians) and invertebrate (crustaceans, shellfish) animals and microalgae [3,79]. A large number of substances have been proposed as toxins produced by P. parvum. It is not clear if all of these substances are biologically relevant, but a consensus seems to be emerging that the prymnesins are important. Prymnesins are a group of compounds that can be cytotoxic, neurotoxic, or ichthyotoxic [244]. Neurotoxic effects include rapid changes in swimming behavior and lethargy of fish exposed to prymnesin in laboratory experiments [245]. In the field, lethargic fish can be seen near the surface of the water prior to the onset of mortality (Figure 3). In terms of ichthyotoxic effects, these toxins are believed to permit ion leakage in plasma membranes and are particularly harmful to gill-breathing organisms [244].



Prymnesium parvum seems to be the most widely studied prymnesin-producing species, and 26 toxin-producing strains of P. parvum have been identified [80]. Scientists have characterized 51 prymnesins [80], including prymnesin-1, prymnesin-B1, prymnesin-2 [229]. The toxins have been grouped into 3 types: prymnesin-A, prymnesin-B, and prymnesin-C based on the length of the carbon chain, with both A and B types identified in the USA [80,81,246]). The toxicity of prymnesin-A is higher than that of prymnesin-B [246]. An unusually toxic strain of P. parvum was recently isolated from a small lake in southern California [96], but the toxins produced by this strain have not been characterized.



Salinity, dissolved major ions, pH, and other water quality characteristics have been linked to the activation and potency of prymnesins [244], and the organisms that produce prymnesins are thought to be of marine origin. Despite this observation, prymnesins have been detected in sites from a wide geographic range, primarily in temperate and subtropical zones (see map from [244]). No geographical pattern in prymnesin-producing P. parvum has been identified [80].



Limited research is available on the bioaccumulation of prymnesins. Valenti et al. [247] noted the importance of considering pH when determining the bioavailability of prymnesin to organisms. Sundaravadivelu et al. [229] noted the need for a method to detect prymnesins in matrices that include flesh. While additional information is available on the global distribution of P. parvum, e.g., [244]), less information is available on the distribution of prymnesin, but the toxin likely occurs primarily in the same temperate and subtropical zones.




3.6. Saxitoxins


Saxitoxins are a group of toxins, including saxitoxin and neosaxitoxin, that block sodium channels along nerve cells and suppress signals from nerves to the brain [213,248], impairing muscle stimulation [18] and leading to possible respiratory failure. Much research exists on the effects of saxitoxin in marine waters, and saxitoxins are associated with paralytic shellfish poisoning. However, in freshwater, saxitoxin analogs may be hydrophobic [249,250], which can result in a decrease in binding to sodium channel receptors, lowering the toxicity [251].



In Brazil, higher saxitoxin production was associated with lower water temperatures [252]. A U.S. study [253] also indicated an association between saxitoxin and colder water, although the association was with a benthic species of cyanobacteria. A summary of global saxitoxin occurrence in freshwater [211] indicated detections in lakes, rivers, reservoirs, and cobbled streams, although the authors indicated that many factors may affect occurrence and detection (altitude, latitude, sample depth, seasonality, and trophic state). In an Australian study [254], saxitoxin was detected frequently (24 of 31 samples) in reservoirs and farm ponds. Riverine saxitoxin occurrence seems to be associated with benthic, rather than planktonic species, e.g., [243,245,253,255]). In the United States, some researchers noted that saxitoxins are rare compared to other cyanotoxins [29,206], but relatively high levels of occurrence have been observed in places such as Ohio, e.g., [14].



It is well known that saxitoxins bioaccumulate in marine waters, concentrating in fish and shellfish [256,257]. Fewer freshwater studies are available on saxitoxin, but research indicates that saxitoxin is lipophilic, increasing the concern for bioaccumulation in fat tissue [250,258]. Some research studies [259,260] show bioaccumulation in freshwater fish and shellfish, whereas other studies, e.g., [240], show bioaccumulation of microcystin, but not saxitoxin. It is possible that bioaccumulation is species dependent [211], and the presence of saxitoxin-producing cyanobacteria throughout freshwater environments may indicate that ecological effects occur throughout the food web [258]. The global occurrence, toxicity, and environmental fate of saxitoxin are extensively reviewed in Christensen and Khan [211].




3.7. Lesser Studied Toxins and Toxin Co-Occurrence


Emerging toxins or new variants of existing toxin classes are often detected in U.S. lakes. Toxins such as BMAA, anabaenopeptins, and cyanopeptolins have been an emerging concern in lakes across the USA [110,209,261]. Although BMAA is associated with soil cyanobacteria [243], Cox et al. [262] reported BMAA production by numerous bloom-forming cyanobacteria, including Microcystis, Dolichospermum/Anabaena, and Planktothrix species. However, other researchers have questioned the production of BMAA by cyanobacteria and its correct identification [263,264,265]. Anabaenopeptins can be produced by several cyanobacteria, including Anabaena, Nostoc, Microcystis, Planktothrix, Lyngbya, and Brasilonema [266,267], whereas cyanopeptolins can be produced by Microcystis, Planktothrix, Tychonema bourrellyi, and Nostoc edaphicum [268,269]. These two toxins may occur as frequently as microcystins and at similar concentrations [270].



BMAA was shown to bioaccumulate in mammals and seafood [271]. Limited bioaccumulation data are available for anabaenopeptins, cyanopeptolins, and other cyanopeptides, although cyanopeptides have been detected in fish, frog, snail, and mussel tissue [270]. Sublethal effects of BMAA have been debated, e.g., [272]. Sublethal effects of anabaenopeptolin include inhibition of protease and effects on reproduction [261,270]. Cyanopeptolins have induced DNA damage and produced neurodevelopmental effects in zebrafish [273,274].



Exposure to multiple toxins may be more common than single-toxin exposure [224]. Toxin co-occurrence in U.S. water bodies has been investigated by several researchers, e.g., [206,275]. The literature includes evidence of low co-occurrence from a large nationwide study (0.32 to 5.0% of samples having more than one of four toxins; [29]), with more frequent co-occurrence in some individual lakes (e.g., 84% of samples in two California lakes) [276].



Co-occurrence has been reported for relatively common toxins, such as anatoxin-a, microcystin, and saxitoxins [218,277], as well as lesser studied toxins, such as anabaenopeptins [275,278] and BMAA [214]. Anabaenopeptins and cyanopeptolins, although infrequently analyzed in water-quality studies, can occur at similar concentrations and just as frequently as microcystins [270], and synergistic exposure to multiple toxins may increase exposure risk [209,279].





4. Potential for Future Expansion of Toxic Blooms in the USA


The potential for HAB expansion and intensification in inland waters throughout the USA and globally has been addressed by multiple reviews and analyses. The primary contexts of previous efforts have been climate change and eutrophication trends. For example, globally rising temperatures are projected to enhance growth and extend the growth period of thermo-tolerant species (e.g., harmful cyanobacteria) while reducing growth of thermo-intolerant species [280,281,282]. In nutrient-rich environments, high rates of carbon fixation by rapidly growing blooms could result in carbon deficiency, but the increasing concentration of air CO2 may provide some relief to this limitation due to steeper air-to-water CO2 gradients and fluxes [185,280]—under this scenario, blooms could further grow in intensity in some places. The combined effects of rising seawater levels and changes in freshwater riverine flows could alter the salinity of coastal ecosystems and the composition of phytoplankton and either expand the inland range of marine HABs or the seaward reach of inland HABs [108,283]. The following sections present perspectives on the potential for future HAB expansions not often addressed in the prior literature, namely, barriers to expansion and adaptation.



4.1. Cyanobacteria


Although the primary taxa associated with inland cyanoHABs are commonly referred to as freshwater cyanobacteria, analyses of the 2017 NLA data revealed that for most taxa, relative bloom frequencies are higher in brackish than in freshwater lakes (Section 2.2.1). The label “freshwater” to describe all inland cyanoHABs is, therefore, a misnomer. This is not a simple issue of semantics. Recent studies have shown that salt-tolerant Microcystis strains isolated from brackish coastal lagoons in the Netherlands [284,285] and Japan [117,286] bear genes that produce the compatible osmolyte sucrose, which is believed to help confer tolerance to saline environments. These brackish strains include one (PCC 7806) that was incorrectly regarded by earlier studies as being of freshwater origin [287]. As salinity is experimentally increased using NaCl, sucrose gene expression and sucrose production also increase in these salt-tolerant strains, and their growth remains relatively stable up to about 7–10 g NaCl L−1 [117,287,288]. Importantly, salt-intolerant Microcystis strains isolated from freshwater habitats do not have sucrose genes [285,286]. Also, a freshwater bloom composed of a mixed-species cyanobacterial assemblage seemed to have a limited capacity for long-term maintenance in experimental saline conditions, but Microcystis showed higher tolerance to acutely increased salinity than Dolichospermum [289]. These observations indicate that freshwater (salt-intolerant) and brackish (salt-tolerant) strains are genetically and physiologically distinct. There is also information suggesting that the acquisition of osmolyte genes may occur relatively quickly via intra- or inter-specific horizontal gene transfers [117,284,286] and that further strain diversification could occur by osmolyte gene losses and reacquisitions [286]. Genetic and comparative physiological studies on cyanoHAB strains found across salinity gradients in the USA are, to our knowledge, unavailable. This limits our understanding of their current biogeography as well as efforts to assess potential future changes in their distribution within inland waters and towards the sea. The increasing frequency of typically inland cyanoHABs and their toxins in coastal waters is in fact an emerging concern in the USA and globally [241,290]. The occurrence of cyanoHABs in coastal waters may be associated with contemporaneous transport in riverine flow in many cases, but there is also evidence suggesting that they can develop from endemic sources of propagules in some U.S. estuaries [114]. Further study seems warranted to determine if adaptation can be a mechanism for freshwater strains to overcome salinity barriers to seaward expansion and if transfer of pre-adapted, salt-tolerant inland strains can also lead to the same endpoint.



It should be noted that sucrose gene-positive cyanobacterial strains isolated from brackish coastal environments have been identified that seem to be intolerant to NaCl-based increases in salinity in the laboratory, e.g., M. aeruginosa [286] and Dolichospermum sp. [122]. The salt intolerance of these strains is difficult to reconcile with their saline origin and the presence of sucrose genes in their genome. Insights into these conflicting observations may be gained by exploring the effect of salinity on the growth of these strains using media of differing ionic compositions. In the euryhaline P. parvum, for example, the effect of salinity on growth is greatly influenced by the ionic composition of the culture medium (e.g., sulfate, magnesium; Section 4.2). Other studies have proposed that the acquisition of salt tolerance in strictly freshwater cyanobacterial strains may occur via spontaneous mutations under salinity stress [291]. Genetic characterization of the putative mutants could help evaluate this proposal.




4.2. Haptophytes


Although P. parvum was initially believed to be a native taxon in the USA [39], subsequent genetic analyses led to the conclusion that it is an invasive species [40]. Retrospective studies of water quality in Texas reservoirs showed that among the ambient traits commonly associated with P. parvum blooms, brackish conditions may have existed since shortly after the reservoirs were constructed (due to watershed and aquifer geochemistry), and their eutrophication preceded first bloom occurrences by at least 10 years or longer [137,198]. These water quality studies concluded that after the original invasion and establishment of P. parvum in Texas waters (per [40]), subsequent bloom expansions within Texas and beyond were due to P. parvum dispersal into pre-existing, bloom-favorable habitats. Yet, another study suggested that environmental conditions (favorable habitat), not dispersal, best explained the occurrence and distribution of P. parvum blooms in real time within a single lake; i.e., “everything is everywhere, but, the environment selects” [136]. For an invasive species, however, range expansions would require dispersal as an explanatory variable, especially for expansions across river basins.



Prymnesium parvum blooms now cover a large area of the conterminous USA (Figure 4), and whether the first blooms in Texas were due to invasion or environmental change may be a moot point from the perspective of applied HAB research. However, a better understanding of environmental conditions that facilitate expansions or trigger blooms could help prevent or predict and manage future blooms. Like cyanoHABs, the risk of P. parvum blooms expanding into estuaries is of particular concern. Prymnesium parvum has been detected within the tidal reach of some Texas rivers [92], and its ability to grow and become toxic in Texas estuarine waters has been demonstrated [292]. So why have blooms not occurred in Texas estuaries? In and of itself, increased salinity (based on NaCl addition) into the polyhaline range greatly suppresses P. parvum growth, but in the presence of elevated concentrations of specific ions (e.g., magnesium), growth is fully restored [143]. At lower salinities more typical of P. parvum’s inland habitats (5 psu), sulfate can also stimulate its growth [143]. Lundgren et al. [292] looked into biotic factors that may influence bloom formation in Texas estuarine waters and reported that the seasonal composition of planktonic communities may complicate P. parvum’s establishment in these waters. Based on these observations, Richardson and Patiño [293] suggested that biotic and abiotic conditions in the upper reach of intertidal zones may be serving as barriers to downstream expansion. Research into these and other possible scenarios could help understand—and maintain—current barriers to the seaward expansion of P. parvum blooms in Texas. Prymnesium parvum has been found in coastal waters of Washington and Maine, but there are no records of toxic blooms or detailed information about the species biogeography in these states (Section 2.1.2).




4.3. Euglenoids


The relatively recent discovery of toxigenic strains of E. sanguinea [42] took the field by surprise [43,44,45]. Although Euglena spp. were formally described in the early 1800s and were first recorded in U.S. inland waters since at least the early 1900s, toxic blooms were not documented until 2002, when E. sanguinea was identified as the cause of a fish-kill event in a North Carolina aquaculture pond [42]. Zimba et al. [43,44] provided several potential reasons for why toxic blooms were not detected earlier. For example, rapid shifts among life stages (e.g., from the flagellated stage to cysts or reproductive palmella) caused by acute weather changes could complicate identification of the causative toxic agent; the possibility of toxin production by cysts after they sink to the sediment; and the lack of chemical biomarkers and limited visual methods to identify cysts. These proposed explanations, although plausible, imply that toxic euglenoid blooms occurred prior to their first documentation but were erroneously ascribed to blooms of other toxigenic algae or to undetermined causes. Misidentification of toxic euglenoid blooms presumably would have occurred not only in the USA but also globally. There are alternative explanations that should also be considered.



Multiple reports of toxic blooms of E. sanguinea emerged from several U.S. states soon after the first toxic bloom was reported in 2002 [42,43,44]. Although increased attention to toxic euglenoids could partly explain the increased number of reports, their geographic scope to date has remained remarkably limited to the South Central and South Eastern regions of the country (Section 2.2.3). One scenario that could explain these observations is that a toxigenic strain or strains of E. sanguinea appeared for the first time around 2000 in the South Central or South Eastern USA, perhaps in a nutrient-rich aquaculture pond, and in the years that followed, they spread regionally to other aquaculture facilities raising warmwater fishes (e.g., catfish, tilapia, and striped bass [42,44]). This scenario is consistent with the existence of toxigenic and non-toxigenic strains of E. sanguinea and with the global scope of non-toxigenic strains combined with the far narrower, regional range of toxigenic strains. If this scenario is correct, management practices to prevent the spread of toxigenic strains would be advisable. Additional research on the biogeography and genetics of euglenoid strains responsible for toxic and non-toxic blooms seems warranted.





5. Summary and Conclusions


Blooms of the toxigenic cyanobacteria Anabaena, Aphanizomenon, Microcystis, and Planktothrix occur at higher relative frequency in oligohaline than freshwater lakes. Dolichospermum shows no significant salinity preferences, but its relative bloom rates are numerically higher in oligohaline waters. The relative detection rates of two cyanotoxins, microcystins and cylindrospermopsin, are also significantly higher in brackish than in freshwater lakes. These observations suggest that efforts to assess the risk of cyanoHAB occurrence and cyanotoxin exposure should account for lake salinity. Although blooms of the toxigenic haptophyte P. parvum have been documented exclusively in brackish waters, there is increasing evidence that this species may commonly occur in low-salinity freshwaters—perhaps explaining a case where a singular discharge of saline wastewater into a freshwater stream without a history of P. parvum blooms led to the acute formation of a toxic bloom. Potentially toxic Euglena spp. have the same relative rates of occurrence in freshwater and oligohaline lakes, showing that, like cyanobacteria, the inland distribution of this taxon is not restricted to freshwater lakes.



Studies on HAB biogeography should consider the ionic composition of inland waters separately from salinity. While little information is available for Euglena, major ions such as calcium, magnesium, and sulfate have all been associated with the growth and toxicity of cyanoHAB species and P. parvum. Sulfate presents a particularly interesting suite of possible effect scenarios in which this anion may directly or indirectly inhibit or stimulate (or both) harmful algal growth.



Nutrient inputs from agricultural and developed lands are well-established drivers of cultural lake eutrophication and HABs, but other land cover types may also influence HAB trends. Most harmful algae, especially those of widespread distribution, are “hardy” species that tolerate not only weather and climate extremes but also exposure to a variety of anthropogenic pollutants, including agricultural herbicides. Moreover, some commonly used herbicides such as glyphosate can stimulate the growth of HAB species (e.g., M. aeruginosa, P. parvum) at low, environmentally relevant concentrations. Thus, inputs of agrochemicals other than nutrients into surface waters could increase the risk of HABs. In addition, the loss of wetlands and riparian buffers may contribute to HAB occurrence because of the loss of multiple services that these lands provide to aquatic habitats, including the removal of nutrients and herbicides. A better understanding of HAB trends and their drivers from the individual lake to the global scale may be gained by paying increased attention to land uses other than fertilizer application and land cover types other than agriculture and development.



Like most other phytoplankton, cyanobacteria and Euglena normally grow between the spring and fall when day length and light intensity are relatively increased. Prymnesium parvum is unique in that its typical growth period in the USA is the reverse, from the fall to spring, even though temperature and light conditions are suboptimal. The growth season of P. parvum may not be the result of environmental preferences but of growth opportunities (assisted by its toxin production and mixotrophy) at a time when most other taxa are dormant. Cold water blooms of some cyanobacteria may also be of increasing importance, and research has shown that saxitoxin may be associated with lower water temperatures and that some cylindrospermopsin-producing species bloom in winter.



The toxin classes covered herein include neurotoxins, hepatotoxins, and ichthyotoxins. However, some toxins may have multiple modes of action, and blooms may contain organisms that produce multiple toxins. The neurotoxins, anatoxin and saxitoxin, have a wide global distribution but many of the literature examples indicate production from benthic taxa. The distribution of the hepatotoxin cylindrospermopsin is concentrated primarily in Mid-Atlantic States, Midwestern States including Texas, and Florida; however, detections seem to have expanded from tropical and subtropical areas into temperate zones. Microcystin is more widely distributed than cylindrospermopsin but seems to be concentrated in Central USA. The ichthyotoxins, euglenophycin and prymnesins, can cause harm to fish and other aquatic organisms, along with sublethal and ecological effects. Information on the geographic range of euglenophycin is limited, but the toxin has been detected in fish culture ponds in the South Central and Southeastern USA. Prymnesins have been detected in sites from a wide geographic range, primarily in the temperate and subtropical zones. Neurotoxins and hepatotoxins can bioaccumulate in organisms exposed to these toxins, which suggests that bioaccumulation is a possible exposure route to larger organisms. Little evidence of bioaccumulation of euglenophycin or prymnesins was found in the literature.



There is evidence suggesting that inland cyanoHAB species may be gaining a foothold in U.S. estuaries. The basis for this apparent seaward expansion is uncertain. However, inland strains isolated from saline coastal waters elsewhere have acquired genes whose function may be to allow their growth in brackish waters, thus suggesting that adaptation may be a means for freshwater strains to overcome instream salinity barriers. Dispersal of inland brackish strains into estuaries via natural or anthropogenic vectors could also result in the seaward expansion of inland cyanoHABs. Genetic and comparative physiological studies of strains from freshwater and brackish environments (inland and estuarine) would help evaluate the feasibility of these scenarios. Additional research could also improve our understanding of why blooms of the highly euryhaline P. parvum have not occurred in U.S. estuaries and why the distribution of toxic E. sanguinea blooms is restricted to a specific region of the conterminous USA despite the global distribution of the species and its blooms.
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Figure 1. Inland cyanobacterial blooms. (A) Aphanizomenon-dominated bloom, Kabetogama Lake, MN, USA. (B) Dolichospermum-dominated bloom, Timothy Lake, OR, USA. (C) Microcystis-dominated bloom, Milford Lake, KS, USA. (D) Planktothrix agardhii/prolifica-dominated bloom, Fleeing Horse Lake, AB, Canada. USGS, U.S. Geological Survey. 
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Figure 2. Toxic bloom-forming cyanobacterial taxa in U.S. inland waters. (A) Anabaena spp. are filamentous, do not have aerotopes (gas vesicles), and are typically benthic. A nitrogen-fixing cell (heterocyte) is visible within the filament. (B) Aphanizomenon flos-aquae forms bundles of filaments (fascicles) and has aerotopes. (C) Dolichospermum lemmermannii is one of several coiled forms in this genus; the image shows akinetes on either side of single heterocytes. The arrangement, size, and location of these two cell types are used to distinguish species. (D) Oscillatoria spp. form filaments with short cells and are typically benthic. (E) Microcystis aeruginosa is a colonial form with cells embedded in a common mucilage that is not easily visible. The open spaces in the colonies (clathrate) are characteristic of this species. (F) Planktothrix spp. are filamentous, planktonic forms with abundant aerotopes. FGCU, Florida Gulf Coast University. 
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Figure 3. Prymnesium parvum. (A) Single cell of Prymnesium parvum. Note the two golden-colored chloroplasts inside the cell and the haptonema (bottom left) flanked by two longer flagella. (B) Winter bloom of P. parvum in a Texas reservoir (USA). The lake water has taken on a golden-brown appearance and ice can be seen attached to emergent macrophytes. (C) Spring bloom of P. parvum in an impounded urban stream system in Lubbock, Texas. Fish in the affected areas appeared lethargic and unresponsive, and most died within a few days. TPWD, Texas Parks and Wildlife Department; USGS, U.S. Geological Survey. 
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Figure 4. Geographic distribution of Prymnesium parvum in the USA. With few exceptions, the majority of states where P. parvum has been found have also reported toxic blooms. There are a few states where P. parvum has been recorded in inland freshwater or in coastal environments (or both), but records of bloom occurrence are only available for inland brackish waters. The distance scale for the Hawaii (HI) inset is the same as for the main map. 
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Figure 5. Euglena sanguinea. (A) Single cell of Euglena sanguinea. Note the presence of red pigment in astaxanthin globules. The position of globules within the cell (peripheral or central) and the outward cell coloration (red or green) can be regulated by light. (B) Euglena bloom in Dillon Lake, OH, USA. Note the blood-red surface scum. FGCU, Florida Gulf Coast University; EPA, Environmental Protection Agency. 
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Figure 6. Seasonal changes in microcystin concentrations. Microcystin concentration in eight reservoirs from Northwestern Missouri, USA, sampled weekly during 2004. Red circles indicate the onset and duration of thermal stratification during the summer in these midcontinent reservoirs. The figure was created using data available in Jones et al. [189]. 






Figure 6. Seasonal changes in microcystin concentrations. Microcystin concentration in eight reservoirs from Northwestern Missouri, USA, sampled weekly during 2004. Red circles indicate the onset and duration of thermal stratification during the summer in these midcontinent reservoirs. The figure was created using data available in Jones et al. [189].



[image: Water 15 02808 g006]







[image: Water 15 02808 g007 550] 





Figure 7. Seasonal changes in Prymnesium parvum abundance and toxicity. Cell abundance and water ichthyotoxicity were measured from January 2010 to July 2011 in E.V. Spence Reservoir, Texas (USA). Colored lines indicate the beginning of the spring (spring equinox) and the fall (fall equinox). Ichthyotoxicity was determined using a semiquantitative fish bioassay. Cell abundance and toxicity increased in the fall and declined in the spring. Data from VanLandeghem et al. [144]. 
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Figure 8. Cyanotoxin distribution by lake salinity in the conterminous USA. Pie charts show the percent distribution of microcystins and cylindrospermopsin detections (>method detection limit, MDL) by lake salinity. The percent distribution of microcystins by salinity is also shown for values considered potentially harmful to people when swimming or participating in other activities in or on the water (>8 μg L−1; recreational criterion). No samples contained cylindrospermopsin levels above its recreational criterion (15 μg L−1). Data are from the 2017 National Lakes Assessment [30]. 
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Figure 9. Geographic distribution and concentrations of microcystins in the conterminous USA. The map shows hydrologic regions and distribution and relative concentrations (μg L−1) of toxin in sampled lakes from the 2017 National Lakes Assessment [30]. The darker hydrologic regions indicate watershed boundaries belonging to the Mississippi River drainage. Symbol sizes show relative toxin concentrations based on 5 quantile data distributions, with each symbol size representing 20% of the dataset. Yellow symbols (not all are visible on the map) indicate lakes with toxin levels considered potentially harmful to people when swimming or participating in other activities in or on the water (>8 μg L−1). WBDHU2, Watershed Boundary Dataset for 2-digit Hydrologic Unit. 






Figure 9. Geographic distribution and concentrations of microcystins in the conterminous USA. The map shows hydrologic regions and distribution and relative concentrations (μg L−1) of toxin in sampled lakes from the 2017 National Lakes Assessment [30]. The darker hydrologic regions indicate watershed boundaries belonging to the Mississippi River drainage. Symbol sizes show relative toxin concentrations based on 5 quantile data distributions, with each symbol size representing 20% of the dataset. Yellow symbols (not all are visible on the map) indicate lakes with toxin levels considered potentially harmful to people when swimming or participating in other activities in or on the water (>8 μg L−1). WBDHU2, Watershed Boundary Dataset for 2-digit Hydrologic Unit.



[image: Water 15 02808 g009]







[image: Water 15 02808 g010 550] 





Figure 10. Geographic distribution and concentrations of cylindrospermopsin in the conterminous USA. The map shows hydrologic regions and distribution and relative concentrations (μg L−1) of toxins in sampled lakes from the 2017 National Lakes Assessment [30]. The darker hydrologic regions indicate watershed boundaries belonging to the Mississippi River drainage. Symbol sizes show relative toxin concentrations based on 5 quantile data distributions, with each symbol size representing 20% of the dataset. No samples contained toxin levels considered potentially harmful to people swimming or participating in other activities in or on the water (>15 μg L−1). WBDHU2, Watershed Boundary Dataset for 2-digit Hydrologic Unit. 
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Table 1. Binomial test for differences between observed and expected distributions of cyanobacteria and Euglena in freshwater (≤0.5 psu) and brackish (>0.5 psu) lakes of the conterminous USA. Cases with densities ≥10,000 cells mL−1 for cyanobacteria and >method detection limit for Euglena were considered. The expected distribution is the distribution of freshwater and brackish sites in the database: 88.3 and 11.7%, respectively (total number of cases, 1090). Also shown are the median, minimum (min), and maximum (max) cell densities (cells mL−1) for each taxon with the corresponding salinity (psu) and sulfate concentration (mg L−1) at the sampling sites. Data are from the 2017 National Lakes Assessment [30]. p-values are two-tailed.
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Taxon

	
Number of Cases

	
Median Cell Density (min, max) × 104

	
Median Salinity (min, max)

	
Median Sulfate (min, max)

	
Lake Salinity

	
Observed

Distribution (%)

	
Binomial Test

p-Value






	
Anabaena

	
12

	
1.52 (1.09, 125)

	
0.17 (0.02, 2.15)

	
10.0 (0.25, 1483)

	
freshwater

	
67

	
0.0433




	
brackish

	
33




	
Aphanizomenon

	
126

	
5.73 (1.00, 105)

	
0.17 (0.00, 2.97)

	
15.8 (0.02, 2343)

	
freshwater

	
76

	
<0.0001




	
brackish

	
24




	
Dolichospermum

	
81

	
2.73 (1.02, 39.2)

	
0.16 (0.01, 2.25)

	
12.4 (0.00, 1736)

	
freshwater

	
81

	
0.0809




	
brackish

	
19




	
Microcystis

	
93

	
3.30 (1.03, 137)

	
0.18 (0.01, 3.79)

	
17.9 (0.00, 1525)

	
freshwater

	
80

	
0.0146




	
brackish

	
20




	
Planktothrix

	
46

	
25.0 (1.07, 558)

	
0.43 (0.02, 2.94)

	
128 (0.27, 2888)

	
freshwater

	
52

	
<0.0001




	
brackish

	
48




	
Euglena

	
26

	
0.03 (0.006, 0.46)

	
0.13 (0.01, 3.79)

	
8.87 (0.22, 2888)

	
freshwater

	
81

	
0.2218




	
brackish

	
19
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Table 2. Binomial test for differences between observed and expected distributions of microcystins and cylindrospermopsin detections in freshwater (≤0.5 psu) and brackish (>0.5 psu) lakes in the conterminous USA. Cases with concentrations greater than the method detection limit (MDL) for both toxins and >8 μg L−1 for microcystins were analyzed. The national recreational water quality criterion for microcystins is 8 μg L−1, and for cylindrospermopsin, it is 15 μg L−1, but no cases above the latter were recorded. The expected distribution is the distribution of freshwater and brackish sites in the database: 88.3 and 11.7%, respectively (total number of cases: 1090). Also shown are the median, minimum (min), and maximum (max) concentrations (μg L−1) for each toxin and the corresponding salinity (psu) at the sampling sites. Data are from the 2017 National Lakes Assessment [30]. p-values are two-tailed.
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Toxin

	
Number of Cases

	
Median Toxin Concentration (min, max)

	
Median Salinity (min, max)

	
Lake Salinity

	
Observed Distribution (%)

	
Binomial Test

p-Value






	
Microcystins > MDL

	
295

	
0.34 (0.10, 92.7)

	
0.17 (0.00, 21.5)

	
freshwater

	
78

	
<0.0001




	
brackish

	
22




	
Cylindrospermopsin > MDL

	
85

	
0.09 (0.05, 3.40)

	
0.11 (0.00, 7.24)

	
freshwater

	
76

	
0.002




	
brackish

	
24




	
Microcystins > 8 μg L−1

	
12

	
16.2 (8.02, 92.7)

	
0.44 (0.01, 2.10)

	
freshwater

	
50

	
0.0013




	
brackish

	
50
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