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Abstract Since the mid-1980s, fish-killing blooms

of Prymnesium parvum spread throughout the USA. In

the south central USA, P. parvum blooms have

commonly spanned hundreds of kilometers. There is

much evidence that physiological stress brought on by

inorganic nutrient limitation enhances toxicity. Other

factors influence toxin production as well, such as

stress experienced at low salinity and temperature. A

better understanding of toxin production by P. parvum

remains elusive and the identities and functions of

chemicals produced are unclear. This limits our

understanding of factors that facilitated the spread of

P. parvum blooms. In the south central USA, not

only is there evidence that the spread of blooms was

controlled, in part, by migration limitation. But there

are also observations that suggest changed environ-

mental conditions, primarily salinity, facilitated the

spread of blooms. Other factors that might have played

a role include altered hydrology and nutrient loading.

Changes in water hardness, herbicide use, system pH,

and the presence of toxin-resistant and/or P. parvum-

inhibiting plankton may also have played a role.

Management of P. parvum in natural systems has yet

to be attempted, but may be guided by successes
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achieved in small impoundments and mesocosm

experiments that employed various chemical and

hydraulic control approaches.

Keywords Prymnesium parvum � Harmful algal

bloom � Geographic spread

Introduction

Worldwide, the frequency, duration, and magnitude of

harmful algal blooms (HAB) have increased (Smayda,

1990; Hallegraeff, 1993; Fu et al., 2012), threatening

ecosystem integrity and services, presenting human

health risks, and causing major economic damage

(Burkholder, 1998; Van Dolah et al., 2001; Landsberg,

2002). Prymnesium parvum is an algal species that

forms harmful blooms and is responsible for devas-

tating fish kills (Moestrup, 1994; Edvardsen &

Paasche, 1998), while no known human health risks

have been reported. It is a planktonic, single-celled,

ellipsoid-shaped eukaryote, ranging in length from 8

to 16 lm and width from 4 to 10 lm (Fig. 1; Green

et al., 1982). Its life cycle involves bi-flagellated

stages, two are haploid and one is diploid. An

unflagellated stage also has been observed that might

be a cyst (Granéli et al., 2012). Prymnesium parvum

belongs to the class Haptophyceae, the hallmark

signature of which is the presence of a haptonema, a

needle-like external structure likely enabling cells to

attach to surfaces or aid in the capture of food particles

(Kawachi et al., 1991; Remmel & Hambright, 2012).

The genus Prymnesium is near-cosmopolitan, with

species occurring inland or in coastal waters of all

continents except Antarctica (Granéli et al., 2012).

Prymnesium parvum is a mixotroph. While it is

capable of supporting population growth through

autotrophy, it can also support growth through

heterotrophy, employing both saprophytic and phago-

cyticmodes of nutrition (Fistarol et al., 2003; Skovgaard

&Hansen, 2003; Tillmann, 2003; Granéli & Johansson,

2003a). Dissolved organic compounds for absorbing

and particles for engulfing are made more available to

P. parvum through its killing of other algae and zooplank-

ton, and immobilization of some bacteria. Prymnesium

parvum accomplishes this through production of

various chemical compounds that are allelopathic and

toxic to many other plankton. These same chemicals or

other chemicals yet to be describedmayhave the effect of

killing gill-breathing organisms, such as fish and shell-

fish. Because P. parvum blooms can be near-monospeci-

fic and populations sometimes reach very high densities,

waters can take on a golden color. For this reason,

P. parvum is colloquially referred to as ‘golden algae’ in

some regions, e.g., south central USA.

Recent review papers on Prymnesium spp. tax-

onomy, biology, and ecology include Granéli &

Salomon (2010), Granéli et al. (2012), and Brooks

et al. (2011).Recently,P. parvumbloomshaveappeared

in previously unaffected areas, including the eastern

Mediterranean and Balkans (Genitsaris et al., 2009;

Michaloudi et al., 2009, 2012; Oikonomou et al., 2012;

Vasas et al., 2012, Katsiapi et al., In Review) and also

within North America. In this review, we focus on P.

parvum’s abrupt appearance in the western hemisphere,

specifically the USA, and its apparently growing

distribution during the past three decades. In addition,

we synthesize information on its ecology, researchers’

assessment of its toxicity and bloom dynamics, and

potential bloom management strategies.

Appearance in the west

In North America, P. parvum was first identified in

1985 in the semi-arid south central USA (Fig. 2).

Fig. 1 Phase contrast microscopic image of Prymnesium

parvum, a planktonic, single-celled, ellipsoid-shaped eukaryote,

ranging in length from 8 to 16 lm and width from 4 to 10 lm,

with bi-flagellated life stages, and a haptonema, the hallmark

signature of taxa belonging to the class Haptophyceae
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Patchy fish kills totaling*11,0000 fish led to this first

observation. The impacted water body was the Pecos

River, Texas (Rio Grande basin), with multiple

blooms occurring along a 660-km stretch of the river

(James & De La Cruz, 1989; Rhodes & Hubbs, 1992).

Based on physical characteristics of the Pecos River

water during the 1980 blooms, i.e., golden color and

production of foam in fast-flowing, turbulent waters,

Rhodes & Hubbs (1992) speculated that P. parvum

blooms could have been responsible for fish kills in the

river since the 1960s. In the ensuing years, intermittent

P. parvum blooms with associated fish kills of varying

size occurred in this region (Southard et al., 2010).

A striking P. parvum bloom range expansion

occurred during the first decade of the twenty-first

century. In south central USA, blooms began appear-

ing in regions of the Brazos River, Colorado River,

and Red River basins in 2001(Southard et al., 2010).

Most prominent during that year was the winter bloom

that occurred in the mid-reaches of the Brazos River

basin. That bloom began in Lake Possum Kingdom,

propagated down the river into Lake Granbury, then

finally to Lake Whitney, covering a distance spanning

*120 km, and causing massive fish kills along the

way. Those impoundments experienced recurrent

winter blooms and fish kills for the next seven years

(Roelke et al., 2011). The expansion in P. parvum

bloom range was not limited to south central USA, it

quickly spread to all southern regions of the USA and

more recently spread into northern areas (23 states

total, Fig. 2) (Sager et al., 2008; Brooks et al., 2011;

Roelke et al., 2011; Hambright, 2012; Israel et al.,

2014).

Genetic analyses of the first internal transcribed

spacer in the nuclear ribosomal operon (ITS1) in P.

parvum cultures originating from several locations in

the USA and from around the world revealed regional

dissimilarities within the USA and strong similarities

to various European locales (Lutz-Carrillo et al.,

2010). For example, the ITS1 sequences frommultiple

P. parvum strains isolated from south central, western,

and eastern USA were similar to that from a strain in

Scotland, while the ITS1 in another strain isolated

from south central USA was similar to those from

several strains isolated in Norway and Denmark. The

ITS1 sequence from a strain isolated from the

northeast USA was more similar to the sequence in a

strain isolated from England. Based on these genetic

findings and because P. parvum blooms were observed

in Europe before blooms were observed in the USA,

Lutz-Carrillo et al. (2010) suggested that P. parvum in

the USA originated from Europe, and that this

apparent range expansion comprised multiple invasion

events. The genetic findings of Lutz-Carrillo et al.

(2010) also showed that genetic differences between

P. parvum strains in the USA and their corresponding

strains from Europe were remarkably similar, sug-

gesting that invasions might have been recent.

Fig. 2 Geographic distribution of Prymnesium parvum blooms

in the USA.A Since the first confirmed bloom in 1985 (red star),

blooms have rapidly spread and now occur in all southern states

and some areas of the north (yellow boxes, 23 states).B In Texas,

P. parvum blooms occur in many counties (yellow circles)

mostly in the Pecos, Rio Grande, Colorado, Brazos and Red

River basins, all rivers flowing across arid and semi-arid

landscapes, but do not occur in wetter eastern areas

Hydrobiologia (2016) 764:29–50 31
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Bloom magnitude and impacts to Lake Biota

Blooms can cover large distances along a watershed,

as mentioned above regarding the Rio Grande River

and Brazos River basins. Within lakes of the mid-

Brazos River basin, which range in area from 34 to

95 km2, blooms typically are system-wide with high

population densities found throughout. During these

system-wide blooms there is spatial heterogeneity in

algal abundances. For example, 1-km patches were

observed in Lake Granbury (Roelke et al., 2010a) and

population density maxima ranged from 60 to

160 9 106 cells l-1 (Roelke et al., 2011). It is useful

to note that fish kills in these systems commence when

cell densities reach *10 9 106 cells l-1 (TPWD,

2003). Blooms are not always system-wide, however.

In some systems, such as Lake Texoma (Red River

basin), a larger reservoir to the north of the Brazos and

Colorado basins with an area of 360 km2, blooms

appear to be more confined to nearshore habitats

reaching population densities as high as 183 9 106

cells l-1 in pools with an area *0.61 km2 that are

intermittently connected to the lake’s mainstem

(Hambright et al., 2010). This pattern was also

observed in more arid regions of the south central

USA, i.e., the Pecos River (Rio Grande River basin),

where P. parvum bloom densities in areas receiving

less flow have reached as high as 269 9 106 cells l-1

(Israel et al., 2014). Maximum population densities

observed during blooms in the south central USA are

lower than what have been observed elsewhere. For

example, P. parvum blooms in Lake Koronia, Greece

reach much higher population densities ranging

between 800 and 1400 9 106 cells l-1(Michaloudi

et al., 2009; Katsiapi et al., In Review).

Some of the chemicals produced by P. parvum

disrupt the integrity of fine biological membranes,

such as gill tissues (Ulitzur & Shilo, 1966; Shilo, 1967;

see Fig. 3e, f in Remmel & Hambright, 2012). As

such, P. parvum bloom events in the USA have had a

devastating impact on fish and shellfish. Within the

state of Texas alone, conservatively over 34 million

fish fatalities have been attributed to P. parvum

blooms, though routine monitoring remains spatially

limited. Economic damages to inland fisheries and

regional ecotourism from just these documented

blooms were estimated to be in the tens of millions

of dollars (Southard et al., 2010), estimates based on

the period up to 2009. Blooms and fish kills have

continued since then, so the total economic damages

are likely much higher.

Long-term ecological damages to fish communities

from these blooms are variable. In a comparison

between river basins, it was observed that most fish

species have not experienced long-term population

declines in the Brazos River basin, either in population

density or fish size, while in the neighboring Colorado

River basin that has also experienced recurrent P.

parvum blooms, fish communities have suffered,

showing long-term declines in population densities

and changes in community size structure (VanLan-

deghem et al., 2013). Long-term trends such as these

may differ between river systems due to differing

watershed attributes. For example, differing rock and

soil types, vegetation, precipitation, and land-use

practices may lead to variable salinity, pH, and trophic

state between river systems, all of which are important

to P. parvum bloom initiation and development

(discussed further below). Varying lake morphologies

may also contribute to differing long-term fish com-

munity trends within river systems, as deeper and/or

dendritic lakes might offer a greater number of refuges

for fish during periods of toxic bloom. Recovery of fish

populations is facilitated by the presence of nearby

refuges, as was observed along the Pecos River and in

Lake Texoma where P. parvum blooms were not

system-wide, which enabled population recovery

through migration from unaffected areas of the lake

(Rhodes & Hubbs, 1992; Zamor et al., 2014).

The impacts of P. parvum blooms on shellfish are

less studied in the USA. The original blooms in the

Pecos River basin documented die offs of several

bivalve species (James & De La Cruz, 1989). Also of

note was a bloom in 2009 in the area of the West

Virginia-Pennsylvania border (Dunkard Creek), part

of P. parvum’s northward expansion, destroyed well-

established mussel beds along with causing a large fish

kill. Observations suggested that this bloom was

primarily caused by elevated salinity resulting from

natural resource extraction (Brooks et al., 2011).

Some of the chemicals produced by P. parvum,

which may not necessarily be the same chemicals that

cause fish kills, are deleterious to plankton, suppressing

growth or lysing other algae (Edvardsen & Paasche,

1998;Granéli & Johansson, 2003b;Granéli&Salomon,

2010), and suppressing feeding and reproduction, or

otherwise killing zooplankton (Fistarol et al., 2003;

Tillmann, 2003; Granéli, 2006; Valenti Jr et al., 2010a;

32 Hydrobiologia (2016) 764:29–50
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Remmel et al., 2011). Asmentioned above, many of the

documentedP. parvumblooms in the south centralUSA

appear to be near-monospecific, as diverse phytoplank-

ton assemblages collapse asP. parvum blooms develop,

then recover after blooms terminate (Roelke et al.,

2010a, 2012). Similarly, zooplankton populations de-

cline during bloom periods and recover afterwards

(Hambright et al., 2010; Roelke et al., 2012). These

trends were also observed during mesocosm ex-

periments on natural plankton communities conducted

in lakes of the south central USA (Roelke et al., 2007;

Errera et al., 2008; Schwierzke et al., 2010; Hayden

et al., 2012).

Interestingly, not all algae are sensitive to chemi-

cals produced by P. parvum. In other laboratory

studies, growth of the green alga Pseudokirchneriella

subcapitata was stimulated when exposed to filtrates

from P. parvum cultures (Brooks et al., 2010).

Zooplankton taxa (rotifers, cladocera) also showed

differential responses to P. parvum exposure as

reviewed by Brooks et al. (2010), which corresponds

with the field monitoring studies and in-lake meso-

cosm experiments referenced above. The differential

zooplankton taxa responses are in the extremes, as

suggested from in-field mesocosm experiments. One

exception was observed for example, the rotifer

Notholca laurentiae which appeared able to feed and

reproduce in an in-lake mesocosm experiment while

P. parvum was toxic and bloom-forming (Schwierzke

et al., 2010). Other zooplankton such as Daphnia spp.

are more sensitive to P. parvum toxins than rotifers

(Brooks et al., 2010) even when exposed to cell

densities much lower than bloom levels (Remmel

et al., 2011). However, acute mortality responses of

fish are consistently more sensitive than zooplankton

to P. parvum as observed from both laboratory

(Valenti Jr et al., 2010a) and in-field mesocosm

experiments (Roelke et al., 2007).

Large, system-wide blooms in the USA appear to

be near-monospecific. In some instances, this obser-

vation is well justified as the enumeration method

employed (settling chamber technique) accounted for

subdominant and rarer phytoplankton taxa. But some

P. parvum monitoring studies employ less sensitive

enumeration methods (hemocytometer technique) that

may overlook less abundant taxa. Consequently, the

incidence of blooms in the USA classified as near-

monospecific may be over-estimated. It is worth

noting that in other regions of the world near-

monospecific blooms are not always observed. For

example, in multiple lakes in the Mediterranean

region, where some of the highest density of

P. parvum populations have been recorded, lethal

blooms are co-dominated by a mix of species that

include cyanobacteria (Anabaenopsis elenkinii, Pseu-

danabaena limnetica), chlorophytes (Monoraphidium

griffithii), diatoms (Nitzchia spp.), and dinoflagellates

(Pfiesteria piscicida)(Katsiapi et al., In Review). It

may be that the sampling of these blooms occurred at

times when the lakes were in a state of succession

towards a monospecific bloom, or that unknown

mechanisms were operating enabling a diverse assem-

blage to persist during the bloom (Moustaka-Gouni,

personal communication).

Role of toxicity in bloom formation

Without the ecological benefits of its allelopathic and

toxic chemicals, the reproductive growth rate, cell

size, and morphology of P. parvum suggest that it

would likely be a poor competitor. Even when

nutrients are not limiting and light is optimal, winter-

time temperatures and salinities during the time of

bloom development limit P. parvum’s maximum

reproductive growth rate between near-zero and

*0.1 d-1 (Baker et al., 2007, 2009; Roelke et al.,

2010a; Hambright et al., 2015). This maximum rate of

reproductive growth is quite low compared to many

other phytoplankton taxa found in lakes of this region,

which are in the range of *0.8–1.8 d-1 (Grover,

1989; Grover et al., 1999, 2010). By contrast, within

the framework of the Monod model (Monod, 1950)

that links reproductive growth rate with ambient

nutrient concentrations, P. parvum’s half-saturation

coefficients for inorganic nutrient-limited growth are

quite low relative to other phytoplankton, i.e.,

0.01 lM-N and 0.009 lM-P for nitrogen and phos-

phorus, respectively (Baker et al., 2009). This means

that P. parvum is able to sustain reproductive growth

rates near its maximum at lower inorganic nutrient

concentrations compared to many competitors. Nev-

ertheless, this near-maximal growth rate is still lower

than the resource-limited growth rates of many other

taxa. Regarding cell size and morphology, some slow

growing phytoplankton taxa gain a competitive ad-

vantage due to their large cell size or a cell shape that

is difficult for most grazers to grasp and ingest. The

Hydrobiologia (2016) 764:29–50 33
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cell size and morphology of P. parvum, however, are

optimal for many zooplankton grazers common to

lakes of the region (Sterner, 1989; Hansen et al.,

1994). Indeed, during in-lake experiments employing

natural plankton communities P. parvum populations

quickly declined to low densities after toxicity was

alleviated, while populations of some grazers in-

creased, suggesting that grazing losses to P. parvum

might have become important after toxicity was

reduced (Roelke et al., 2007; Errera et al., 2008).

Furthermore, during other in-lake experiments P.

parvum cells that were subjected to conditions less

conducive to toxin production did not accumulate

population density, and waters were either less toxic or

non-toxic and zooplankton biomass increased; while

P. parvum cells remaining in conditions conducive for

toxin production showed increased population densi-

ty, toxic waters, and decreased zooplankton biomass

(Hayden et al., 2012; Prosser et al., 2012; Grover et al.,

2013).

The nature of the fitness imparted to P. parvum by

producing allelopathic and toxic chemicals can be

described in the following working model (Fig. 3).

This working model involves chemicals being pro-

duced by P. parvum and released to the environment

(often referred to as exotoxins) where they have

deleterious effects to other plankton, slowing move-

ment of bacteria, lysing competitors and some grazers,

and deterring feeding and reproduction of other

grazers (Nejstgaard & Solberg, 1996; Fistarol et al.,

2003; Tillmann, 2003; Sopanen et al., 2006). Addi-

tional support for exotoxins was observed by Prosser

et al. (2012), who reported pH control of bloom

formation and toxicity to fish during two in-lake

mesocosm studies. An alternate hypothesis challeng-

ing the exotoxin aspect of our working model proposes

that the chemicals produced are not released to the

environment. Rather, they are cellular based or

embedded in the surface membrane and are only

effective upon cell-to-cell contact with prey and

predators (Remmel & Hambright, 2012). In either

case, these chemicals allow P. parvum to capture both

nutrients and energy through heterotrophic modes of

nutrition that involve saprotrophy and phagotrophy,

where the source of nutrients and organic carbon are

the remains of plankton that fall victim to the toxins. In

this way, P. parvum increases its fitness while

lowering the fitness of competitors (Legrand et al.,

2001; Skovgaard & Hansen, 2003; Tillmann, 2003;

Fistarol et al., 2005; Granéli & Hansen, 2006; Granéli

& Salomon, 2010; Remmel & Hambright, 2012),

which in turn may enable bloom development (but see

Lewis, 1986; Jonsson et al., 2009). The chemicals
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Fig. 3 Based on prevailing thought, in this manuscript we refer

to a working conceptual model that describes likely factors

influencing Prymnesium parvum blooms at intermediate

salinity. A A period of stress ensues (Strs) that might be related

to cooler temperatures, nutrient availability, or other unknown

factors and toxin production commences. If water pH is higher,

cyanobacteria low and toxin-resistant plankton taxa low, then a

bloom might initiate (Init). Otherwise, it may be that no bloom

occurs. During bloom development (Devl), competing phyto-

plankton might be suppressed and zooplankton predators

inhibited due to increased production of allelopathic and toxic

chemicals. Bloom decline might occur when toxin-resistant

grazer populations accumulate enough biomass to exert top–

down control of the bloom, pathogens propagate through bloom

populations, toxin production ceases through nutrient loading,

or populations are hydraulically displaced with inflow events.

B During periods of no bloom, low-level production of

allelopathic and toxic chemicals occurs possibly enabling P.

parvum to immobilize and phagocytize some planktonic

particles. C During periods of bloom development, high-level

production of allelopathic and toxic chemicals might occur

enabling P. parvum to phagocytize particles of recently lysed

plankton and absorb dissolved organic material through

saprophy (B and C are modified from Granéli et al., 2012 with

permission from Elsevier)
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produced by P. parvum that affect other plankton in

this way are collectively referred to as allelo-

chemicals. These same chemicals may be responsible

for fish and shellfish kills during periods of bloom,

which would suggest that these dramatic die-off

events at higher trophic levels during P. parvum

blooms are secondary effects of adaptive processes

acting within plankton communities (Granéli &

Salomon, 2010).

The strongest support for this working model are the

many observations that P. parvum becomes more toxic

when nutrient limited, and becomes less toxic when

nutrient concentrations are increased. In laboratory

settings, especially when phosphorus (P) is limiting,

this has been observed (Dafni et al., 1972; Johansson &

Granéli, 1999; Granéli & Johansson, 2003a; Barreiro

et al., 2005; Uronen et al., 2005; Hambright et al.,

2014). In addition, a gene that encodes an ABC-type

phosphate transporter is one of the most highly

expressed genes in the transcriptome of P. parvum

cultures, while a large number of genes for many other

ion/molecule transporters have been discovered as well

(La Claire, 2006; Beszteri et al., 2012; Talarski, 2014).

Furthermore, toxicity was reduced or ameliorated when

nutrients were added to natural plankton communities

experiencing P. parvum blooms (Kurten et al., 2007;

Roelke et al., 2007; Errera et al., 2008). Taken together,

this implies that the P. parvum cells experience some

sort of stress due to nutrient limitation that triggers

production of allelochemicals.

A problem arises, however, when looking at the

working model through fundamental principles of

inorganic nutrient-limited growth kinetics (Monod,

1950). As mentioned previously, the half-saturation

coefficients for nitrogen (N) and P-limited reproductive

growth of P. parvum are very low, much lower than

measured concentrations of these nutrients in natural

environments. This means that reproductive growth

rates of P. parvum in natural settings estimated by the

availability of inorganic N and P would be near

maximal. That is, according to the Monod model the

cells would not be nutrient stressed. Consequently, there

would be no need to produce allelochemicals. For the

working model to apply, which requires stress brought

on by nutrient limitation, the ambient inorganic nutrient

concentrations experienced by the cells would have to

bemuch lower or something other than inorganic N or P

would have to be limiting growth. Both scenarios might

be true. For example, low inorganic nutrient concentra-

tions might occur at the microscale adjacent to the cell

surface when cells are less motile, i.e., diffusion

transport limitation (Gavis, 1976; Karp-Boss et al.,

1996; Mitchell et al., 2013). Regarding other nutrients,

vitamins B1 and B12 are essential for its growth, and not

surprisingly a variety of genes whose products are

critical in vitaminmetabolismwere also uncovered inP.

parvum cultures and in related haptophytes (La Claire,

2006;Koid et al., 2014). In addition, dissolvedorganicN

and P may limit growth of P. parvum more than

inorganic N and P, as suggested by field observations in

some areas of south central USA (Israel et al., 2014).

Indeed, Palenik & Morel (1991) found that P. parvum

uptake of organic forms of N was enabled by variety of

surface membrane-bound enzymes, such as L-amino

acid oxidase.

Alternatively, it may be that the primary assump-

tion underpinning the Monod model, that ambient

concentrations of nutrients limiting to reproductive

growth instantaneously control reproductive growth

rate, does not apply to P. parvum. Instead, a cell quota-

based model may more accurately depict P. parvum

physiological state and reproductive growth rate. In a

cell quota-based framework, nutrient uptake and

reproductive growth are represented separately, and

the interaction between the two processes affects

cellular nutrient concentrations that define the cell’s

physiological state (Dugdale, 1967; Droop, 1973,

1983). Indeed, laboratory experiments have shown

that reduction in cellular P corresponded with onset of

toxicity in P. parvum (Skingel et al., 2010).

Further complicating the working model are

salinity effects on P. parvum toxicity. From laboratory

studies using a P. parvum strain from south central

USA, toxin production increased at low (7.5) and high

(35) salinity, where reproductive growth rates were

stressed, and was minimal at intermediate salinities,

where reproductive growth rate was optimized (Baker

et al., 2007). Subsequent culture studies using this

same strain and another strain isolated from south

central USA produced similar findings over the low

(2) to intermediate (15) salinity range tested, but only

when N:P was low (Hambright et al., 2014). At

intermediate to high N:P, toxicity increased with

salinity over this range. These findings are consistent,

in part, with other studies employing P. parvum

cultures from around the world (Shilo, 1967; Padilla,
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1970; Weissbach & Legrand, 2012). But not all

studies support this finding, as several P. parvum

strains showed no relationship between salinity and

toxicity over a wide salinity range (3–30) (Larsen &

Bryant, 1998). However, it is important to note that

the majority of historic ‘‘toxicity’’ studies with P.

parvum poorly describe experimental conditions

known to influence toxin(s) production, which

inherently limit an understanding of factors influ-

encing aquatic toxicity (Brooks et al., 2010). It is

also important to note that the magnitude of toxicity,

and thus toxin production, varies among strains

grown at the same salinity (15) (Blossom et al.,

2014b). As it presently stands, whether an underpin-

ning mechanism governs the relationship between P.

parvum toxin production and salinity is unknown.

From field data, however, there is clear evidence that

P. parvum gains an advantage at lower salinities,

which are non-optimal for reproductive growth

(Baker et al., 2009), as evidenced during refilling

of a Mediterranean lake that resulted in salinities

changing from [20 to \5 that resulted in a near-

monospecific P. parvum bloom (Barone et al., 2010).

Similarly, in-lake (salinity *2) and in-estuary

(salinity *20) mesocosm studies conducted in the

south central USA showed that the same P. parvum

strain was more toxic at the lower salinities,

imparting a competitive advantage to P. parvum

and enabling it to bloom in the natural plankton

community (Roelke et al., 2010b). But in the natural

plankton community at higher salinity, P. parvum

was less toxic and unable to attain bloom levels in a

variety of scenarios (Lundgren et al., 2015).

Temperature effects on P. parvum toxicity also

complicate the working model. From laboratory

studies using a P. parvum strain from south central

USA, toxin production increased at lower tem-

peratures (10�C) when growth rate was minimized

and decreased at high temperature (30�C) when

growth rates were higher (Baker et al., 2007). But this

relationship is also inconsistent, as several P. parvum

strains from around the world showed no relationship

between temperature and toxicity (Ulitzur & Shilo,

1964; Larsen & Bryant, 1998). Like salinity, an

underpinning mechanism governing a relationship

between P. parvum toxin production and temperature

is unknown. From field data, however, and as men-

tioned previously, P. parvum blooms almost always

occur during the colder winter months in the south

central USA (Hambright et al., 2010; Southard et al.,

2010; Roelke et al., 2010a; VanLandeghem et al.,

2014a; Hambright et al., 2015).

Chemicals produced by Prymnesium parvum

and associated ‘‘toxicity’’

Much of the uncertainty in the working model arises

from a lack of knowledge of the chemicals produced

by P. parvum. For example, the long-held understand-

ing that prymnesins are the primary chemicals

responsible for toxic properties associated with P.

parvum (Igarashi et al., 1996, 1999) was not supported

by some recent studies that found no measurable

prymnesins in toxic P. parvum samples (Henrikson

et al., 2010; Bertin et al., 2012a, b, 2014). Instead,

Henrikson et al. (2010) suggested that multiple fatty

acids produced by P. parvum were hydrolyzed by

other chemicals after release from the cell, producing

toxic polyunsaturated fatty acids. This finding was not

supported by Manning & La Claire II (2013), who

observed prymnesins from the same strain studied by

Henrikson et al. (2010); or by Bertin et al. (2012a, b,

2014), who instead reported fatty acid amides as the

primary chemical class contributing to P. parvum

toxicity to fish and suggested that fatty acids reported

by Henrikson et al. (2010) played a minor role. In an

even more recent study, neither of these findings was

supported and it was suggested that various method-

ological artifacts in the Henrikson et al. (2010) and

Bertin et al. (2012a, b, 2014) studies confounded the

earlier conclusions (Blossom et al., 2014a, b). Indeed,

the lack of consensus regarding chemicals produced

by P. parvum might arise from non-standardized

culturing techniques resulting in different magnitudes

or types of toxins produced, differential toxin produc-

tion among strains, non-standardized sample handling

protocols, differing approaches to characterize ‘‘toxi-

city’’, and analytical instrumentation limitations. A

case in point, the Blossom et al. (2014a, b) studies

suggest that the chemicals responsible for fish kills

may not be the same that suppress competing phyto-

plankton, i.e., P. parvum produces allelopathic

chemicals and other chemicals that could be ichthy-

otoxic. It is likely that the range of chemicals produced

by P. parvum and the physiological and ecological

conditions under which production is triggered are

complex and sensitive. Until the actual nature and
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entire suite of toxins are known, as well as their

individual effects in various assays understood, infer-

ences regarding the fitness advantages gained by P.

parvum when producing the chemicals will remain

limited.

We suggest that in the interim, sound principles of

aquatic ecotoxicology are necessary, which will

maximize inter-laboratory transferability of knowl-

edge from the various studies with P. parvum that

report measures of toxicity (Harris et al., 2014). This is

a critical consideration because the toxins likely

possess differential potencies across in vitro and

in vivo models employed for toxicity studies. Unfor-

tunately, toxicity studies with P. parvum to date have

been basic and descriptive, largely due to poor

characterization and availability of toxins for

mechanistic toxicology studies. In fact, many his-

torical studies of P. parvum toxicity to aquatic life are

inherently limited because experimental conditions

influencing toxin production were not consistently

reported (Brooks et al., 2010). For example, toxins

responsible for acute fish mortality are photo labile

and appear to degrade fairly rapidly (James et al.,

2011a). Whether this observation applies to other

potential toxins produced by P. parvum or sublethal

responses is unknown. We recommend that all future

studies of aquatic toxicity from P. parvum employ

standardized protocols with fish, invertebrate or algal

models (e.g., EPA, OECD) in which basic water

chemistry parameters and experimental conditions are

monitored and clearly reported.

It remains important to note that the majority of

historical toxicity studies with P. parvum have focused

on acute studies with mortality as the primary endpoint

observed (Brooks et al., 2010). Further, historically used

terms in the literature such as ‘‘ichthyotoxicity’’ should

not be used in the future because this practice leads to

much confusion among non-toxicologists, and it is not

grounded in sound toxicology principles. Toxins elic-

iting adverse effects on fish are likely to adversely affect

other aquatic life (and potentially terrestrial life), albeit

at different levels of sensitivity (Brooks et al., 2010).

Future toxicology studies associated with P. parvum

blooms are needed to understand sublethal responses of

fish and other organisms. For example, it appearswidely

held by practitioners that P. parvum toxins do not

present risks to terrestrial organisms or human health,

although Mariussen et al. (2005) observed P. parvum

extracts to exert glutamate activity with an in vitro rat

synaptasome model and Henrikson et al. (2010) did

report toxicity of some P. parvum compounds to a

laboratory mammalian cell line. As stressed in Brooks

et al. (2010), there presently have not been sufficient

scientific studies to support the potentially dangerous

conclusion of no risk to terrestrial organisms or humans.

It remains critical to define the mechanism(s) by which

various P. parvum toxins elicit acute and chronic

toxicity to various organisms. Developing adverse

outcome pathways (Ankley et al., 2010) is necessary

to support this pressing research need.

Factors facilitating the spread of Prymnesium

parvum through the west

The spread of P. parvum bloom incidence through the

USA may have been the result of recent invasions

where after arrival in the USA, P. parvum migration

was dictated by mechanisms of metacommunity

dynamics (Leibold et al., 2004). Alternatively, P.

parvum might be a long-term resident in the USA and

part of the ‘‘hidden flora’’, as embraced by the idea that

in the microbial world ‘‘everything is everywhere, but

the environment selects’’ (Beijerinck, 1913; Baas-

Becking, 1943, as reviewed in Hughes-Martiny et al.,

2006). In a metacommunity framework, migration

limitation of P. parvum would be the mechanism used

to explain the spread of blooms. The existence of

conditions favorable for blooms prior to the incidence

of blooms would support the metacommunity idea.

Changed environmental conditions in the USA coin-

ciding with the incidence of P. parvum blooms would

support the idea that ‘‘everything is everywhere, but

the environment selects.’’ From the information

available (discussed below), a conclusion selecting

between these ideas would be premature.

Salinity

It is likely that salinity played a strong role in

facilitating P. parvum blooms in the south central

USA. This region experienced a period of drought

during the late 1990’s and into the late first decade of

the twenty-first century. Salinity rose to a range of*2

to *4 in many lake and river systems where

previously salinity was lower. Multiple analyses

showed that this elevated salinity correlated more

strongly to P. parvum bloom incidence than other
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physiochemical parameters (Roelke et al., 2012;

Patiño et al., 2014; VanLandeghem et al., 2014a;

Hambright et al., 2015). It also appears that there are

salinity bloom thresholds, above which blooms are

possible. For lakes of the Brazos River basin, these

thresholds varied (0.5 for some lakes, 1.5 for another),

likely as a function of plankton community adaptation

to historical salinity levels in these systems (Roelke

et al., 2011). In Lake Texoma, the primary reservoir in

the Red River basin, salinity above 1.7 was the best

predictor of P. parvum blooms (Hambright et al.,

2015). Additionally, there may be thresholds at higher

salinities, above which blooms are no longer possible.

A marked decrease in the incidence of blooms when

salinity exceeded *12 was observed in the Pecos

River basin, with blooms at these salinity levels only

occurring when organic nutrient concentrations were

very high (Israel et al., 2014).

These observations suggest that there is an inter-

mediate range of salinity in south central USA lakes

and river systems where blooms are possible (Fig. 4).

It may be that below this intermediate range P. parvum

cells are either too stressed or cannot grow to a

sufficient population density to produce enough toxins

that would allow a competitive advantage. Above this

intermediate range cells are expected to reproduce

well, but may not be stressed enough and again there

may not be enough toxins produced to facilitate a

competitive advantage. This double salinity threshold

model is consistent with previous observations from

saline lakes in China, where P. parvum population

density was positively correlated with salinity up to a

level of 8, but negatively correlated at salinities higher

than this (Guo, 1983; as cited in Guo et al., 1996).

There are other possibilities as to why P. parvum does

not bloom at higher salinities in the south central USA,

as suggested by Israel et al. (2014). These include the

possibility of a growth inhibiting dissolved substance

that co-varies with salinity or perhaps an increased

abundance of P. parvum-tolerant zooplankton grazers

at higher salinities that lead to a decline in P. parvum

abundance.

While analysis of recent records, i.e., post-2001

(the year of marked range expansion of P. parvum

blooms), showed strong associations between salinity

and P. parvum blooms (Roelke et al., 2012; Patiño

et al., 2014; Hambright et al., 2015), an analysis of

records over a longer period that included the decade

preceding 2001, showed varying salinity trends

(Patiño et al., 2014). For example, in the Colorado

River basin records do not show a gradual increase in

salinity and the pre-2001 salinity conditions were just

as conducive to P. parvum blooms as the post-2001

salinity conditions. From that observation, it was

concluded that migration limitation governed the

spread of P. parvum blooms (Patiño et al., 2014).

For the Brazos River basin, however, records are

conflicting. For example, Patiño et al. (2014) showed a

gradual increase in salinity for Lakes Possum King-

dom and Granbury, two lakes in the mid-reaches of the

basin, which corresponded with the onset of P. parvum

blooms. These salinity trends, however, may have

been transient and there is uncertainty whether or not

they influenced P. parvum populations from 2001

onward. Historic records from Lake Possum Kingdom

of total dissolved solids (1964–1987, Wurbs et al.,

1993) and conductivity (1970–2010, Dawson et al., In

Review) show that periods of elevated salinity have

occurred in the past without the incidence of P.

parvum blooms, suggesting that bloom spread was

controlled by migration limitation.
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Fig. 4 Apparent relationship between salinity and incidence of

Prymnesium parvum blooms in natural systems. At low salinity,

it may be that cells are too stressed osmotically and are unable to

produce enough allelopathic and toxic chemicals to suppress

competitors and deter grazers. Consequently, blooms would not

occur. Similarly, at high salinity it may be that cells are not

stressed enough and do not produce enough allelopathic and

toxic chemicals to suppress competitors and deter grazers.

Again, blooms would not occur. Only at intermediate salinities

might blooms occur, where stress may be enough to induce

production of allelopathic and toxic chemicals at effective

levels, but may not be too osmotically stressful for growth. This

would not necessitate, however, that blooms must occur at

intermediate salinity (see Fig. 4)

38 Hydrobiologia (2016) 764:29–50

123



We are unaware of an analysis of salinity changes

across all of the southern USA and the northern areas

affected by P. parvum blooms. Not all these regions

experienced the same drought that the south central

USA did, so it is unlikely that salinity would have

increased in the same way.

Hydrology

In the USA, as in many areas of the world, increased

human demands for water have resulted in construc-

tion of reservoirs. In addition, expanded areas of

housing associated with increased urban human

populations have resulted in construction of many

flood catchment structures. Both reservoirs and flood

catchments lead to longer hydraulic residence times of

water bodies on the landscape and decrease the

magnitude and frequency of inflow events (Kimmel

& Groeger, 1984). In a general sense, such altered

hydraulic conditions would favor the persistence of

slower growing organisms, such as P. parvum. Indeed,

inflows strongly influence bloom termination. Field

monitoring data showed abrupt bloom termination

with inflow events (Roelke et al., 2010a, 2011; Jones

et al., 2013), an observation reinforced during follow-

on, in-lake mesocosm experiments (Hayden et al.,

2012) and numerical modeling simulations (Roelke

et al., 2010a; Grover et al., 2011, 2012; Lundgren

et al., 2013). The in-lake mesocosm experiments also

showed that inflow events prevented bloom develop-

ment and onset of toxicity to fish (Hayden et al., 2012),

a notion reinforced with numerical modeling simula-

tions (Lundgren et al., 2013). In those studies, the

suggested mechanisms were hydraulic displacement

coupled to nutrient loading, which removed cells and

reduced toxin production by remaining P. parvum.

It may be that blooms decline during inflow events

in the absence of hydraulic displacement as well. For

example, some observations from natural systems

showed that inflow events resulted in a reconnection of

habitat and/or a dilution through increased system

volume that corresponded with a decline in P. parvum

populations (Hambright et al., 2010; Schwierzke-

Wade et al., 2011). These observations underscore the

importance of mechanisms other than displacement of

the population. These include the reduction of toxin

production with a nutrient loading followed by

grazing, as suggested for some in-lake mesocosm

studies (Roelke et al., 2007; Errera et al., 2008), and

the possibility of lowered salinity with inflows, as

suggested by field monitoring (Hambright et al.,

2010).

Another factor that may be facilitating the spread of

P. parvum blooms is the practice of interbasin water

transfers. This practice is becoming more prevalent in

the south central USA, wherein waters from one river

basin are transferred to a different basin with the goal

of getting freshwaters from areas where supply

exceeds demand to areas where the converse is true.

This is discussed further in a later section of the paper.

An in-depth, quantitative analysis of altered hydrology

throughout the southern region of the USA and into

northern areas affected by P. parvum blooms has not

yet been done. So we cannot deduce whether potential

changes in hydrology were large enough to have

meaningfully facilitated the spread of P. parvum

blooms. Consequently, we cannot definitely judge

between the migration limitation mechanism for the

spread of P. parvum bloom incidences or the ‘‘every-

thing is everywhere, but the environment selects’’

notion.

Nutrients

Nutrient availability has played a role in population

density attained during P. parvum blooms, as

evidenced by the greater incidence of blooms and

higher cell densities in areas that are more eutrophic

(Hambright et al., 2010; VanLandeghem et al., 2013,

2014b; Hambright et al., 2015). In addition, stoichio-

metry may play a role. Laboratory experiments have

shown that stoichiometric imbalance between N and P

enhances toxicity to various organisms and thus toxin

production. When N:P is low or high, toxicity

increases, with toxicity increasing more so in cultures

studied when P is most limiting (Dafni et al., 1972;

Johansson & Granéli, 1999; Granéli & Johansson,

2003b; Barreiro et al., 2005; Uronen et al., 2005;

Valenti Jr et al., 2010a; Hambright et al., 2014). Using

natural phytoplankton assemblages during an in-lake

experiment, however, this pattern was not observed.

Instead, enrichment with inorganic nutrients deficient

in P and enrichment with inorganic nutrients deficient

in N produced the same levels of toxicity, and with no

nutrient enrichment toxicity was highest (Fig. 5,

modified from Errera et al., 2008). It may be that

these apparent complex relationships between inor-

ganic nutrients and P. parvum toxin production have
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emerged because dissolved organic N and P were

over-looked. Field studies have shown positive asso-

ciations between organic N and P with P. parvum

population densities and toxicity (Vanlandeghem

et al., 2013; Israel et al., 2014; VanLandeghem

et al., 2014b). It may be that organic chemical

availability more strongly controls intracellular N

and P limitation than inorganic N and P availability.

It is important to note here that the relationship

between inorganic nutrient concentrations and popula-

tion densities attained during P. parvum blooms does

not mean that higher nutrients are responsible for the

initiation of P. parvum blooms, quite the contrary as

discussed previously. Furthermore, in the USA, and

again as in many areas of the world, aquatic systems

are progressively becoming more eutrophic with

intensified human activities (Daniel et al., 1998).

The increased nutrient loading involves both inorganic

and organic chemicals. In many lakes of the south

central USA experiencing P. parvum blooms, no

eutrophication pattern was observed for the period of

1991–2010 (Patiño et al., 2014), a period which

captures the decade prior to the time of marked bloom

expansion. So it is unlikely that eutrophication enabled

blooms in this region. This observation supports the

notion of migration limitation controlling the spread of

P. parvum blooms. On a broader geographical scale,

i.e., throughout the southern region of the USA and

into northern areas affected by P. parvum blooms, an

in-depth, quantitative analysis of eutrophication has

not yet been done. So we cannot deduce whether the

degree of eutrophication meaningfully facilitated the

spread of P. parvum blooms. Consequently, we cannot

determine conclusively whether the nutrient loading

record supports the migration limitation mechanism

for the spread of P. parvum or the ‘‘everything is

everywhere, but the environment selects’’ notion.

Water hardness

Water hardness may influence the incidence of

P. parvum blooms as well. From field monitoring in

the south central USA, water hardness strongly corre-

lated with P. parvum bloom density and toxicity

(VanLandeghem et al., 2012, 2014a). Many of the lake

systems in this region are influenced by drainage from

the high plains of Texas and the rolling plains of Texas

and Oklahoma. These regions are rich in calcium

(Ca2?)- and magnesium (Mg2?)-containing minerals

(Ground &Groeger, 1994), so erosion of this landscape

leads to water hardness. Previous laboratory ex-

periments at elevated salinities showed that the cations

Ca2? and Mg2? increased toxicity of P. parvum

extracts (Yariv & Hestrin, 1961; Ulitzur & Shilo,

1964, 1966). In the case of prymnesin 2, one of the

toxins produced by P. parvum, potency was increased
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Fig. 5 Influence of nutrient additions with stoichiometric

imbalance to Prymnesium parvum toxicity to fish. Here,

experiments employing naturally occurring plankton commu-

nities from a lake in south central USA (Lake PossumKingdom)

and conducted in situ showed the toxicity-ameliorating effect,

and in this case bloom-inhibiting, of nutrient additions.While no

nutrient additions led to greater toxicity with time, paralleling

bloom development in the lake, ‘‘full’’ addition of nutrients

completely ameliorated toxicity (‘‘full’’ meaning nutrient

concentrations according to f/2 media recipe). But nutrients

added deficient in either nitrogen or phosphorus only partially

reduced toxicity. (modified from Errera et al., 2008 with

permission from Elsevier)
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two-orders of magnitude with the addition Ca2?

(Igarashi et al., 1996, 1999). Potency enhancing

mechanisms between cations and toxic chemicals

produced by algae include aggregation and com-

plexation, and influence the way these chemicals react

with biological membranes (Almeida-Paz et al., 2003;

Moeller et al., 2007). Some human water use practices

increase water hardness, especially water reclamation

and subsequent discharge. A holistic study ofP. parvum

blooms and water hardness trends in the south central

USA, and all of the southern and some of the northern

regions has not been done yet. Further, experimental

studies of Ca2? and Mg2? influences on toxicity of P.

parvum under conditions of inlandwaters have not been

performed. So, it is premature to conclude anything

about the relationship between human water use

practices and incidence of P. parvum blooms for the

larger region.

Herbicides and other anthropogenic contaminants

Another factor that might be important to the spread of

P. parvum blooms is herbicide use. Atrazine is an

herbicide commonly used in agricultural landscapes to

control broad leaf weeds (Kiely et al., 2004). Atrazine

inhibits photosynthesis by disrupting the electron

transport chain (deNoyelles et al., 1982; Lakshmi-

narayana et al., 1992), ultimately proving fatal to

many plants. Atrazine also impacts phytoplankton, but

not all taxa are equally affected. Experimental tests

revealed a resistance of a P. parvum culture from the

south central USA to atrazine, while other phyto-

plankton taxa from the region were sensitive. This

might have imparted a competitive advantage to P.

parvum in systems contaminated with atrazine (Yates

& Rogers, 2011). But it remains to be shown that

atrazine or other anthropogenic contaminants occur at

effective concentrations in systems impacted by P.

parvum blooms, and a geographical analysis focused

on use and accumulation of such chemicals is lacking.

Interaction effects

It is important to note that the discussion above

addresses salinity, hydrology, nutrients, water hardness,

and anthropogenic contaminants mostly as independent

factors influencing the spread of P. parvum bloom

incidence in the USA. It may be, and perhaps is likely,

that the influences of these factors on P. parvum bloom

incidence are not mutually exclusive. It is also likely

that the interaction effects are nonlinear. Studies

developing quantitative multifactor relationships are

few, with notable exceptions that developed nonlinear

multifactor mathematical relationships between sali-

nity, temperature, and light linked to P. parvum

reproductive growth rate and per capita toxicity (Baker

et al., 2007, 2009; Grover et al., 2010). In addition,

ecological numerical models have been developed that

link P. parvum bloom dynamics with these abiotic

factors (salinity, temperature, and light) along with

other factors that included hydrology, nutrients, al-

lelopathy from other phytoplankton, and zooplankton

grazing (Grover et al., 2010, 2011, 2012; Lundgren

et al., 2013). Also of note are the generalized ecological

models inspired by P. parvum bloom incidence in the

USA that link nutrient cellular storage, nutrient

dynamics, and hydrology (Grover & Wang, 2013,

2014). There is a pressing need for empirical tests of the

complex interactions and behaviors shown in these

models, as the models themselves represent much

needed quantitative tools that will facilitate understand-

ing of P. parvum bloom range expansion.

Potential factors leading to persistence

of Prymnesium parvum in lakes and rivers

As described above, the large P. parvum bloom that

struck multiple lakes of the Brazos River basin in 2001

propagated from a lake positioned higher in the

watershed to lakes lower in the watershed. Timing of

blooms in subsequent years did not follow this

advection-driven serial pattern. Instead, blooms oc-

curred concurrently. If migration limitation is assumed

as the framework of understanding for the spread of P.

parvum blooms, then these observations combined

suggest that after 2001 residual P. parvum populations

‘‘over-summered’’ in these lakes, seeding the bloom in

the next year’s winter.

As mentioned previously, Prymnesium spp. are

known to form resting stages when stressed (Pienaar,

1980; Michaloudi et al., 2009; Johnsen et al., 2010),

and non-motile forms of P. parvum have been

observed in a culture strain from the south central

USA (Brooks and Grover, unpublished data). It may

be that these non-motile cells also occur in natural

plankton assemblages in these lakes, and that they are

resting stages that sink to the sediments and germinate
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at a later time when conditions are conducive for

bloom. There is evidence that P. parvum can persist in

sediments in the south central USA. For example,

sediments collected from an impacted aquaculture

pond that were left dry and exposed to intense

irradiance for several months spanning the summer

germinated a P. parvum bloom when wetted (South-

ard, unpublished data).

The scenario of stress leading to formation of a

resting stage followed by reseeding of the water

column when conditions become favorable is para-

doxical, however. As discussed above, periods when

blooms develop are not conducive for reproductive

growth of P. parvum. In the working model (Fig. 3),

blooms occur when reproductive growth rate is low,

i.e., cells are stressed. To the best of our knowledge,

stressor cues have not been shown to induce germi-

nation of resting stages. An alternative scenario is that

areas of lake and river systems may entrain water

masses for periods longer than a year, creating a

‘‘storage zone’’ and thus enabling an annual reseeding

of the bloom (Grover et al., 2009, 2011). In the case of

Lake Texoma, it is likely that some pools become

storage zones upon disconnection from the lake’s

mainstem (Hambright et al., 2010). It may also be that

P. parvum populations are simply reduced to levels

below detection thresholds (Hambright et al., 2015),

becoming part of the ‘‘hidden flora.’’ This view is

consistent with the ‘‘everything is everywhere, but the

environment selects’’ notion.

Threat to coastal systems in the USA

During periods of bloom in the south central USA,

large populations of P. parvum are transported from

inland lakes and rivers to the coast, and localized

blooms have already occurred in the coastal zone in

habitats fringing major estuaries and bays as a result of

this transport (Nelson & Byrd, 2011). Water use plans

in the coastal zone of the western Gulf of Mexico call

for construction of more reservoirs and increased

interbasin water transfers to meet the demands of a

growing human population (TWDB, 2012). Imple-

mentation of these plans will result in longer hydraulic

residence times of many coastal zone water bodies,

and will facilitate the spread of P. parvum cells. Both

outcomes will inherently increase the probability of

conditions conducive to P. parvum blooms. Adding to

this concern, in a recent study employing in-estuarine

mesocosm experiments, P. parvum was able to grow

to bloom proportions and cause fish-killing levels of

toxicity in various scenarios (Lundgren et al., 2015).

That study showed complex relationships between

resident plankton and P. parvum, with some compo-

nents of the plankton community appearing able to

suppress P. parvum growth, but only at certain times

of the year. In a monitoring study in open waters of the

bay, P. parvum may have already occurred, as an

analysis of photopigments suggested the presence of

Prymnesiophytes at a time just following P. parvum

blooms inland and transport of these waters to the

coastal zone (Roelke et al., 2013). Research on P.

parvum in the coastal zone of the western Gulf of

Mexico is in its infancy. Given that these coastal

systems are very dynamic in salinity, ranging from

freshwater to hypersaline, studies there will provide an

opportunity to test the double threshold salinity model

forP. parvum bloom discussed previously (see Fig. 4).

Factors potentially curbing the spread

of Prymnesium parvum blooms

It is likely that P. parvum bloom range expansion in

the past three decades was limited in systems with low

salinity (nearly freshwater, \0.5), short hydraulic

residence time, or nutrient pulses (conditions reverse

from what might have facilitated bloom spread).

Additionally, areas with soft water or potentially not

influenced by anthropogenic pollution might also have

limited P. parvum spread. There are other factors that

might have limited the spread of P. parvum blooms as

well, which include low pH in some systems and

toxin-resistant and/or P. parvum-inhibiting members

of resident plankton communities.

For a long time, we have known that potency of

toxins produced by P. parvum is sensitive to pH,

where potency increases as pH increases above 7 and

toxins are rendered ineffective at pH 7 and below

(Shilo & Aschner, 1953; Ulitzur & Shilo, 1964). This

relationship between P. parvum toxicity and pH was

also shown for a P. parvum strain from south central

USA (Valenti Jr et al., 2010a, b). From those studies it

was deduced that subtle changes in ionization state of

toxins produced by P. parvum, with a focus on the

amine-containing hydrophobic portion of these mole-

cules, changed the lipophilicity and bioavailability
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enough to bring about changes in toxin potency,

although this mechanism has been debated (Cichewicz

& Hambright, 2010; Valenti Jr et al., 2010b). During

subsequent in-lake mesocosm studies, it was shown

that changes in pH and its influence on toxicity

influenced natural plankton communities. For exam-

ple, during a period of bloom initiation lowering pH

from *8.5 to 7.5 and 7.0 prevented a P. parvum

bloom from developing, and during a period of bloom

development lowering pH terminated a P. parvum

bloom (Prosser et al., 2012). In addition, reducing pH

of field samples that were toxic to other plankton

removed toxicity to fish. This identified the impor-

tance of pH to potency of toxins affecting plankton and

fish (Prosser et al., 2012). It is unclear if this pH

influence on toxicity extends to larger scales. In lakes

of the mid-Brazos River basin (Lakes Whitney and

Granbury), multivariate analysis indicated that blooms

were associated with higher pH levels (Roelke et al.,

2012). But in lakes of the upper Brazos River

(VanLandeghem et al., 2012) and Colorado River

basins (VanLandeghem et al., 2014a), no relationship

was observed. Such differential pH observations may

be related to spatiotemporal differences among ex-

perimental and surface water quality monitoring

datasets from various groups.

Prymnesium parvum is not immune to the allelo-

pathic effects of other algae. In laboratory studies,

exudates from some microcystin- and nodularin-

producing cyanobacteria species inhibited P. parvum

growth (Pflugmacher, 2002; Legrand et al., 2003;

James et al., 2011b). During in-lake mesocosm studies

waters from a lake rich in cyanobacteria (Microcystis

sp., Anabaena sp.) suppressed P. parvum growth when

mixed with waters from a lake during periods span-

ning P. parvum bloom initiation and development

(Roelke et al., 2010b). Furthermore, multivariate

analysis of monitoring data collected in lakes of the

Brazos River basin showed that P. parvum blooms

inversely related to cyanobacteria (Roelke et al.,

2012). But the relationship between cyanobacteria and

P. parvum is likely complex. A laboratory experiment

showed P. parvum growth was stimulated when

exposed to exudates of Anabaena sp. isolated from

the cyanobacteria rich waters mentioned above. In that

experiment, Anabaena sp. exudates stimulated growth

of heterotrophic bacteria on which the P. parvum fed,

thereby increasing its population density (Neisch

et al., 2012), a finding consistent with the observations

of P. parvum blooms in multiple lakes of the

Mediterranean co-occurring with other phytoplankton

taxa that included various cyanobacteria (Katsiapi

et al., In Review).

Viruses and algicidal bacteria are known to influ-

ence HAB-forming species (Doucette et al., 1999;

Brussaard et al., 2005). Prymnesium parvum may also

be vulnerable to viruses and algicidal bacteria.

Regarding viruses, in-lake mesocosm studies showed

better P. parvum growth when grown in virus-free

waters, suggesting a negative association between

viral presence and P. parvum (Schwierzke et al.,

2010). Similarly, in-estuary mesocosm experiments

showed better P. parvum growth when in bacteria-free

waters, suggesting a negative association between the

bacteria and P. parvum, but this relationship was not

consistent seasonally (Lundgren et al., 2015). It is

important to note here that sometimes mixotrophic

algae can be dependent on phagocytizing bacteria as a

means of obtaining essential vitamins (Croft et al.,

2005, 2006), in which case a positive association

between bacteria and the mixotrophic alga would be

anticipated.

Prymnesium parvum in south central USAmay also

be vulnerable to grazing, even while producing toxins.

From in-lake mesocosm studies, the rotifer Notholca

laurentiae was able to proliferate while P. parvum was

toxic (Schwierzke et al., 2010). In other in-lake

mesocosm studies, Brachionus sp. seemed to selec-

tively graze P. parvum (Davis et al., Accepted). In

coastal systems of the south central USA zooplankton

may also have an impact on P. parvum transported

there by rivers. During in-estuary mesocosm ex-

periments, zooplankton[153 lm were able to reduce

P. parvum populations that were added to a natural

assemblage (Lundgren et al., 2015). This finding was

similar to observations from the northeast coast of the

USA where ciliate communities were able to feed on

introduced P. parvum when at low population density

and when other prey items were available (Rosetta &

McManus, 2003). This finding was also similar to

observations from laboratory studies with a marine

copepod that was able to feed on introduced P. parvum

(in that paper classified as P. patelliferum, but now

classified as P. parvum following Larsen, 1999) at low

population density and when other prey items were

available (Koski et al., 1999). From field monitoring

data there is also evidence of some zooplankton taxa

proliferating during periods of P. parvum bloom and
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toxic waters. These included various microzooplank-

ton (ciliated protists and rotifers) in Lake Texoma

(Hambright et al., 2010) and various rotifer taxa

(Brachionus sp.) in lakes of the Brazos River basin

(Roelke et al., 2012). In other areas of the world, some

Brachionus spp. were also observed to proliferate

during a period of P. parvum bloom and toxic waters

(Michaloudi et al., 2009).

Potential management approaches to Prymnesium

parvum in lakes and rivers

Whole system management of P. parvum blooms in

lakes and river stretches may only be possible through

landscape scale reductions in nutrient loading (as this

would likely reduce the maximum density that bloom

populations attain) and hydrologic manipulations

(which might circumvent blooms) (Hambright et al.,

2010; Roelke et al., 2010a, b, 2011). The implemen-

tation cost of nutrient loading reductions at the

landscape scale may exceed the cost of damages from

blooms, however. In regards to hydrologic manipula-

tions in areas where drought is problematic and water

availability for municipal, industrial, and agricultural

needs is sometimes limiting, hydrological manipula-

tions of sufficient scale may also be impractical. A

more tenable management objective may be to target

smaller areas of lakes and rivers, where the aim is to

create refuge habitats for organisms to escape toxic

blooms. If large portions of populations can be saved

during periods of system-wide blooms, community

recovery after blooms will be accelerated. A similar

phenomenon was observed in Lake Texoma where

blooms were not system-wide and fish were able to

migrate from unaffected areas into an area where fish

populations had been decimated from a P. parvum

bloom (Zamor et al., 2014).

Approaches to P. parvum control are well re-

searched in aquaculture pond settings, with the

greatest successes involving chemical control. It may

be that these chemical control approaches are appli-

cable to areas of natural systems targeted for refuge

habitat. Many coves connected to lake mainstems and

some areas of rivers where waters are partially

entrained are of similar dimensions as aquaculture

ponds. Chemical control strategies effective in aqua-

culture ponds include additions of ammonium sulfate

or copper-based algaecides to reduce population

densities, and additions of potassium permanganate

to reduce toxicity (Barkoh & Fries, 2005; Barkoh

et al., 2010). Addition of nutrients also suppresses

population growth and toxin production in aquaculture

ponds (Kurten et al., 2007, 2010, 2011), and as

mentioned previously was effective during in-lake

mesocosm experiments (Roelke et al., 2007; Errera

et al., 2008; Grover et al., 2013). There are drawbacks

to these approaches, however. All of these chemicals

indiscriminately kill other organisms at elevated

levels, excessive nutrient additions can lead to pH

and DO problems, and ammonium addition may

produce un-ionized ammonia levels that are harmful

to fish and other aquatic life (McKnight et al., 1983;

Guo et al., 1996; Barkoh et al., 2003; Kurten et al.,

2007). Other herbicides recently permitted for use may

be effective for P. parvum control. For example,

flumioxazin was very effective at killing P. parvum

while showing moderate effects on other phytoplank-

ton and zooplankton, and no effects on juvenile fish

(Umphres IV et al., 2012, 2013).

There may be other P. parvum bloom control

approaches that have not been attempted in aquacul-

ture ponds, but have been demonstrated during in-lake

mesocosm experiments, these included pH manipula-

tion (Prosser et al., 2012) and pulsed flushing events

using waters deeper in the lake as a source (Hayden

et al., 2012). Regardless of the control approach to be

attempted, careful consideration of refuge site selec-

tion will be needed, as the natural water exchange rate

between the targeted refuge and the main body of the

system will influence the efficacy of the management

approach (Lundgren et al., 2013).

Summary

The incidence of P. parvum blooms quickly spread

through the USA, first documented in 1985 in an arid

region of western south central USA and now

occurring in all southern regions of the USA and in

some northern areas. Genetic evidence suggests P.

parvum invaded this region on multiple occasions

coming from coastal areas of northern Europe. This

notion seems plausible, but requires additional study.

An understanding of mechanisms influencing range

expansion of P. parvum blooms in the USA remains

elusive. Concepts from metacommunity theory, par-

ticularly migration limitation, sometimes seem to
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apply to the spread of P. parvum blooms in the USA.

Concepts from ‘‘everything is everywhere, but the

environment selects,’’ however, also seem to apply at

times. There is still much knowledge to be gained from

analysis of historical geographical records of pa-

rameters likely to have influenced P. parvum bloom

spread. Some of these parameters are commonly

measured by federal, state and local agencies and

include salinity, temperature, pH, in-stream flows,

lake volumes, and inorganic nutrient concentrations.

These data exist in several water quality data de-

positories, but a well-coordinated effort to compile

this information is needed. This would enable a better

exploration of relationships between these parameters

and incidence of P. parvum blooms, thereby allowing

greater confidence in a biogeographical framework of

understanding for the spread of blooms. Other pa-

rameters that might be important to P. parvum bloom

spread will be much more difficult to data mine as they

are not routinely measured by agencies. These include

water hardness (specifically Ca2? and Mg2?), organic

nutrients and vitamins, anthropogenic contaminants

(e.g., herbicides), and specific components of the

plankton. Perhaps the most difficult data to collect and

compile are the plankton components because they are

seldom characterized. These include toxin-producing

cyanobacteria that may be allelopathic to P. parvum,

zooplankton taxa that seem resistant to P. parvum’s

chemical effects, and possible pathogens of P. parvum

that might include virus and algicidal bacteria. Further

studies are necessary to define P. parvum toxin(s) pro-

duced across complex environmental gradients and

the implications of such toxin(s) to ecosystem and

public health. As described in this paper, we have

discovered much regarding the spread of P. parvum

blooms in the USA; but clearly, there is much still to

be done.
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Erratum to: A chronicle of a killer alga in the west: ecology,
assessment, and management of Prymnesium parvum blooms

Daniel L. Roelke . Aaron Barkoh . Bryan W. Brooks . James P. Grover .

K. David Hambright . John W. LaClaire II . Peter D. R. Moeller .

Reynaldo Patino
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Erratum to: Hydrobiologia

DOI 10.1007/s10750-015-2273-6

Regrettably, an incorrect reference has been cited in

the above mentioned publication. The cited work by

Katsiapi et al., although presented at the 17th IAP

Workshop, was never submitted for publication in

Hydrobiologia and should therefore have been

removed from the reference list and the in-text

citations throughout the article.

The online version of the original article can be found under

doi:10.1007/s10750-015-2273-6.
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