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A B S T R A C T

Harmful algal blooms that disrupt and degrade ecosystems (ecosystem disruptive algal blooms, EDABs)

are occurring with greater frequency and severity with eutrophication and other adverse anthropogenic

alterations of coastal systems. EDAB events have been hypothesized to be caused by positive feedback

interactions involving differential growth of competing algal species, low grazing mortality rates on

EDAB species, and resulting decreases in nutrient inputs from grazer-mediated nutrient cycling as the

EDAB event progresses. Here we develop a stoichiometric nutrient–phytoplankton–zooplankton (NPZ)

model to test a conceptual positive feedback mechanism linked to increased cell toxicity and resultant

decreases in grazing mortality rates in EDAB species under nutrient limitation of growth rate. As our

model EDAB alga, we chose the slow-growing, toxic dinoflagellate Karenia brevis, whose toxin levels have

been shown to increase with nutrient (nitrogen) limitation of specific growth rate. This species was

competed with two high-nutrient adapted, faster-growing diatoms (Thalassiosira pseudonana and

Thalassiosira weissflogii) using recently published data for relationships among nutrient (ammonium)

concentration, carbon normalized ammonium uptake rates, cellular nitrogen:carbon (N:C) ratios, and

specific growth rate. The model results support the proposed positive feedback mechanism for EDAB

formation and toxicity. In all cases the toxic bloom was preceded by one or more pre-blooms of fast-

growing diatoms, which drew dissolved nutrients to low growth rate-limiting levels, and stimulated the

population growth of zooplankton grazers. Low specific grazing rates on the toxic, nutrient-limited EDAB

species then promoted the population growth of this species, which further decreased grazing rates,

grazing-linked nutrient recycling, nutrient concentrations, and algal specific growth rates. The nutrient

limitation of growth rate further increased toxin concentrations in the EDAB algae, which further

decreased grazing-linked nutrient recycling rates and nutrient concentrations, and caused an even

greater nutrient limitation of growth rate and even higher toxin levels in the EDAB algae. This chain of

interactions represented a positive feedback that resulted in the formation of a high-biomass toxic

bloom, with low, nutrient-limited specific growth rates and associated high cellular C:N and toxin:C

ratios. Together the elevated C:N and toxin:C ratios in the EDAB algae resulted in very high bloom

toxicity. The positive feedbacks and resulting bloom formation and toxicity were increased by long water

residence times, which increased the relative importance of grazing-linked nutrient recycling to the

overall supply of limiting nutrient (N).
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1. Introduction

Harmful algal blooms (HABs) have occurred with increasing
frequency in recent years with eutrophication and other anthro-
pogenic alterations of coastal ecosystems (Glibert et al., 2005;
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Heisler et al., 2008). Many of these harmful blooms severely alter
or degrade ecosystem function, and have been referred to as
ecosystem disruptive algal blooms (EDABs) (Sunda et al., 2006).
These blooms are often caused by toxic or unpalatable species that
decrease grazing rates by herbivores, and thereby disrupt the
transfer of nutrients and energy to higher trophic levels and
decrease nutrient cycling. EDAB species include brown tide
pelagophytes, and toxic haptophytes, cyanobacteria, and dino-
flagellates among others (Sunda et al., 2006).
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Both algal nutrient availability and herbivore grazing are
known to influence the dynamics of EDAB events and algal blooms
in general (Calbet et al., 2003; Irigoien et al., 2005; Buskey, 2008;
Strom et al., 2013). Potential interactions between these two
factors have also been noted because nutrient limitation of algal
prey can increase the grazing defenses in phytoplankton (Graneli
and Flynn, 2006; Sunda et al., 2006) and thereby decrease the
population growth and nutrient recycling rates of zooplankton
which are linked to grazing rates (Sterner and Elser, 2002; Mitra
and Flynn, 2005).

Sunda et al. (2006) presented a conceptual model for the
development of EDABs based on positive feedback interactions
among algal growth competition for limiting nutrients, low
herbivore grazing rates on EDAB species, and grazing-linked
nutrient regeneration. This model was based on the hypothesis of
fundamental tradeoffs between functional traits that promote high
rates of nutrient acquisition, growth and reproduction in an algal
species and traits that promote low grazing mortality rates (large
cell size, toxicity, and unpalitability) (Yoshida et al., 2003;
Litchman et al., 2007; Sunda and Hardison, 2010). Due to these
tradeoffs species with high maximum specific growth rates (high-
nutrient adapted, r-selected species) were also susceptible to high
rates of grazing mortality, while low-nutrient-adapted, K-selected
species were well defended against grazing, but had much lower
maximum growth rates. Thus, each set of species is adapted for
optimal net population growth under different sets of nutrient and
grazing conditions.

In their conceptual model Sunda et al. (2006) proposed that
nutrient inputs first stimulated blooms of fast-growing, readily-
grazed, r-selected species (e.g., diatoms) which drove dissolved
nutrients to low concentrations and promoted the growth of
zooplankton. This set the stage for population growth of K-selected
EDAB species, which were better adapted for growth at low
nutrient levels and were well defended from zooplankton grazing
due to their toxicity or low palatability. This combination of traits
allowed the EDAB species to proliferate at the expense of the r-
selected species, whose growth rate was greatly reduced at low
nutrient concentrations and were less well-defended against
grazing. Sunda et al. (2006) noted that the increased biomass of the
poorly-grazed EDAB species would cause zooplankton grazing
rates to decline, which would decrease grazing linked nutrient
recycling and further decrease limiting nutrient concentrations,
and thereby further promote population growth of the EDAB
species at the expense of competing algae. The authors proposed
that these effects constituted an inherent positive feedback that
should promote the development of harmful blooms (Sunda et al.,
2006). They also noted that there would be an additional EDAB-
promoting positive feedback in cases where the toxicity and
related grazing defenses of the EDAB species increased with
nutrient limitation of growth rate, which commonly occurs in toxic
algae (Sunda et al., 2006; Graneli and Flynn, 2006).

Previously, Sunda and Shertzer (2012) developed a stoichio-
metric nutrient–phytoplankton–zooplankton (NPZ) model to test
the positive feedback hypothesis of Sunda et al. (2006) for the
development of EDAB events where the EDAB species had high
levels of the grazing defenses, which did not vary with nutrient
limitation of growth rate. In the present model we examined the
effect of an additional positive feedback associated with increases
cellular toxins with nutrient limitation of growth rate of the EDAB
species (Sunda et al., 2006). Such increases in cellular toxicity with
nutrient limitation were proposed to substantially promote both
the occurrence and toxicity of EDAB events (Mitra and Flynn, 2006;
Sunda et al., 2006).

In the present model the slow growing, toxic EDAB species
Karenia brevis (K.b.) was competed with two faster growing, less
well defended diatom species (Thalassiosira pseudonana [T.p.] and
T. weissflogii [T.w.]). The selection of K.b. as our model EDAB species
is supported by its nearly annual formation of toxic red tide blooms
in the Gulf of Mexico, which adversely affect human health, marine
ecosystems, and coastal economies (Flewelling et al., 2005;
Kirkpatrick et al., 2006; Watkins et al., 2008). K.b. was also chosen
because of the recent publication of quantitative relationships
between nutrient (N and phosphorus [P]) limitation of specific
growth rate and increased ratios of cellular toxins (brevetoxins) to
cell carbon (C) in this species (Hardison et al., 2012, 2013). These
relationships provided the data needed to construct an NPZ model
that directly examines the effect of increased cellular toxins under
N-limitation of growth rate on the occurrence and toxicity of EDAB
events.

Another major reason for the choice of the above three algal
species in our stoichiometric NPZ model was the recent availability
of data describing relationships among nutrient (NH4

+) concen-
tration, NH4

+ uptake rates, cellular N:C ratios, and specific growth
rate in these and other algal species (Sunda and Hardison, 2007,
2010; Sunda et al., 2009; Hardison et al., 2012). These data were
used to compute growth competition for NH4

+ among the three
species. Due to analytical difficulties, no equivalent growth versus
nutrient data are available for any other N-substrates or for
phosphate, which precluded the inclusion of other N-substrates
such as nitrate or dissolved organic N (DON) in our model.

In addition, NH4
+ was chosen as the limiting nutrient for several

other reasons. Nitrogen is the primary limiting nutrient in coastal
waters and stratified ocean waters (Ryther and Dunstan, 1971;
Sanders et al., 1987; Litchman et al., 2007; Moore et al., 2013) and
NH4

+ is frequently the primary limiting inorganic N species in N-
limited marine waters (Harrison et al., 1996). Also NH4

+ is a major
form of regenerated N (Dugdale and Goering, 1967; Verity, 1985),
and thus, is an essential component of NPZ models (like this one)
that include grazer-mediated N-regeneration.

A central process in our NPZ model is differential grazing by
zooplankton, which removes individual algal species at varying
rates, and thus, along with differing growth rates, controls the
abundance and species composition of the algal community. Algal
grazing supports the growth and reproduction rate of the grazing
predator and has another critical function: it facilitates the
recycling of nutrients through excretion. Therefore, it is essential
for resupplying the nutrient (NH4

+) pool, especially during periods
of low external nutrient supply.

In the present model, the toxin content and associated grazing
defenses in our model EDAB alga (K.b.) increased with N-limitation
of specific growth rate. K.b. produces a suite of structurally related
neurotoxins (brevetoxins), which activate voltage-gated sodium
channels in cell membranes and thereby disrupt normal activity of
excitable membranes needed, for example, for nerve transmission
and muscle activity. These channels are widely distributed in
biological systems, including unicellular protozoan grazers (Lie-
beskind et al., 2011). By interfering with these gated sodium
channels in protozoans, these toxins may disrupt critical cellular
functions such as cell signaling, flagellar motility, prey ingestion, or
the coordinated beating of cilia used in motility and feeding.
Recently, cellular brevetoxins were shown to deter grazing by
zooplankton, specifically copepods (Cohen et al., 2007; Hong et al.,
2012; Waggett et al., 2012), suggesting that toxic blooms of K.b.
could be promoted by low grazing rates directly linked to cellular
brevetoxin concentrations.

The predator in the NPZ model was a generic protozoan grazer,
whose grazing rates and metabolic growth efficiency were
designed to mimic those of a large ciliate (Hansen et al., 1997).
Ciliates are a dominant group of microzooplankton (Pierce and
Turner, 1992), and microzooplankton are responsible for most
algal grazing in coastal waters (Calbet and Landry, 2004). In
addition, ciliates have been identified as dominant grazers during a
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toxic dinoflagellate bloom (Calbet et al., 2003). Protozoan grazers
reproduce through binary fission, which greatly simplifies the
linkage between grazing rates and zooplankton growth and
reproduction.

2. Methods

2.1. Model structure

Our ecosystem model (Fig. 1) assumed a single well-mixed
system in which water entered and exited at the same rate, such as
in a chemostat or an idealized coastal system. For simplicity, the
model intentionally ignored hydrodynamic factors such as
advection (Stumpf et al., 2008) and vertical migration of K.b.
(Kamykowski and Yamazaki, 1997), which may influence bloom
formation. This allowed us to focus strictly on the influence of
several core ecosystem processes (algal growth competition for
nutrients, differential grazing linked to cell size and toxicity, and
recycling of nutrients linked to grazing) on bloom development
and toxicity (Sunda et al., 2006). The inflowing water in the system
contained nutrients but no algae or grazers. Nitrogen in the form of
ammonium (NH4

+) was assumed to be the sole limiting nutrient.
Its concentration (mmol N l�1) was denoted by the symbol N. A
simple algal community contained three competing species: a
small fast-growing diatom Thalassiosira pseudonana (T.p., �4.5 mm
diameter; maximum specific growth rate (mmax) = 1.45 d�1 at
20 8C) a larger slower-growing diatom T. weissflogii (T.w., �10–
11 mm diameter; mmax = 0.89 d�1 at 20 8C), and an even slower
growing toxic EDAB species Karenia brevis (K.b., 9–10 mm
diameter; mmax = 0.40 d�1 at 20 8C) (Sunda and Hardison, 2010;
Hardison et al., 2012). Thus, K.b. should be able to out-compete the
diatoms only if its grazing mortality rate is much lower than those
of the diatoms.

The carbon biomass concentration of each algal species
(mmol C l�1) was denoted by Pi, where i = 1, 2 and 3 represents
Fig. 1. Diagamatic model of the nutrient–phytoplankton–zooplankton system.

Arrows indicate nitrogen flux into, within, and out of the system. Inflowing water

into the system contains a set concentration of N in the form of NH4
+. The NH4

+ is

taken up by the three competing algal species (T.p, T.w., and K.b.) and used to

synthesize algal N and C biomass. The algae are consumed by the grazer at differing

rates and their N and C content are used to fuel grazer growth and reproduction. The

algal N not assimilated into grazer biomass (N, C) is recycled back into the NH4
+

pool. N is lost from the system from water outflow in the form of dissolved NH4
+,

algal N, and grazer N and this N loss rate equals the rate of NH4
+ inflow. The total N

concentration in the system (that present as dissolved NH4
+, algal N, and grazer N)

equals the NH4
+ concentration in the inflowing water.
K.b., T.p., and T.w., respectively. The system contained a
zooplankton grazer present at a C-biomass concentration Z

(mmol C l�1) that consumed each algal species at different
C-specific rates. We quantified this conceptual system using a
stoichiometric NPZ model, similar to that described by Sunda and
Shertzer (2012). Here we highlight several of the model’s key
features and assumptions. A full model description and parameter
units and values are given in the Supplementary Material (S.M.),
Appendix 1.

The NPZ model was governed by a system of differential
equations:

dN

dt
¼ d Nin � Nð Þ �

X
i

V iPi þ RD þ RE þ Rmð ÞZ (1)

dQi

dt
¼ Vi � miQ i (2)

dPi

dt
¼ ðmi � dÞPi � IiZ (3)

dZ

dt
¼ ðmz � m � dÞZ (4)

where Qi is the N:C ratio of the algal species i; Vi is the NH4
+ uptake

rate of algal species i normalized to cell C; RD, RE, and Rm are the N-
recycling rates associated with the grazer’s fecal defecation,
excretion of excess assimilated N, and mortality, respectively; mi

is the specific growth rate of algal species i; mz is the specific
growth rate of the grazer; m is the specific mortality rate of the
grazer; and Ii is the C-specific ingestion rate of algal species i by the
grazer. The NH4

+ input rate equals the concentration in the
inflowing water (Nin) times the dilution rate (d) of the system
(equals 1/residence time), and the NH4

+ washout rate equals the
NH4

+ concentration in the system (N) times the dilution rate. The
total NH4

+ uptake rate by the algae equals the sum of the uptake
rates of the three algal species, while the net growth rate of each
species (dPi/dt; mol algal C liter�1 d�1) equals the specific growth
rate (mi, d�1) times the C-biomass (mol C l�1), minus the rates of
loss from washout and grazing. The remainder of the Methods

section provides additional detail on terms in the NPZ model
(Eqs. (1)–(4)).

2.2. Nutrient uptake and growth of phytoplankton

Ammonium uptake rates of T.w. and T.p. (Vi, Eq. (2)) were
modeled using a modified Michaelis–Menten equation (S.M.,
Appendix 1; Sunda et al., 2009). Uptake rates of both species
increased approximately linearly with the NH4

+ concentration
until saturating at a maximum rate. For that reason and because of
data limitations, we assumed a piecewise linear model for the NH4

+

uptake rate of K.b. (S.M., Appendix 2). For all three algal species,
specific growth rates (mi) were modeled using a modified Droop
equation (S.M., Appendix 1; Sunda et al., 2009), in which the
growth rate is a function of the cellular N:C ratio. Parameter values
for T.w. and T.p. were determined previously (Sunda et al., 2009),
and those for K.b. were estimated for this analysis using similar
procedures (S.M., Appendix 2).

2.3. Grazing and growth of zooplankton

The grazer was modeled after a generic ciliate whose maximum
grazing rate (3.6 d�1), half saturation grazing value
(12 mmol C l�1), and gross growth efficiency (0.39) were based
on average data for large ciliates (n = 5; cell volume 6.9–
21 � 104 mm3) (Hansen et al., 1997). Grazing rates were assumed
to follow a multispecies type-II functional response similar to that
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of Fussmann and Heber (2002), but modified to allow for a
threshold below which grazing ceases (Gentleman et al., 2003;
Tian, 2006). Carbon-specific ingestion rates (Ii) of algal species i

were modeled as:

Ii ¼
gmax;iðPT � PtÞðPi=PTÞ=ðKz þ PT � PtÞ if PT > Pt

0 otherwise

�
(5)

where gmax,i is the maximum grazing rate on algal species i, PT is the
total algal C-biomass (mol C l�1; PT =

P
jPj), Pt is the grazing

threshold (detailed below), and Kz is the half-saturation constant
for grazing, which for simplicity, is assumed to be the same for all
algal species (Sunda and Shertzer, 2012).

The gmax,i value for T.p., the fastest growing and most readily
grazed species, was set at 3.6 d�1, based on published data (Hansen
et al., 1997). The gmax,i value for the large diatom T.w. was set at 40%
of that for T.p. (1.44 d�1) to reflect the observed lower grazing rates
on larger algal species (Thingstad and Sakshaug, 1990; Kiørboe,
1993). The gmax,i value for K.b. was varied in our model, and was
scaled downward from a maximum value (g0max;1 ¼ 1:08 d�1; 30% of
that of T.p.) by a negatively sloped linear function,

gmax;1 ¼ g0max;1ðmaxð0:0; 1:0 � b3BÞÞ (6)

where B is the cellular brevetoxin:C ratio (g brevetoxin [mol C]�1),
and b3 (mol C g�1) is the slope parameter that scales the
relationship between grazing deterrence in K.b. and the cell
brevetoxin:C ratio. Henceforth b3 is referred to as the brevetoxin
grazing deterrence factor.

Based on Eq. (6), the maximum grazing rates varied from
1.08 d�1 to zero, depending on the value of b3 and the cell
brevetoxin:C ratio (B). The parameter b3 was assigned a standard
value of 1.5 mol C (g brevetoxin)�1, but this value was also
modified to simulate various levels of grazing deterrence for
K.b., as described below in the Model Scenarios section. The model
implicitly assumed that deterrence of grazing on K.b. was based on
the zooplankton’s ability to discriminate against the toxic cells,
rather than to an inhibition of metabolic processes in the grazer, as
has been shown previously for zooplankton (copepod) grazing on
mixed populations of the toxic dinoflagellate Alexandrium sp. and
non-toxic dinoflagellates (Teegarden, 1999). In those experiments,
low levels of ingestion of the toxic dinoflagellate did not inhibit
grazing rates on co-occurring non-toxic species, which we also
implicitly assume in our model.

In our model, the cellular brevetoxin:C ratio (B) was inversely
related to the specific growth rate (m1) based on data for the
behavior of K.b. (strain CCMP 2228) with decreasing specific
growth rate caused by N- or P-limitation (Hardison et al., 2012,
2013). This relationship was assumed to be linear:

B ¼ b1 � b2m1 (7)

where b1 is the cellular brevetoxin at zero growth rate (1.17 g [mol
C]�1) and the slope parameter b2 has a value of 2.15 g [mol C]�1 d.

We utilized a grazing threshold in our grazing model (Eq. (5);
Pt = 2.0 mmol C l�1). We note that algal grazing data are often
modeled as a saturation function of algal concentration with the
curve passing through the origin; i.e., zero grazing rate at an algal
concentration of zero (Hansen et al., 1997; Tian, 2006). However,
grazing data are often noisy with few or no observations at algal
concentrations near zero, so whether the curve passes through the
origin cannot usually be determined. Grazing curves derived from
less noisy data at very low algal C biomass often have a positive x-
intercept, with no measurable grazing until some critical algal
threshold is reached (Frost, 1975; Strom, 1991; Gismervik, 2005;
Chen et al., 2010). Nutrient–phytoplankton–zooplankton (NPZ)
models often require the inclusion of grazing thresholds to prevent
large oscillations in phytoplankton populations, which do not to
conform to field data for natural plankton (Frost, 1993; Strom et al.,
2000; Leising et al., 2003).

The model tracked both C- and N-limited growth rates of the
grazer (mC and mN) to determine which nutrient element would be
most limiting. C-limited growth was modeled as,

mC ¼ eg ea

X
i

Ii � r

  !
(8)

where Ii is the C ingestion rate of species i (Eq. (5)), r is specific basal
respiration rate (0.1 d�1), ea is the gut assimilation efficiency of
grazing (0.8), and eg is the growth efficiency (0.5), equal to the
increase in grazer C biomass divided by the net assimilated C
available for growth (S.M, Appendix 1). Similarly, N-limited growth
was modeled as,

mN ¼ ea

X
i

IiQ i

Qz
(9)

assuming a fixed N:C ratio in the zooplankton (Qz) of 1:7 (Redfield
et al., 1963; Sterner and Elser, 2002). The specific growth rate of the
grazer (mz) was taken to be whichever was most limiting,
mz = min(mC, mN). In the present model, the zooplankton growth
rate was always limited by C, and the excess assimilated N was
excreted.

2.4. Nutrient recycling

Grazer-mediated recycling of N (per mol grazer C) stemmed
from three sources: defecation of feces (RD), excretion of excess
assimilated N (RE), and grazer mortality (Rm). Defecated N equaled
the N ingested but not assimilated, defined by the complement of
grazing assimilation efficiency (i.e., 1 � ea),

RD ¼ ð1 � eaÞ
X

i

IiQ i (10)

Nitrogen excretion equaled the difference between the N
assimilation (AN) and the assimilated N utilized for growth (GN),
RE = AN � GN. In addition, the N content of dead zooplankton was
recycled, Rm = mQz, where m is the specific mortality rate. For
simplicity, we assumed that the N content of feces and dead
zooplankton was rapidly converted to ammonium. We also
assumed all excreted N was in the form of NH4

+, quantitatively
the most important N excretion product in microzooplankton
(Verity, 1985; Caron and Goldman, 1990).

2.5. Model scenarios

We used the stoichiometric NPZ model to examine top-down
and bottom-up effects in the system. For top-down effects, we first
considered time-course simulations (0–200 or 0–500 d) with or
without a grazer in the system. When present, the grazer preyed on
all algal species according to differences in their maximum grazing
rates, which for K.b. varied with the cell brevetoxin:C ratio (Fig. 2A,
Eq. (7)) and the grazing deterrent effect of the brevetoxins (Fig. 2B,
Eq. (6)). We further considered asymptotic dynamics of the system
across a range of brevetoxin grazing deterrence factors (b3 in Eq. (6)).

In the model, bottom-up effects were driven by the dilution rate
(d) and the NH4

+ concentration in the incoming water (Nin). In
addition to our standard dilution rate (0.1 d�1), we examined time-
course simulations for lower and higher dilution rates (0.05 and
0.3 d�1). We also examined asymptotic dynamics across a range of
rates (d 2 0:01; 0:6½ � d�1). And in addition to our standard NH4

+

concentration in the inflowing water (12 mM) we conducted time-
course simulations with lower and higher Nin values (4 and
24 mM). In all cases, parameters not used to define a particular
scenario were fixed at their base values (S.M., Appendix 1).



Fig. 3. Steady-state growth rates of K. brevis (solid line), T. pseudonana (dashed line),

and T. weissflogii (short-long dashed line) as a function of NH4
+ concentration (A),

and cellular N:C molar ratio (B). Lines shown are modeled relationships based on

laboratory culture data.

W.G. Sunda, K.W. Shertzer / Harmful Algae 39 (2014) 342–356346
3. Results

3.1. Algal growth models

Modeled relationships among specific growth rates of the three
algal species and NH4

+ concentration are shown in Fig. 3A. In these
modeled curves, the small diatom Thalassiosira pseudonana (T.p.)
outgrows the other two species at all ammonium (NH4

+) levels
except at very low concentrations (<0.008 mM), where it grows at
rates similar to those for Karenia brevis (K.b.). Likewise, T. weissflogii

(T.w.) has growth rates intermediate to T.p. and K.b. except at very
low NH4

+ (<0.01 mM) where rates for all species converge. Thus,
NH4

+ concentration is an important factor regulating the relative
population growth of the three algal species. In the presence of the
grazer, the high cellular brevetoxin:C ratios and associated low
grazing rates under N-limitation of growth rate should help K.b. to
compete with the two diatoms at low NH4

+ levels where the
growth rates of the three species converge.

The algal specific growth rate is ultimately determined by the
cellular concentration of the limiting nutrient N (Droop, 1968;
Sterner and Elser, 2002). Modeled Droop relationships between
specific growth rate and cellular N:C ratio show only an �2-fold
range in this ratio with changes in growth rate in K.b. and T.w. and
a slightly narrower range for T.p. (Fig. 3B).

3.2. Competition models

3.2.1. Top-down effects

Model runs were conducted to examine the effect of a grazer
and of varying toxin-linked grazing rates on K.b. on the population
dynamics of the three algal species. In the absence of the grazer, the
fast growing diatom T.p. rapidly outgrew the other two species and
Fig. 2. A. Relationship between the cellular brevetoxin:C ratio and N-limited specific

growth rate of K. brevis (K.b.). Dotted lines represent the minimum and maximum

brevetoxin concentrations, and open circles represent measured values for K.b.

strain CCMP 2228 (Hardison et al., 2012). B. Relationship between gmax,1 (the

maximum grazing rate on K.b.) and the cellular brevetoxin:C ratio. The four lines are

for different toxin grazing deterrence factors (b3, lower left insert), which control

how strongly brevetoxins decrease grazing rates (Eq. (6)).
became the sole dominant species after several days (Fig. 4C). By
contrast in the presence of the grazer, the system showed quite
complex behavior that was dependent on the toxin-linked
maximum grazing rate on K.b. relative to the maximum grazing
rates on the two diatoms (3.6 d�1 for T.p. and 1.44 d�1 for T.w).
When the brevetoxin grazing deterrence factor (b3; Eq. (6), Fig. 2B)
was zero (i.e., there was no toxin effect on grazing), no K.b. bloom
occurred. Instead, there was an initial bloom of T.p. followed by
stable oscillations among concentrations of NH4

+, grazer, and T.w.
(Fig. 4E–G). The NH4

+ concentrations oscillated between growth
rate limiting levels (0.03 mM) at high plankton biomass and high
concentrations (�7 mM) at low biomass that supported maximum
growth rates of all algal species (Fig. 4E). However, when b3 was
1.5 (high grazing deterrence by brevetoxins), an entirely different
dynamic occurred. Here there was again an initial bloom of T.p.
which drew NH4

+ concentrations to growth rate-limiting levels,
followed by one or more successive blooms of T.w. and offset
oscillating concentrations of NH4

+ and grazer biomass (Fig. 4I–K).
However, these dynamics were then followed by a sharp rise in K.b.
biomass and brevetoxins which then persisted (Fig. 4K and L).
During this time, there were initially offset blooms of K.b. and T.w.
that underwent damped oscillations (Fig. 4K). This was followed by
a replacement of T.w. by a lower steady state carbon biomass of the
faster-growing T.p., high steady state K.b. biomass and brevetoxin
concentration, and a constant but moderate grazer biomass
(Fig. 4J–L). During this period the NH4

+ was maintained at a
constant, low concentration (�0.02 mM) due to its rapid uptake by
the bloom algae (Fig. 4I), which led to low, N-limited specific
growth rates of K.b. (�0.1 d�1) and associated high brevetoxin:C
ratios (see Fig. 2A). The high toxin:C ratio, in combination with the
high K.b. carbon biomass (Fig. 4K), led to high overall brevetoxin
concentrations (Fig. 4L). The exact time-dependent patterns for
dissolved NH4

+, grazer biomass, and biomass of the three algal
species was quite complex and varied with the value of b3.



Fig. 4. Three time-course simulations: (A–D) without a grazer; (E–H) with a grazer but no deterrent effect of brevetoxins on grazing (b3 = 0; Eq. (6)), and (I–L) with grazing

deterred by brevetoxins (b3 = 1.5, Eq. (6)). All other model parameters were set at their base values (S.M., Appendix 1), including the dilution rate (d = 0.1 d�1) and the

inflowing NH4
+ (Nin = 12 mM). In panels C, G, and K, the algal species are K. brevis (solid line), T. pseudonana (dashed), and T. weissflogii (short-long dashed). Note that the time

scale is shorter in the first two columns than in the third.
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The transition between stable diatom oscillations and the onset
of persistent, highly toxic K.b. blooms was quite sensitive to small
variations in the toxin grazing deterrence factor b3 (Fig. 5A–F).
Plots of the long term (5500–6000 d) K.b. bloom response as a
function of b3 showed that K.b. blooms did not occur at b3 � 1.12
but did occur at b3 � 1.13, and the K.b. biomass and brevetoxin
concentration was unchanged with further increases in b3 (Fig. 5C
and D). Thus, the transition from no K.b. bloom to an intense,
persistent toxic bloom occurred over a change of b3 of < 1%.
However, increases in b3 above 1.13 decreased the time needed for
K.b. bloom formation, and decreased the number of pre-blooms of
diatoms (data not shown).

3.2.2. Bottom-up effects

The model bloom dynamics were also highly sensitive to the
dilution rate (Figs. 6 and 7), which along with the inflowing NH4

+

concentration, controls the NH4
+ input rate to the system (Fig. 1).
Model runs were made at our standard dilution rate (0.1 d�1;
Fig. 4I–L), and also at lower (0.05 d�1; Fig. 6A–D) and higher
dilutions rates (0.30 d�1; Fig. 6E–H). Decreasing the dilution rate
increased the likelihood of a K.b. bloom, and decreased the time
needed for bloom formation and the number of pre-blooms of
diatoms (Figs. 4I–L and 6). For example, at a dilution rate of
0.05 d�1, there were single pre-blooms each of T.p. and T.w.
followed by a persistent K.b. bloom after �50 d (Fig. 6C), while at a
dilution rate of 0.3 d�1, there were only successive diatom blooms
and no K.b. bloom formation (Fig. 6G).

As with variations in the grazing deterrence factor, K.b. bloom
formation was highly sensitive to small changes in dilution rate. In
our long term model runs (5500–6000 d) under the standard b3

value (1.5 mol C [g brevetoxin]�1), there was an abrupt occurrence
of K.b. blooms at dilution rates <0.17 d�1 and only recurring
diatom blooms at higher dilution rates (�0.18 d�1), whose species
composition varied with changes in dilution rate (Fig. 7D–F).



Fig. 5. Bifurcation diagram showing the long-term response of the model and its various model parameters (NH4
+ concentration, grazer biomass, total brevetoxin

concentration, and the carbon biomass of the three algal species) to changes in the brevetoxin grazing deterrence factor b3. The results were computed from extended model

runs (5500–6000 d) and show stable long-term dynamics. The grazing deterrence factor (b3) controls the relationship between the maximum grazing rate on K. brevis and the

cellular brevetoxin:C ratio (Eq. (6)), with higher values corresponding to stronger inhibition of grazing rates. Within that long-term 500 d window, model dynamics either

achieved a steady state (single response line) or stable oscillations (two lines showing the upper and lower bounds). All other model parameters are the same as in Fig. 4. Algal

species are K. brevis (K.b.), T. pseudonana (T.p.), and T. weissflogii (T.w.).
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Within the region of stable K.b. bloom formation, decreases in
dilution rates from 0.16 to 0.01 d�1, were accompanied by a
decrease in NH4

+ concentration from 0.031 to 0.005 mM and a
decrease in specific growth rate of K.b. from 0.16 to 0.01 d�1, or
from 40% to 3% of the maximum growth rate (see Fig. 3A). This
increase in N-limitation of growth rate was accompanied by a 2.8-
fold increase in K.b. C biomass (Fig. 7D) and a 4-fold increase in
bloom toxicity (g brevetoxins l�1 water) (Fig. 7C). Thus, our model
showed that decreasing dilution rate favors K.b. bloom formation
and can greatly increase bloom biomass and toxicity.

As expected, increasing the nutrient concentration in the
inflowing water substantially affected bloom biomass and
dynamics. A six-fold increase in NH4

+ concentration increased
the final K.b. bloom biomass and brevetoxin levels by six-fold, but
it also increased the time required for bloom initiation by about
three-fold (Fig. 8C, F, D and H). Furthermore, at the lower NH4

+

level, there was an initial bloom of T.p. (which always occurs),
followed by a single bloom of T.w., which rapidly subsided and was
replaced with simultaneous increases in K.b. and a three-fold lower
biomass of T.p. (Fig. 8C). The biomasses of these species rapidly
reached steady state conditions. By contrast, at the higher NH4

+

concentration, there were several pre-blooms of T.w. after the
initial T.p. bloom, followed by co-occurring blooms of K.b and T.w.
and then an even higher steady state bloom of K.b. and lesser
amounts of T.p. (Fig. 8F). Thus, while the relationship between
inflowing nutrient concentration and final bloom density may be
straight forward, that between nutrient concentration and bloom
dynamics can be quite complex.

4. Discussion

4.1. A quantitative test of the positive feedback hypothesis

Our modeling effort was undertaken to test the positive feedback
hypothesis of Sunda et al. (2006), which proposed that ecosystem
disruptive algal blooms (EDABs) resulted from complex interactions
among bottom-up control by nutrients, top-down control by
grazers, and positive feedbacks involving grazer-mediated nutrient



Fig. 6. Time course simulations at low and high dilution rates: (A, B, C, D) with dilution rate d = 0.05 d�1, and (E, F, G, H) with d = 0.30 d�1. All other model parameters were set

their base values (S.M., Appendix 1), including the brevetoxin grazing deterrence factor (b3 = 1.5) and inflowing NH4
+ concentration (Nin = 12 mM). In panels C and G, the algal

species are K. brevis (solid line), T. pseudonana (dashed line), and T. weissflogii (short-long dashed line). Note that the time scale is shorter in the right hand column.
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recycling. Sunda et al. (2006) noted that EDAB algae are usually
low-nutrient adapted (K-selected) species that are poorly grazed by
herbivores due to their robust grazing defenses such as toxins.
They further noted that toxin levels and other grazing defenses
often increase with nutrient limitation of growth rate, and that
this would further promote positive feedback interactions
during bloom formation and would increase bloom toxicity. In
a previous paper (Sunda and Shertzer, 2012), we used an NPZ
model to examine Sunda et al.’s (2006) first positive feedback
hypothesis in which the EDAB species has robust grazing
defenses, which do not vary with nutrient limitation of growth
rate. In the present model we examined Sunda et al.’s (2006)
second feedback hypothesis, in which EDAB formation was
promoted by grazing defenses related to cellular toxins where
the cellular toxin levels (and grazing defenses) increased with
nutrient limitation of growth rate.
Sunda et al. (2006) proposed that EDAB events required high
inputs of utilizable nutrients, which would initially stimulate the
growth of diatoms or other high-nutrient adapted (r-selected)
species. They hypothesized that the pre-bloom of such r-selected
species would draw down nutrients to low concentrations, setting
the stage for a competitive switch to the EDAB species. In our
current simulations, one or more pre-blooms of high-nutrient (r-
selected) diatoms preceded every K.b. bloom, and were a
prerequisite for toxic bloom formation (Figs. 4K, 6C, 8C and 8F).
The pre-bloom(s) had three important effects: (1) their high
nutrient demand drew nutrients (NH4

+) to low levels (0.008–
0.022 mM), which limited the growth rate of all algal species, but
had a larger relative adverse effect on the growth rate of the
diatoms (see Fig. 3A); (2) the resulting N-limitation of growth rate
of K.b. increased cellular toxins, thereby further decreasing grazing
rates on the EDAB species (Fig. 2A and B); and (3) the diatom



Fig. 7. Bifurcation diagram showing the effect of changing dilution rate on stable long-term bloom dynamics (computed from extended model runs, days 5500–6000). Within

that long-term 500 d window, model dynamics either achieved a steady state (single response line) or stable oscillations (two lines showing the upper and lower bounds). All

other model parameters were the same as in Fig. 4I–L. Algal species in D–F are K. brevis (K.b.), T. pseudonana (T.p.), and T. weissflogii (T.w.).
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blooms stimulated the growth rate of the grazer, ultimately
leading to high grazer populations and high grazing mortality rates
for the diatoms. Because K.b. was poorly grazed, the high grazing
rates on the diatoms, in conjunction with their larger relative
decrease in specific growth rate at low nutrient concentrations,
allowed K.b. to out-compete these algae, and thereby form a toxic
bloom. The high diatom grazing rates also promoted high rates of
grazing-linked nutrient recycling, which directly fed the emerging
toxic dinoflagellate bloom.

Pre-blooms of diatoms or other high-nutrient adapted species
that drew dissolved nutrients to low concentrations have been
observed in most EDAB events for which such data are available,
including brown tide blooms of Aureococcus anophagefferens in
coastal bays of Long Island, New York (Gobler and Sanudo-
Wilhelmy, 2001; Sunda et al., 2006), the massive toxic bloom of
Chrysochromulina polylepis that occurred in coastal waters of
southern Scandinavia in 1988 (Maestrini and Graneli, 1991), and a
bloom of the dinoflagellate Gymnodinium instriatum in the Lafaette
River, Virginia, a tributary of the Chesapeake Bay (Egerton et al.,
2014). In a brown tide bloom of A. anophagefferens in Great South
Bay, Long Island, New York, USA during 1999, the addition of
inorganic nutrients (N and P) increased the specific growth of the
algal community by 36% on average in six experiments, indicating
that the growth of the algae was nutrient-limited (Gobler et al.,
2002). Also during the nearly eight year brown tide bloom of
Aureoumbra lagunensis in the Laguna Madre, Texas, the mean
particulate C:N molar ratio (28 � 8) and cellular chlorophyll a

(0.019 � 0.002 pg cell) were both indicative of highly N-limited cells
based on data for cellular C:N and chlorophyll a cell�1 vs specific
growth rate from NH4

+-limited chemostats (DeYoe and Suttle, 1994;
Liu et al., 2001). In addition, low dissolved inorganic and organic P
levels were observed during a bloom of the toxic dinoflagellate
Karenia mikimotoi in the East China Sea (Li et al., 2009). Phosphate
additions significantly stimulated algal N uptake rates, suggesting the
bloom growth was P-limited. Finally in a four year survey on the West
Florida Shelf, Karenia brevis cell densities were inversely correlated
with concentrations of dissolved inorganic nitrogen and urea (a
highly available DON molecule) and were directly correlated with the
abundance of haptophytes and cyanobacteria, two groups of low-
nutrient adapted phytoplankton (Dixon et al., 2014). By contrast, the
abundance of K. brevis was inversely correlated with that of diatoms
(a high nutrient adapted algal group) as also seen in our present
model simulations. Thus, there is considerable evidence for
depletion of dissolved nutrients to growth rate limiting levels



Fig. 8. Two time-course simulations, one with an NH4
+ input concentration Nin = 4 mM (A–D), and one with Nin = 24 mM (E–H). All other model parameters were set at their

base values (S.M, Appendix 1), including the brevetoxin grazing deterrence factor (b3 = 1.5) and dilution rate (0.1 d�1). The y-axis scales are six-fold greater for simulations

with Nin = 24 mM than for Nin = 4 mM. In panels C and G, the algal species are K. brevis (solid line), T. pseudonana (dashed), and T. weissflogii (short-long dashed).
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during both pre-blooms and EDAB events. As in our current models,
the total concentration of the limiting nutrient element (N or P)
remained high, but most became tied up in the bloom algae.

Sunda et al. (2006) proposed that a combination of an ability to
grow more competitively at low levels of limiting nutrients and
low grazing mortality rates would allow EDAB species to
proliferate relative to populations of competing phytoplankton
at the low dissolved nutrient concentrations brought on by pre-
blooms of other species. The increased abundance of poorly-grazed
EDAB species would further decrease grazing rates and thereby
decrease grazer populations and grazer-mediated nutrient recy-
cling. This decreased inputs of recycled nutrients, which in turn
would decrease available nutrient concentrations, and increase
nutrient limitation of growth rate in all species and cellular toxins
in the EDAB species. The increased toxicity would further decrease
grazing rates on the EDAB species, which would further increase
its net population growth rate. Sunda et al. (2006) hypothesized
that these interactions constituted a positive feedback that
would promote the formation, persistence, and toxicity of EDAB
events, with co-occurring low levels of dissolved nutrients, algal
grazers, and competing phytoplankton. These predictions are
verified in our current model simulations (Figs. 4I–L, 6A–D and
8A–H). However, for the K.b. bloom to persist in our simulations,
there had to be co-occurring populations of diatoms to support
the grazer population. Without the grazer (Fig. 4A–D) or
preferential grazing on the diatoms (Fig. 4E–H), K.b. blooms
were not possible and the model system became dominated by
diatoms.
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The model simulations presented here and previously (Sunda
and Shertzer, 2012) reveal an additional positive feedback that
promotes the formation of EDABs, linked to decreases in cellular
N:C ratios and N recycling rates with N-limitation of algal growth
rates. The N:C ratios in diatoms and K.b. cells whose growth rates
are severely N-limited are up to two-fold lower than those in
optimally growing N-sufficient cells (Fig. 3B). Consequently, as
algal growth rates become N-limited during the formation of the
K.b. bloom, the N:C ratio in all of the algae consumed by the grazer
decreases, which decreases the excess assimilated N available for
excretion by the zooplankton. Hence, the low algal N:C ratios in the
N-limited algae reduces N excretion rates and grazing-linked
N-recycling rates, thereby further decreasing NH4

+ concentrations
and cellular N:C ratios in the consumed algae. Such positive
feedbacks linked to algal nutrient:C stoichiometry have been
previously described, at least in terms of their effect on the
nutritional quality of algal prey and adverse effects on the growth
rate of grazer species (Irigoien et al., 2005; Mitra and Flynn, 2006).
Similar stoichiometric feedback mechanisms would be expected
with other limiting nutrients such as phosphorous.

Another feature of the current stoichiometric NPZ model that
was not predicted in the conceptual feedback model of Sunda et al.
(2006) (and was not dealt with in our former EDAB model
simulations; Sunda and Shertzer, 2012) was the impact of nutrient
limitation of specific growth rate of the EDAB algae on bloom
toxicity. Our current model shows that toxic red tide blooms are
accompanied in every case by an increase in the fraction of total
limiting nutrient (N) residing in the biomass of the toxic EDAB
species at the expense of other nutrient reservoirs, including
dissolved nutrients (NH4

+), and N present in competing algae and
grazers. This by itself increased EDAB biomass and toxicity. In
addition, as predicted (Sunda et al., 2006), every K.b. bloom was
accompanied by low dissolved nutrient (NH4

+) levels and
associated N-limitation of algal specific growth rates. This
N-limitation had two effects that substantially promoted bloom
toxicity. First, it increased C:N ratios in the toxic species, which
increased C-biomass of these algae by up to two-fold for a given
total N concentration in the system (see Fig. 3B). Second, it
increased cellular toxin:C ratios in K.b. by up to three-fold relative
to those in N-sufficient algal cells (Fig. 2A). These two factors are
multiplicative and together have the potential to increase
brevetoxins per liter of seawater by up to six-fold relative to
what would have occurred if the specific growth rate of the toxic
algae was not N-limited.

In our present simulations at the standard brevetoxin grazing
deterrence factor (b3 = 1.5 mol C [g brevetoxin]�1), as the dilution
rate increased above �0.18 d�1, K.b. blooms disappeared and were
replaced by repeating diatom blooms, first of T.w. by itself, then
T.w. and T.p. together, and finally T.p. alone at the highest dilution
rates (>0.45 d�1) (Fig. 7D–F). Thus, the dominant bloom species
was highly dependent on the dilution rate, with low dilution rates
(long water residence times) favoring K.b. blooms and high
dilution rates favoring blooms of the fast growing diatom T.p. The
reason for this effect is that decreasing dilution rates decrease
inputs of ‘‘new’’ nutrients, which both increases nutrient limitation
of growth rate (via decreases in NH4

+ concentrations) and
increases the relative importance of grazer-linked nutrient
recycling to the overall supply of nutrients. Both effects promote
the positive feedbacks described above that give rise to EDAB
events. Furthermore, low dilution rates also increase bloom
intensity in terms of K.b. C-biomass (g l�1) (Fig. 7D) and bloom
toxin concentrations (g toxin l�1) (Fig. 7C) through decreases in
NH4

+ concentrations and increases in N-limitation of specific
growth rate. This model prediction is consistent with K.b. bloom
patterns on West Florida Shelf during a four year survey (2007–
2010), where the most intense K.b. bloom occurred during the
driest year (2007) when inputs of ‘‘new’’ nutrients from coastal
runoff were at their lowest (Dixon et al., 2014).

An interesting feature of the current model was the sensitivity
of the simulated red-tide bloom to small variations in the toxin
grazing deterrence factor (b3) (Fig. 5D) and the dilution rate of the
system (Fig. 7D). Although, the conceptual model of Sunda et al.
(2006) had predicted that decreasing grazing rates on EDAB species
and decreasing system dilution rates would both favor EDAB
events, our current NPZ model sheds light on just how sharp the
transitions can be between recurring diatom blooms and persis-
tent EDAB events with changes in these parameters. Similar sharp
transitions between blooms of diatoms and those of EDAB species
with decreasing grazing rates on the EDAB species and decreasing
system dilution rates were also observed in our previous simulations
of brown tide blooms (Sunda and Shertzer, 2012). These sharp
transitions were attributed to the positive feedbacks that occur
during initiation of EDAB events. However, the transitions in the
current model were more abrupt than observed previously (Figs. 5D
and 7D), which we attribute to the added positive feedback effect of
increased cellular toxins and grazing deterrence in the EDAB species
with nutrient limitation of specific growth rate.

The nutrient concentration in the incoming water also affected
bloom biomass and dynamics as expected. Increasing the incoming
NH4

+ concentration increased the intensity of the toxic bloom in
terms of both biomass and total toxin concentration, but it also
delayed the occurrence of the toxic bloom, and increased the
number of pre-blooms of diatoms (Fig. 8C–H). Thus, increasing the
nutrient inputs delayed the K.b. bloom and made it somewhat less
likely to occur; however, when it did occur, its biomass and toxicity
were much greater. Such higher toxicity blooms fueled by high
nutrient inputs would be accompanied by more severe negative
effects, such as disruption of food webs, increased fish kills, and
adverse impacts on human health and coastal economies.

4.2. Model generalization and assumptions

Based on the arguments in Sunda et al. (2006), the positive
feedback dynamics that promoted toxic blooms of K.b. in our
current NPZ model should also occur in many other EDAB species
whose toxicity and/or grazing defenses increase with nutrient
limitation of growth rate. Such increases in toxins and defenses
with nutrient limitation are widespread in marine algae and also
occur widely in terrestrial plants (Lambers et al., 2006; Hardison
et al., 2013). For example, hemolytic activity in the toxic, bloom-
forming prymnesiophytes Prymnesium parvum and Chrysochro-

mulina polylepis increases by up to 10-fold under N- or P-limitation
of growth rate (Johansson and Graneli, 1999a, 1999b). Similarly,
silica- and P-limitation increases cell quotas of the neurotoxin
domoic acid in the diatom Pseudo-nitzschia multiseries (Pan and
Rao, 1996; Pan et al., 1998; Sun et al., 2011). In addition, N- and P-
limitation increases cellular karlotoxins by 2- to 15-fold in the
dinoflagellate Karlodinium veneficum, which has caused fish-killing
blooms (Adolf et al., 2009; Fu et al., 2010) and P-limitation causes
over 10-fold increases in cell quotas of the toxin nodularin in the N-
fixing cynaobacterium Nodularia spumigena, which has formed
massive blooms in the Baltic Sea (Sunda et al., 2006). Thus, while
our current model was constructed for Karenia brevis, similar
positive feedback models should also apply to many other bloom-
forming, toxic species. Indeed, we chose K.b. for the present model,
not because we thought the positive feedback model of Sunda et al.
(2006) and Mitra and Flynn (2006) would be particularly
applicable, but rather because of the availability of recent data
for brevetoxin:C vs specific growth rate in N-sufficient and N-
limited algae (Hardison et al., 2012) and the availability of data
demonstrating the grazing deterrent effects of brevetoxins (Hong
et al., 2012). In this regard, K.b. represents a generic toxic, EDAB
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species whose cellular toxin levels increase with nutrient
limitation of cellular growth rate.

Our NPZ model was deliberately simplified to capture the often
complex interactions among several basic processes and factors
that influence the formation and persistence of virtually all
harmful algal blooms. It shows that nutrient-linked differences in
the growth of algal species, depletion of dissolved nutrients by
algal blooms, increased cellular toxicity with nutrient limitation,
decreased grazing rates linked to cell toxicity, and decreases in
nutrient regeneration rates caused by decreasing grazing rates and
lower cell N:C ratios lead to positive feedbacks that promote the
occurrence, persistence, and toxicity of EDAB events. Thus, our
model represents a useful tool for examining the ecosystem
dynamics of toxic blooms of dinoflagellates and other toxic EDAB
species, and for identifying key mechanisms and factors that
influence bloom dynamics and toxicity. It also demonstrates that
even a deliberately simplified model system can exhibit quite
complex behavior.

However, we also recognize that our simplified model ignores
many factors and processes that can influence blooms of K.b. or
other toxic EDAB species. One simplification was the use of a single
biologically available form of N (NH4

+), when indeed many other
forms of N – nitrate, labile N-containing organic molecules (e.g.,
urea and amino acids) and complex mixtures of more biologically
refractory organics (e.g., proteins and humic materials) – are
important N-sources to marine phytoplankton (Bronk et al., 2007;
Wawrik et al., 2009). A sole N source (NH4

+) was used not only to
simplify the model, but also because quantitative data for
relationships between N uptake and assimilation rates and
concentrations of other N-containing substrates are currently
not available for any algal species. However, the positive feedback
mechanisms described by Sunda et al. (2006) and Mitra and Flynn
(2006) should be independent of the type or chemical form of the
limiting nutrient, so it seems likely that our NPZ model would have
provided qualitatively similar results if the form of inflowing N was
different or if a mixture of N substrates had been used.

One could argue that our model would be more realistic if the
N-substrate introduced into the system was nitrate (NO3

�) rather
than NH4

+ since NO3
� is the predominant form of utilizable

inorganic N introduced into surface waters via upwelling, vertical
mixing, and river inputs (Falkowski and Raven, 2007). The initial
bloom species following external NO3

� inputs are typically
diatoms, which utilize the high NO3

� levels and their high
maximum specific growth rates to support bloom formation
(Margalef, 1978; Bronk et al., 2007). In culture studies, the
maximum specific growth rate (mmax) of K.b. was similar for
growth on NH4

+ (0.37 d�1) and NO3
� (0.35�1) (Glibert et al., 2009)

and the mmax values for our coastal diatoms (T.p. and T.w.) grown
on the two substrates were also similar to one another (Sunda and
Huntsman, 1995; Maldonado and Price, 1996; Sunda and Hardison,
2007). So replacing NO3

� with NH4
+ as our inflowing limiting

nutrient would not have substantially affected our results. We still
would have seen pre-blooms of diatoms that drew nutrients down
to low concentrations, whether the inflowing limiting nutrient was
NH4

+ or NO3
�.

There are several other factors not included in our simplified
model that would promote the growth of K.b. and other toxic
dinoflagellates, but would not affect that of diatoms and other non-
motile, r-selected species. One such factor is the vertical migration
of K.b. and other dinoflagellates driven by the diel light/dark cycle
and varying nutrient concentrations with depth (Kamykowski and
Yamazaki, 1997; Sinclair and Kamykowski, 2008). In this diel cycle,
dinoflagellates vertically migrate downward at night to access
higher nutrient concentrations at depth, and migrate back to near
the surface during the day to access light needed for photosynthe-
sis. This diel migration pattern increases the nutrient uptake and
growth of dinoflagellates in stratified coastal systems where surface
nutrient concentrations have been depleted by algal growth, and
thus, it tends to promote dinoflagellate blooms (Kamykowski and
Yamazaki, 1997). However, it would not allow toxic dinoflagellates
to out-compete diatoms during pre-bloom conditions when surface
nutrient concentrations are sufficiently high to support maximum
growth rates of all competing algal species.

A second widespread growth enhancing factor for many HAB/
EDAB species is mixotrophy (Burkholder et al., 2008), including
phagotrophy, the ingestion of other microorganisms (Li et al.,
2000; Jeong et al., 2005a; Stoecker et al., 2006) and osmotrophy,
the utilization of dissolved organic molecules (Glibert and Legrand,
2006). Both processes can supply fixed carbon and nutrient
elements (e.g., N and P) to supplement that supplied from
photosynthetic C-fixation and from cellular uptake of inorganic
nutrients (Adolf et al., 2006). Both osmotrophy and phagotrophy
often increase substantially under nutrient- or light-limitation of
growth rate (Smalley et al., 2003; Stoecker et al., 2006; Burkholder
et al., 2008).

Osmotrophic utilization of DON as an N source is widespread in
marine algae and is particularly prevalent in many low-nutrient, K-
adapted species, including Karenia brevis (Sipler et al., 2013) and
many other HAB/EDAB species (Bronk et al., 2007; Glibert and
Legrand, 2006; Burkholder et al., 2008). Biologically labile DON
molecules, such as urea and amino acids, are often an important
component of grazer-mediated regenerated N so biological
utilization of DON can be important source of recycled N to
phytoplankton. Furthermore, there is evidence that the release of
DON by Trichodesmium or other diazotrophic cyanobacteria can
promote the growth of K. brevis blooms (Sipler et al., 2013).
However, such increase in fixed-N supply from N2-fixation can
drive these systems into P-limitation of algal growth rate, which
also increases cellular brevetoxin:C ratios (Hardison et al., 2013).

Phagotrophy occurs widely in many groups of phytoplankton,
and is particularly common in low-nutrient, K-selected algae,
including many toxic HAB/EDAB species (Stoecker et al., 2006;
Burkholder et al., 2008; Flynn et al., 2013). It is widespread in
dinoflagellates, prymnesiophytes, and chrysophytes, but is not
known to occur in diatoms (Stoecker et al., 2006; Jeong et al., 2010;
Flynn et al., 2013). Phagotrophic consumption of the cyanobacte-
rium Synechococcus sp. by Karenia brevis has been observed in
cultures (Jeong et al., 2005b; Glibert et al., 2009), and virtually all
dinoflagellates examined to date have been shown to be
phagotrophic, including many formerly thought to be pure
phototrophs (Jeong et al., 2005a,b).

The inclusion of DON utilization or of phagotrophic consump-
tion of competing algae in the present model or in similar models
involving other phagotrophic EDAB species (Jeong et al., 2010)
would almost certainly affect predicted bloom dynamics. The
inclusion of regenerated or diazotrophically produced DON should
favor the formation of harmful blooms of Karenia brevis and other
EDAB/HAB species which are known to effectively utilize various
organic forms of N (Burkholder et al., 2008; Sipler et al., 2013).
Phagotrophy would also promote toxic blooms because it both
increases the supply of nutrients and carbon to support population
growth of the EDAB species, and also removes competing algal
species (Glibert et al., 2009; Jeong et al., 2010). These effects in turn
would further reduce zooplankton grazing rates and populations,
and grazer-mediated recycling of nutrients. These dynamics
represent an additional potential positive feedback that could
help promote toxic blooms, which would operate in conjunction
with the ones in our current model. At least initially, the added
nutrient assimilation from phagatrophy could moderate toxin
increases linked to nutrient limitation of specific growth rate.
However, eventually the increasing population growth of EDAB
species and decline in more readily grazed competing algae would
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decrease grazing linked nutrient recycling and the supply of
nutrients to all utilizable pools (DIN, DON, and consumable
phytoplankton) needed to support further toxic bloom growth. As
in our current model, the specific growth rate of the EDAB algae
would then become increasingly nutrient-limited, leading to
increases in their toxin:C and C:N cell ratios and a high biomass,
highly toxic bloom. Evidence for such a scenario comes from a K.

brevis bloom on the west Florida shelf, where Synechococcus was
abundant outside of the bloom, but was reduced to nearly
undetectable levels within the bloom proper, presumably because
of phagotropic consumption by the toxic dinoflagellate (Heil et al.,
2007; Glibert et al., 2009).

5. Conclusions

Our NPZ model indicates that the formation of ecosystem
disruptive algal blooms (EDABs) depends critically on both
bottom-up and top-down trophic effects, and feedback inter-
actions between the two. It shows that positive feedbacks linked
to increased toxicity of EDAB species under nutrient limitation of
growth rate can promote the occurrence and toxicity of
ecosystem disruptive algal blooms, such as those of Karenia

brevis. In the model, every toxic dinofalgellate bloom was
preceded by one or more pre-blooms of diatoms, whose specific
growth rates were much higher than those of the toxic species at
high nutrient levels, but were also more readily grazed by
zooplankton. The diatom pre-blooms drew down available
nutrients to low, growth rate-limiting levels and promoted
the population growth of zooplankton. The EDAB species was
then able to proliferate at the expense of the diatoms owing to its
low grazing mortality rate and to a much smaller decrease in its
specific growth rate relative to diatom growth rates as dissolved
nutrient levels declined. A positive feedback occurred because
the resultant higher abundance of N-limited, more highly toxic
and poorly-grazed EDAB species decreased grazing rates and
grazing-linked nutrient recycling, which further decreased
dissolved nutrient levels, and thereby further increased toxin
levels in the EDAB species and decreased diatom growth rates
relative to growth rates of the EDAB algae. This positive feedback
led to a high biomass bloom, in which the specific growth rate of
the EDAB algae was increasingly restricted by low nutrient
levels. This low nutrient stress increased both C:N and toxin:C
ratios in the EDAB algae, and thus it also greatly increased bloom
carbon biomass and toxicity.

Decreasing dilution rates (increasing water residence times)
in our model system promoted harmful bloom formation and
toxicity by decreasing the input of ‘‘new’’ nutrients to the
system, which both increased nutrient limitation of algal specific
growth rates and increased the importance of recycling to the
overall supply of limiting nutrients. Thus, our model predicts
that increases in water residence times in coastal systems (e.g.,
from climate change related droughts or river water diversion
for agriculture) could increase the occurrence and toxicity of
EDABs.

The model also indicates that bloom biomass and toxicity is
the fundamentally limited by the concentration of inputted
nutrients. Thus, to minimize bloom toxicity and harmful
impacts, environmental managers and regulators need to reduce
nutrient inputs into coastal systems, especially those from
anthropogenic sources such as agricultural fertilizers, municipal
wastes, and NOx from fossil fuel burning. The positive feedback
dynamics described here should not only apply to blooms of our
model EDAB species Karenia brevis, but also to other EDAB algae,
whose toxins and grazing deterrence increase with nutrient
limitation of growth rate.
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