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Abstract: The rapid range expansion of the toxigenic marine haptophytic alga Prymnesium parvum in inland
aquatic systems across the southern USA and beyond has prompted great interest in the ecology and evolution-
ary biology of this invasive bloom-forming species. Researchers have speculated that increased toxicity and
heterotrophy in suboptimal environments allow blooms to develop in these new inland habitats that seem to
represent extremes relative to P. parvum’s perceived optimal niche. We used a laboratory-based study to eluci-
date the roles of salinity and nutrient availabilities in P. parvum growth and toxicity under environmental con-
ditions representative of hypereutrophic reservoirs of the southwestern USA in which P. parvum blooms are now
common. We found evidence that nutrient conditions favoring toxigenesis in P. parvum are suboptimal for
growth and bloom formation, whereas conditions conducive to high growth rates are less favorable for toxigen-
esis. In contrast, both growth and toxicity scaled positively with salinity. Taken in the context of the documented
biogeography of P. parvum and that toxigenesis in P. parvum probably evolved in support of heterotrophic
nutrient acquisition, our results suggest that P. parvum’s apparent range expansion into and across the USA is

driven by increasing availabilities of salty and nutrient-rich systems, rather than by its toxigenic abilities.
Key words: harmful algal bloom (HAB), invasive species, toxigenic protist, N:P ratio, salinity

Biological invasions and range expansions have intrigued
ecologists and biogeographers for nearly a century. Inva-
sive species typically are defined as species that have been
transported beyond their natural habitat into a new habi-
tat through natural dispersal or by anthropogenic means
and that cause disruptions to native biodiversity or eco-
system function, often with economic costs (Elton 1958,
Lockwood et al. 2007, Sax et al. 2007). Invasive species
are thought to thrive in the new system because they lack
natural predators or diseases or they possess superior com-
petitive abilities compared with the native taxa.

This view of invasive species has been adopted in dis-
cussions of Prymmnesium parvum, a marine microbial mixo-
trophic species that is now commonly observed in inland
aquatic systems across the southern USA (Baker et al.
2009, Hambright et al. 2010, Remmel et al. 2011, Roelke
et al. 2011). The current inland distribution of P. parvum
represents an extensive range expansion that has occurred
over the past 3 decades and is thought to be a conse-
quence, in part, of the alga’s tolerance and success across a

broad range of environmental conditions (Edvardsen and
Paasche 1998) and its ability to dominate and bloom in
suboptimal environmental conditions (Baker et al. 2009,
Roelke et al. 2011). Many investigators have speculated
that P. parvum’s toxigenic abilities provide an allelopathy-
based competitive edge over native algae that allows blooms
to develop during periods of stress, such as those created
by low salinities, temperatures, and nutrient availabilities
(reviewed by Granéli et al. 2012). Others have argued that
toxicity may play important roles in predator avoidance
and heterotrophy, but that toxicity is unlikely to provide a
competitive advantage that could lead to bloom formation
(Jonsson et al. 2009, Remmel and Hambright 2012). Exami-
nation of the distribution of P. parvum in Lake Texoma,
(Oklahoma—-Texas) reveals that it is dispersed throughout
the lake, but blooms and fish kills are common only in
areas and periods in which environmental conditions are
conducive for growth (Hambright et al. 2010, Zamor et al.
2012, Zamor 2013). Thus, the recent expansion of P. par-
vum into new habitats suggests that habitats with suitable
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environmental conditions (e.g., elevated nutrients and sa-
linities, see below) may be becoming more abundant, par-
ticularly in the southwestern USA, as growing human pop-
ulations and development place increasing pressures on
the quantity and quality of surface-water resources (Roelke
etal. 2011).

A great deal of scientific effort has been directed to-
ward characterizing P. parvum’s niche and the environ-
mental conditions thought to be advantageous to P. par-
vum with respect to competition, predation, and toxicity.
This focus is a result, in part, of its move into inland wa-
ters with devastating effects on fish and other aquatic an-
imals. Laboratory and field studies have yielded an enigma
with respect to P. parvum’s optimal niche. In laboratory
studies, maximal growth rates of various strains of P. par-
vum are reached at relatively warm temperatures (15—
30°C) and high salinities (8—30 practical salinity units
[psu]). However, environmental conditions prevalent in
the inland systems in which P. parvum has become pre-
dominant tend to be characterized by lower temperatures
(10-20°C) and salinities (<4 psu), particularly during
P. parvum blooms (Baker et al. 2007, Grover et al. 2010,
Hambright et al. 2010). These lower field temperatures
and salinities appear to enhance toxicity of P. parvum
(Baker et al. 2007). In the laboratory, P. parvum tends to
have higher toxicity when grown in N- or P-deficient con-
ditions, i.e., unbalanced N:P (Granéli et al. 2012). Ambi-
ent environmental conditions during blooms of P. parvum
generally corroborate these findings of stress-induced tox-
icity, i.e., blooms tend to occur under low N:P availabil-
ity (Aure and Rey 1992, Bales et al. 1993, Hambright et al.
2010), and researchers have hypothesized that the evolu-
tionary benefit of toxigenesis is likely to be related to nu-
trient acquisition (Lewis 1986, Beszteri et al. 2012, Rem-
mel and Hambright 2012, Driscoll et al. 2013). The need
for nutrient acquisition would generally signal unfavor-
able, hence stressful, conditions for growth.

The role of nutrient limitation in P. parvum toxicity
has received considerable attention (Granéli et al. 2012).
To date, most laboratory studies of the nutrient-toxicity
relationship in P. parvum have been done in low-nutrient
conditions rather than in the higher-nutrient conditions
characteristic of the meso- and eutrophic systems in which
P. parvum now thrives and blooms (e.g., Holdway et al.
1978, Guo et al. 1996, Hambright et al. 2010, Roelke et al.
2011). The results of studies showing dramatic N:P effects
on growth or toxicity in P. parvum often are confounded
by simultaneous manipulations of relative and absolute nu-
trient concentrations (e.g., Johansson and Granéli 1999,
Granéli and Johansson 2003b). These manipulations serve
as important foundational research, but such practice
creates uncertainty with respect to how nutrient limitation
ultimately dictates toxicity, toxigenesis, and competitive
abilities—a situation reminiscent of the debate surrounding
the roles and predictive capabilities of nutrient (N, P) con-

centrations and N:P ratios in cyanobacterial dominance of
many freshwater systems (Smith 1983, Downing et al. 2001,
Reynolds 2006).

We designed a laboratory-based study to elucidate the
roles of salinity and relative and absolute nutrient avail-
abilities in P. parvum growth and toxicity under environ-
mental conditions representative of hypereutrophic res-
ervoirs of the southwestern USA in which P. parvum
blooms are common. We considered heterotrophy in an
evolutionary context, and hypothesized generally that en-
vironmental conditions conducive to growth in P. parvum
would be less favorable for toxigenesis, whereas conditions
favoring toxigenesis would be suboptimal for growth. We
hypothesized specifically that growth rates and maximum
population sizes would scale positively with salinity and
total available N and P and unimodally with N:P with
growth reaching a maximum at intermediate N:P. In con-
trast, we hypothesized that toxicity would scale negatively
with salinity and N and P concentrations and unimodally
with N:P and that toxicity would be minimal at interme-
diate N:P (sensu Granéli and Johansson 2003b).

METHODS
Prymnesium stock batch cultures

We conducted all growth and toxicity experiments with
2 clonal isolates of P. parvum: UTEX-LB2797, isolated
from the Colorado River, Texas basin (University of Texas
algal collection) and UOBS-LP0109, isolated from Leba-
non Pool, a 61-ha backwater basin of Lake Texoma with
recurrent blooms of P. parvum (Hambright et al. 2010).
The UTEX-LB2797 culture was shipped from the Uni-
versity of Texas in Erdschreiber’s medium with salinity
~30 psu, but upon receipt in the laboratory, we initiated
stock batch cultures in COMBO medium (Kilham et al.
1998) ata 16:1 N:P (800 uM N and 50 uM P). We manip-
ulated salinity with either 6 or 15 g/L of Instant Ocean®
(IO). Salinity of IO COMBO was related to NaCl salinity
at room temperature as g IO/L = 1.085 x g NaCl/L + 0.086
(R* = 0.9996). We also maintained the UOBS-LP0109 cul-
ture in 6 and 15 g IO/L, 16:1 N:P COMBO. We main-
tained all stock batch cultures at room temperature un-
der continuous lighting supplied by fluorescent aquarium
tubes, mixed >1x weekly, and reinitiated into fresh medium
upon visual signs of density decline.

Salinity effects on Prymnesium growth

We measured effects of salinity on P. parvum growth
in batch culture as daily rate of change in cell density as
a function of salinity using IO-supplemented COMBO
(0-30 g IO/L). We initiated cultures from stock batch
cultures of 6 and 15 g IO/L UTEX-LB2797 and UOBS-
LP0109 separately. We established 3 replicate cultures of
each strain and each initial culture salinity in 250-mL Er-
lenmeyer flasks containing 16:1 N:P COMBO at 1 of 6



test salinities (0, 2, 4, 6, 15, or 30 g I0/L). Flasks were
swirled daily. Initially, and every 2™ d, we analyzed a
500-pL sample on a BD FACSCalibur flow cytometer (Bec-
ton, Dickinson and Company, San Jose, California) to de-
termine golden algal cell densities. We measured salinity
for each sample initially and at the end of each experiment
(Hach HQ40d meter, calibrated with NaCl; Hach, Love-
land, Colorado).

N:P effects on Prymnesium toxicity

Based on the hypothesis that stoichiometric considera-
tions (i.e, N:P) were important in understanding toxi-
genesis and toxicity in P. parvum (sensu Johansson and
Granéli 1999), we established P. parvum chemostat cul-
tures in UTEX-LB2797 with different N:P availabilities in
modified COMBO medium. In the first series of che-
mostats, we held P constant at 50 pM and varied N from
200-1600 uM (hereafter fixed-P, variable-N chemostats),
and in the 2" series, we held N at either 200, 400, 800, or
1600 pM while varying P between 1.56 and 50 uM (here-
after variable-P, fixed-N chemostats). We verified nutri-
ent treatments analytically. To examine the role of salinity
in P. parvum toxicity, we established fixed-P, variable-N
chemostats in salinities of 2, 4, 6, or 15 g IO/L, whereas we
established all variable-P, fixed-N chemostats in 15 g IO/L
salinity (see Table S1 for a complete list of nutrient and sa-
linity treatments for chemostats).

We grew all cultures a 12:12 h light:dark daily cycle at
25°C under constant stirring and aeration. Cultures for
use in bioassays were initially set up as batch and con-
verted to chemostat once they were near steady-state den-
sities (usually within 1-3 wk from initiation at densities
of 20,000 to >3 million cells/mL, depending on nutrient
concentrations and ratios). We monitored culture den-
sities using microscopy (6—12 replicate hemocytometer
counts at 200% magnification with an Olympus BX51 ste-
reomicroscope; Center Valley, Pennsylvania), fluorometry
(Turner Designs TD 700; Sunnyvale, California), or flow
cytometry initially and at 1- to 3-d intervals, depending
on culture and treatment. Cultures (~1.2 L) were main-
tained in chemostats supplied continuously with fresh me-
dium at 7 to 9% daily replacement to yield ~100 mL of
overflow from each culture each day for use in bioassays.
All chemostats were replicated independently >2x. We
conducted bioassays over the course of several years, so
we replicated some chemostats (N:P = 16:1, 6 and 15 g
IO/L) over the entire experimental period as internal checks
against long-term culture-related artifacts.

Fathead-minnow bioassays

Many P. parvum toxins have been characterized (Shilo
1971, Igarashi et al. 1999, Henrikson et al. 2010, Bertin
et al. 20124, b), but no robust analytical chemical method
is available for quantitying P. parvum toxicity. Therefore,
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we quantified culture toxicities to fish (our primary con-
cern) with a modified 48-h lethal concentration to 50% of
test animals (LCsc) approach with 10- to 14-d-old fathead
minnows (Pimephales promelas) (Remmel and Ham-
bright 2012) in 100-mL glass jars. Each of the 3 repli-
cates/cell density consisted of 3 fish in a jar. Fish were
acclimated for 1 h in 40 mL of aged, dechlorinated tap
water following addition of 10 mL of P. parvum culture
diluted to achieve final bioassay cell densities of 0 to
400,000 cells/mL. We harvested chemostat overflows daily,
and subsampled and counted them as above. We used
COMBO with nutrients and IO to compensate for nutri-
ent and salinity differences in each of the jars during dilu-
tion to ensure that nutrient concentrations and salinity
were equal across all treatments of the experiments and
that fish were not affected by salt concentrations beyond
their tolerance (all final salinities 0.2-3 g IO/L; Table S2).
In preliminary trials, minnow fry could tolerate up to 6 g
IO/L for 48 h. We ran all bioassays in a 12-h-dark:12-h-
subdued light regime at 24°C. We recorded fish survival
at 24 and 48 h. We used survival after 48 h to estimate LCjs
concentrations of P. parvum with a nonlinear, 4-variable,
dose-response regression with a variable slope parameter
(Remmel and Hambright 2012).

Salinity effects on Prymnesium cell density and cell size

Addition of 2- to 15-g IO/L salinity cultures to aged
tap water yielded final bioassay salinities between 0.2 and
3 g IO/L (Table S2). Preliminary microscopic observations
indicated that extreme shifts in salinity (e.g., from 30 to
near 0 g IO/L) resulted in lysis of P. parvum cells. How-
ever, P. parvum subjected to smaller, but substantial, sa-
linity shifts, as experienced in our bioassays (e.g., 15-3 g
IO/L), underwent changes in cell morphology (swelling),
but showed little indication of cell lysis. Stress-induced
lysis could affect release of intercellular or membrane-
bound toxins and confound measures of toxicity in bio-
assays with living cells (Remmel and Hambright 2012).
Therefore, we quantified these potentially confounding ef-
fects with time-series measurements of cell sizes and den-
sities of P. parvum subjected to abrupt changes in salini-
ties spanning the conditions created during our bioassays.
An increase in mean cell size would indicate swelling,
whereas a reduction in density would indicate lysis. We
grew cultures in 16:1 N:P COMBO modified with 6 or
15 g IO/L at a constant 25°C on a 12-h-light:12-h-dark
cycle. Initial densities of cultures were ~0.6 x 10° cells/mL.
We diluted P. parvum culture with 16:1 N:P COMBO
without IO in 25-mL glass vials to create a gradient of
decreasing salinities from 6 to 2.4, 1.2, 0.6, or 0.3 g IO/L
and from 15 to 12, 9, 6, 3, or 0.8 g IO/L (n = 3 for each
dilution). Following dilution and gentle mixing by inver-
sion, we took 1-mL subsamples at 0.3, 1, and 24 h for anal-
ysis of cell density and size by flow cytometry. Densities
presented were corrected for dilution.
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Statistical analyses

All statistical analyses, with exception of estimation of
LCs, concentrations (see above), were carried out in R
(version 3.0.1; R Project for Statistical Computing, Vienna,
Austria). To test for effects of salinity on P. parvum growth
rates, we fit a general linear model with P. parvum growth
rates in batch culture as the response variable, and initial
culture salinity, experimental salinity, and strain as predic-
tor variables. We log;(x)-transformed P. parvum growth
rates to meet assumptions of normality. We excluded 2
outlying values in this analysis to satisfy assumptions of
normality, but repeating the analysis with the outliers pro-
duced similar results.

We used 2-way analysis of variance (ANOVA) to test
for the effects of salinity and N:P on LCs, values. The
interaction term in this model represents how the slope of
the relationship between N:P and toxicity varied between
the salinity treatments.

We used linear mixed-effects models to test the effects
of salinity on P. parvum cell density (corrected for dilu-
tion) and cell size. For each initial salinity (6 and 15 g
IO/L), we used the nlme package (version 3.1-100; Pin-
heiro et al. 2013) to fit linear mixed-effects models with
either cell density or cell size as response variables, time
and dilution specified as fixed effects, and replicate 1D
specified as a random effect. We excluded 2 outliers from
15 g IO/L density analysis (1 each of 0.8 and 0.2 dilutions
at 0.3 h).

RESULTS

Maximum growth rates of both P. parvum isolates
(UTEX-LB2797 and UOBS-LP0109) in batch culture in-
creased with increasing salinity in a log—linear fashion (Fig. 1,
Table S3). Growth rates of the UOBS-LP0109 strain were
consistently higher than growth rates of UTEX-LB2797
strain (likelihood ratio test, LRT statistic = 6.333, p = 0.0119).
Chemostat cultures of UTEX-LB2797 also revealed a sim-
ilar log—linear relationship of growth rates with salinity
during the first 7 d after inoculation (but before initiation
of chemostat), with mean (+1 SD) growth rates at 6 and
15 g IO/L uniformly high (0.333 + 0.155/d) across all nu-
trient conditions, compared with growth rates at 2 g IO/L
(0.056 + 0.021/d) (Fig. 1 inset, Table S4). Once the chemostat
was initiated at 7-9% daily volume replacement (equivalent
to mortality), steady-state cell densities varied approxi-
mately unimodally with N:P regardless of salinity, N, or P
concentration (Fig. 2).

All UTEX-LB2797 cultures, regardless of N:P or sa-
linity revealed some level of toxicity, but toxicity was un-
quantifiable in ~7% (21/308) of all bioassays because of
lack of complete mortality in the highest concentration
used in a given bioassay. In fixed-P, variable-N cultures,
toxicity of P. parvum decreased with increasing N:P (Fig. 3,
Table S5). Toxicity was highest in 15-g IO/L cultures and
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Figure 1. Mean (+1 SE, n = 6) growth rates (batch culture,
0-8 d) of 2 strains of Prymnesium parvum (UOBS-LP0109,
UTEX-LB2797), cultured initially at either 6 or 15 g Instant
Ocean (IO)/L salinity. Regression equations: UOBS-LP0109
growth rate = 0.0584In(salinity) + 0.4207, R* = 0.547, F 3, =
41.08, p < 0.0001; UTEX-LB2797 growth rate = 0.0576In(salin-
ity) + 0.3037, R? = 0.683, F; 32 = 68.94, p < 0.0001. Inset.—Mean
growth rates (+ 95% CI) of fixed-P, variable-N P. parvum
(UTEX-LB2797) chemostat cultures, as functions of salinity (2 g
I0/L, n = 8;6 gIO/L, n = 33; 15 g IO/L, n = 42), prior to the
initiation of 7-9% daily volume replacement (i.e., initial batch
culture growth rates). Regression equation: growth rate =
0.0726In(salinity) + 0.1498, R? = 0.0775, Fj g1 =6.80, p <0.011.

declined markedly with decreasing culture salinity at all
but the lowest N:P (salinity x N:P interaction, ¢t = —3.110,
p = 0.002; Table S5). The strength of the N:P effect (i.e.,
the slope of the log—linear regression between LCs, and
N:P) decreased with increasing N:P (Fig. S1). Cultures
from the Lake Texoma isolate (UOBS-LP0109) grown at
4 ¢ IO/L and N:P = 8, 16, and 32 (data not shown) showed
a similar decrease in toxicity with increasing N:P, but
were generally less toxic than 2-g I0/L UTEX-LB2797 cul-
tures (LCso % 10% = 212In[N:P] — 432, R* = 0.644, F = 25.32,
p =0.0002, n = 16). Compared with the fixed-P, variable-N
cultures shown in Fig. 3, P. parvum toxicity increased
dramatically with decreasing P above N:P = 32 in variable-
P, fixed-N cultures (UTEX-LB2797) at 15 g IO/L salinity
(i.e., with increasing N:P; Fig. 4A, B, Table S5). Toxicity
also tended to increase with decreasing N, but the high-
est toxicities observed were in the 400-uM N cultures,
rather than in the 200-uM N cultures. Regardless of ab-
solute N and P concentrations, the P. parvum toxicity—
N:P relationship was unimodal, with lowest toxicities at
N:P between 16 and 32, and highest toxicities <16 and
>32. This unimodal toxicity—N:P relationship, in conjunc-
tion with a similar unimodal relationship between steady-
state chemostat culture density and N:P (see Fig. 2), yielded
an exponential relationship between LCs, densities and
steady-state culture densities (Fig. 5), suggesting an inverse
relationship between nutrient-dependent growth and tox-

icity.
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Figure 2. Mean (+1 SE) steady-state densities of Prymnesium
parvum in chemostats used for fixed-P, variable-N toxicity bio-
assays shown in Fig. 3 (density = ~1733.7(N:P)* + 10,783(N:P) +
936,359, R? = 0.196, F5 154 = 18.78, p < 0.0001) and for all N':P,
15 g Instant Ocean (IO)/L salinity toxicity bioassays shown
in Fig. 4 (density = ~1300(N:P)* + 69,328(N:P) + 1,143,998,

R* = 0.236, Fy136 = 21.03, p < 0.0001).

The magnitude of salinity reduction, such as occurred
during our bioassays, had no effect on cell densities in ei-
ther 6- or 15-g IO/L cultures Fig. 6A, B). The time effect
on density was significant in the 6-g IO/L experiments,
with a slight decline in all dilutions at 1 h, whereas con-
trol densities continually increased with time. In the 15-g
IO/L experiment, the time x dilution interaction effect
on cell density was significant. Abrupt changes in salinity
caused dramatic increases in cell diameter within the first
0.3 h (Fig. 6C, D, Table 1). In both 6- and 15-g IO/L ex-
periments, salinity reduction significantly affected cell size,
and the largest change in cell size corresponded to the
largest change in salinity. The effect of time on cell size was
significant in both experiments. Cell size decreased notably
after 1 and 24 h. The magnitude of the effect of salinity reduc-
tion on cell size declined with time in the 6-g IO/L culture
experiment (significant time X salinity-reduction interaction).
Some dilutions showed declines in densities, whereas others
increased slightly. However, overall, the abrupt changes in
salinities did not result in substantial levels of cell lysis.

DISCUSSION

Prymnesium parvum blooms are paradoxical in that
they occur in lakes when conditions are not optimal for
reproductive growth. In other words, the fundamental
and realized niches for P. parvum appear to be nonsyn-
onymous (Baker et al. 2009, Granéli et al. 2012). How-
ever, optimal growth conditions generally have been de-
fined in laboratory studies in which only a few selected
factors (e.g., temperature, nutrients [N and P], and salinity)
were manipulated, while other potentially important fac-
tors were held constant or were absent (Baker et al. 2009).
Thus, the n-dimensional hypervolume (sensu Hutchinson
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1957) for P. parvum has not been defined adequately. Mea-
surement of growth performance under more natural con-
ditions, including in the presence of grazers, competitors,
parasites, and diseases, could potentially solve the apparent
bloom paradox. Nevertheless, the bloom paradox, consid-
ered in light of Prymmnesium’s ability to produce toxins,
has led researchers to speculate that the suboptimal envi-
ronmental conditions prevalent during P. parvum blooms
are conducive to increased toxin production, which is
thought to impart a competitive advantage to P. parvum
through allelopathy and subsequent consumption of com-
petitors or their cellular constituents (Granéli et al. 2012).
Clearly, mixotrophic abilities can impart a competitive ad-
vantage over a purely photosynthetic species on an indi-
vidual level (Legrand et al. 2003), but it does not seem rea-
sonable that such behavior could foster development of a
bloom (Jonsson et al. 2009, Remmel and Hambright 2012),
particularly considering that rapid growth and blooms re-
quire substantial levels of nutrients.

The current dogma concerning P. parvum toxicity is
based on the assumption that a stress-related mechanism
underlies toxin production in this species, with some range
of temperature, salinity, light, and nutrients that leads to
high toxicity. From considerable study of these environ-
mental factors on growth and toxicity in P. parvum, re-
searchers generally assumed that poor growth conditions
translated to increased heterotrophy, toxigenesis, and tox-
icity (Granéli et al. 2012). Given the mixotrophic nature of
P. parvum and the assumed role of toxins in facilitating
heterotrophic interactions (Skovgaard and Hansen 2003,
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Figure 3. Mean (+1 SE) toxicity (lethal concentration to 50%
of organisms [LCsg]) of Prymnesium parvum to 10- to 14-d-old
fathead minnows in 48-h bioassays as functions of N:P and sa-
linity. N:P (4, 8, 12, 16, 24, 32, 48, 64) was altered by holding P
constant at 50 uM and varying N. 15 g IO/L: LCs0 x 10° =
14.42In(N:P) — 12.77, R* = 0.243, F = 20.55, p < 0.0001, 11 = 66;

6 g IO/L: LCy * 10° = 33.49In(N:P) — 55.14, R* = 0.504, F = 52.90,
p < 0.0001, 7 = 54; 4 g IO/L: LCso x 10° = 61.22In(N': P) — 114.03,
R*=0391, F=14.11, p = 0.001, n = 24; 2 g IO/L: LCs¢ x 10% =
149.16In(N:P) — 328.22, R*=0615F= 28.77, p < 0.0001, n = 20.
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Figure 4. A.—Mean (+1 SE) toxicity of Prymnesium parvum

to 10- to 14-d-old fathead minnows in 48-h bioassays using

P. parvum cultured in different ratios of N:P at 15 g Instant
Ocean (IO)/L. N:P was altered by holding N constant at 200
(n =41), 400 (n = 53), 800 (1 = 40), or 1600 (n = 35) uM and
varying P accordingly. Fixed-P, variable-N curve from Fig. 3
(error bars omitted for clarity; note different scale from Fig. 3)

are shown for comparison. B.—Same as A, but all data
combined.

Remmel and Hambright 2012), a role for nutrient stress in
toxicity regulation is logical because mixotrophy provides a
means of ameliorating the effects of a nutrient-deficient
environment. In contrast, it is less obvious how depressed
growth because of unfavorable temperature, light, or salin-
ity might contribute to enhanced toxigenesis or toxicity
because mixotrophy cannot be used to make metabolic ad-
justments for temperature, to acquire more photons un-
der low-light conditions, or to adjust osmoregulatory ability
under variable salinity environments. Larsen and Bryant
(1998) detected no relationships between salinity, temper-
ature, or light with toxicity in 6 different strains of P. par-
vum isolated from Norwegian, Danish, English, and Austra-
lian coastal waters. We cannot draw inference with respect
to light or temperature, but our results do not support
the hypothesized role of salinity stress in toxicity regu-
lation because toxicity appeared to scale positively, rather
than negatively, with salinity (Fig. 3). However, our whole-
cell toxicity bioassays with a freshwater fish species poten-
tially could have confounded our results via stress to the
P. parvum because of the abrupt salinity dilution by 81 to
84%. We found little indication that such stress was long
lasting because the only salinity-dilution effect detected

was a temporary increase in mean cell size. Moreover,
Baker et al. (2009), who reported results similar to ours,
and Baker et al. (2007), who report negative (at high tem-
peratures) and unimodal (at low temperatures) relation-
ships between salinity and toxicity, both used a salinity-
dilution approach to conducting fish bioassays. In these
cases, artificial seawater or lake-water cultures with salin-
ities ranging from 0.5 to 35 psu were serially diluted in
50% increments with reconstituted hard water. Thus, higher-
salinity P. parvum cultures were exposed to drastic salin-
ity changes during the bioassays (final salinities were not
reported, but the same freshwater P. promelas was used).
Given the recent demonstration that Prymmnesium toxins
are not exotoxins, but instead probably are membrane-
bound compounds that aid in contact-cell heterotrophy
(Remmel and Hambright 2012), the potential dilutional-
stress created by our bioassay method probably did not
cause a release of toxins. However, no suitable analytical
methods exist for toxin quantification, so we cannot verify
this supposition at this time.

Data on growth and toxicity in P. parvum provide
additional evidence of a weak link between toxicity and
nonnutrient-related environmental stressors. Presumably,
nonnutrient-related environmental stressors that result in
poor growth also should be conducive to toxigenesis (Gra-
néli et al. 2012). In some studies, including ours (Fig. 5),
growth and toxicity were negatively related (P. parvum is
most toxic under poor growth conditions; McLaughlin
1958, Uronen et al. 2005, Baker et al. 2007, Roelke et al.
2007), but in others, little relationship existed between
growth and toxicity (Dafni et al. 1972, Larsen and Bryant
1998). We did not measure toxicities in the salinity—growth-
rate experiments (Fig. 1), but comparison of the patterns
in Figs. 1 and 3 suggest the possibility of a positive growth—
toxicity relationship. Reich and Aschner (1947) found a
positive relationship between population density and de-

LCg, (104 cells/mL)

Culture density (10° cells/mL)

Figure 5. Relationship between mean (+1 SE) steady-state
culture density and toxicity for all N:P, 15 g Instant Ocean
(IO)/L salinity toxicity bioassays shown in Fig. 4. Best fit re-
gression: In(LCso) = 0.954(density x 10°) + 8.00, R* = 0.849,
F = 50.71, p < 0.0001. LCs, = lethal concentration to 50% of
organisms.
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Figure 6. Effects of abrupt salinity change (as occurred dur-
ing lethal concentration to 50% of organisms [LCs,] bioassays)
on mean (1 SE) Prymnesium parvum density (A, B) and mean
cell diameter as measured over 24 h using flow cytometry (C, D)
in 6-g Instant Ocean (IO)/L cultures diluted to 2.4, 1.2, 0.6, and
0.3 g IO/L using nutrient-spiked COMBO (A, C) and in 15-g
IO/L cultures diluted to 12, 9, 6, 3, and 0.8 g IO/L using COMBO
without added N and P (B, D).

gree of toxicity, and Padilla (1970) showed that both
growth and toxicity in P. parvum were highest at high sa-
linities (25 and 22.8%o, respectively). A positive relation-
ship between growth and toxicity was further supported
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in a long-term field study on Lake Texoma (Oklahoma—
Texas), which revealed that P. parvum net population
growth rates were highest during periods of suboptimal
(low) salinities and (cool) temperatures (Hambright et al.
2014), similar to conditions reported for Texas P. parvum
blooms (Baker et al. 2009). The Lake Texoma blooms were
large (up to ~200,000 cells/mL) and toxic throughout the
bloom period as indicated by bioassays and large fish kills
(Zamor et al. 2014).

Regardless of specific culture conditions, both strains
of P. parvum used in our study were always toxic, but our
results confirm the general hypothesis that nutrient stress
in the form of unbalanced N:P yields lower growth rates
and higher levels of toxicity. Under high and constant P
availability, toxicity increased with decreasing N availabil-
ity with no evidence of a unimodal relationship with N:P
between 8 and 64. However, under lower P availabilities
(i.e., fixed-N, variable-P experiments), we saw the more
familiar (sensu Johansson and Granéli 1999) unimodal re-
sponse of toxicity to N:P. Strong P limitation yielded dra-
matically higher toxicities than did strong N limitation. In
addition to relative N:P effects, our results also showed
a role for absolute nutrient concentrations because lower
nutrients in general led to lower steady-state densities in
culture and higher toxicities. Coupled with observational
and behavioral study of P. parvum toxicity (Remmel et al.
2011, Remmel and Hambright 2012), these results cor-
roborate the hypothesis that toxigenesis and toxicity in
P. parvum are related to a biochemical demand for nu-
trients (e.g., auxotrophy) rather than physiological stress.
Previous investigators have examined N:P effects on
P. parvum grown in batch or semicontinuous cultures and
reached the same conclusions (e.g., Johansson and Granéli
1999, Granéli and Johansson 2003b). Comparisons have
been made across log-phase and steady-state-growth pe-

Table 1. Results of linear mixed-effects model (6- and 15-g Instant Ocean [IO]/L analyses run separately), with replicate specified as a
random effect, and time (T) and dilution (D) specified as fixed effects. Two outliers excluded from 15 g IO/L density analysis (1 each

of 0.8 and 0.2 dilutions at 0.3 h).

Cell density Cell size
Source Value SE df t V4 Value SE df t p

6-g IO/L cultures

Intercept 65224.90 2028.47 27 32.15 0.0000 11.31 0.0988 27 114.50 0.0000

T -383.90 147.52 27 -2.60 0.0148 -0.07 0.0072 27 -9.82 0.0000

D 3233.67 4119.16 13 0.79 0.4465 -1.83 0.2005 13 -9.10 0.0000

TxD 685.61 297.16 27 2.31 0.0289 0.05 0.0145 27 3.37 0.0023
15-g IO/L cultures

Intercept 60469.10 1764.44 32 34.27 0.0000 13.96 0.1050 34 132.95 0.0000

T 82.67 99.65 32 0.83 0.4129 -0.07 0.0076 34 -9.15 0.0000

D 3830.51 2907.35 16 1.32 0.2062 -1.90 0.1733 16 -10.95 0.0000

TxD -561.40 164.31 32 -342 0.0017 0.01 0.0125 34 0.68 0.5038
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riods, but identification of the exact limiting factor (i.e., the
factor most strongly related to toxicity) has been diffi-
cult, particularly because N:P was manipulated in these
studies by varying concentrations of N and P simulta-
neously. In contrast, our results were based on toxicities
of P. parvum grown in continuous chemostat with N and
P manipulated separately, which facilitated identification
of the limiting factor that most strongly affected toxicity.
Cells in our cultures always had a constant supply of N, P,
vitamins, and trace metals. Only N or P concentration dif-
fered among cultures. This strategy revealed that level of
toxicity was directly related to an imbalance between N
and P, and to the absolute availability of both nutrients, as
inferred from Figs. 4A, B, and 5. Effects of absolute and
relative N and P concentrations are complex and are af-
fected by temperature, salinity, and possibly multiple other
conditions (our study and others already cited). However,
nutrient limitation and N and P stoichiometry have gen-
eral and important roles, and increased toxicity (i.e., the
need for heterotrophy) is associated with limitation by one
or both of these important nutrients.

Our results corroborate some previous findings, but
important differences exist between our results and those
of others. The most notable differences are the positive
salinity—toxicity relationship and the negative N:P—toxic-
ity relationship under fixed-P conditions (Fig. 3). Such dif-
ferences could be caused by a number of factors, includ-
ing genetic variation among strains, differing environmental
conditions and culture media, and differences in the method
of toxicity assessment. Considerable variation among strains
has been documented (Larsen et al. 1993, Larsen and Bryant
1998), but the general patterns seem to be robust across
strains. For example, we found similar toxicity and growth
relationships as functions of salinity and N:P with both
UTEX-LB2797 and UOBS-LP0109. Differences in culture
medium, trace metals, and vitamins could generate the type
of variation seen across studies, but how such differences
would translate to growth—toxicity relationships is not clear.
In contrast, differences across studies in the method of
toxicity assessment could produce important differences
in the growth—toxicity relationship. Some investigators have
used fish bioassays to quantify toxicity, as we did (Baker
et al. 2007). However, other investigators used hemolytic
assays with horse blood (Johansson and Granéli 1999,
Legrand et al. 2001), or bioassays with other protists (Granéli
and Johansson 2003a, b) or brine shrimp (Artemia) nauplii
(Larsen et al. 1993, Larsen and Bryant 1998). Numerous tox-
ins have been isolated and characterized (Shilo 1971, Igarashi
etal. 1999, Henrikson et al. 2010, Bertin et al. 2012a, b), but
they do not all possess the same ichthyotoxic, hemotoxic,
or cytotoxic properties. In the bioassay-guided extraction
and isolation approach used by Henrikson et al. (2010),
brine-shrimp toxicity revealed some toxin fractions that
were toxic only to brine shrimp, some that were toxic to
brine shrimp and juvenile fathead minnows, and some that

were toxic only to juvenile fathead minnows (KDH, un-
published data). Bertin et al. (2012a, b) found similar vari-
ability in identity and toxicity of compounds isolated from
P. parvum. We suspect that the variety of toxins character-
ized thus far, and the variability in toxin action across assay
types, probably is the key factor underlying differences in
growth—toxicity relationships among studies.

Our results indicate that environmental nutrient con-
ditions that favor toxigenesis in P. parvum are subopti-
mal for growth and bloom formation, whereas those con-
ditions that are conducive to high growth rates are less
favorable for toxigenesis. Growth and toxicity in P. parvum
scaled positively with salinity. These results suggest that
P. parvum’s apparent range expansion into and across
North America is driven by increasing availability of salty
and nutrient-rich systems, rather than by its toxigenic
abilities. Prymmnesium parvum population density can be
predicted on the basis of several environmental factors
within Lake Texoma and across the Red and Canadian
River basins of Texas and Oklahoma (Hambright et al.
2010, Zamor et al. 2012, Zamor 2013). Based on the typi-
cally immense population sizes of microbes, especially
during blooms (e.g., during a bloom of 10° cells/mL in
Lebanon Pool, which contains ~ 3 x 10° m® of water, the
total P. parvum population would be >3 x 10" individu-
als), and the fact that hydraulic flushing and advective
loses downstream are critical components of life in res-
ervoirs (Thornton et al. 1990), the P. parvum propagule
pressure on lower reaches of Lake Texoma probably are
very high. We routinely detect P. parvum downstream
using quantitative polymerase chain reaction (PCR; de-
tection limit = 11 cells/mL for 0.5-L samples), and these
cells probably are quite capable of heterotrophy and toxin
production, but P. parvum has yet to bloom in any area
of the lake in which salinities are lower than in upstream
western bloom sites, even though nutrient concentrations
can be quite high throughout the lake (Zamor et al. 2012,
Hambright et al. 2014). Similar patterns have been ob-
served across the Red and Canadian River basins (Zamor
2013). Such observations are consistent with the micro-
biologist’s credo “everything is everywhere, but, the envi-
ronment selects” (Baas-Becking 1934, de Wit and Bouvier
2006). In other words, dispersal probably is not the limit-
ing factor that determines P. parvum biogeographic pat-
terns. Rather, population establishment and blooms occur
only when environmental conditions are favorable. Tox-
icity is highest under conditions of nutrient limitation, so
little evidence exists that toxicity could lead to enhanced
growth and bloom formation.

ACKNOWLEDGEMENTS

We thank Paul Mauck, Jeff Boxrucker, and Greg Summers
(Oklahoma Department of Wildlife Conservation [ODWC]), who
were instrumental in initiating this study, and Greg Summers,
Matt Mauck, and Gene Gilliland for continued support. We also



thank the staff of University of Oklahoma Biological Station for
logistic assistance, Karen Glenn, James Larsen, Emily Remmel,
Ann Morris, and Thayer Hallidayschult for technical assistance,
and Dave Caron, Adriane Jones, and Vicky Campbell for invalu-
able advice and assistance during every aspect of this project. Jim
Grover and Will Driscoll provided careful and insightful reviews
of this paper. Financial assistance was provided by the ODWC,
through the Sport Fish Restoration Program (Grant F-61-R),
the National Science Foundation (DEB-1011454), and the Uni-
versity of Oklahoma Office of the Vice President for Research.
Fathead minnow bioassays were conducted under University of
Oklahoma Institutional Animal Care and Use Committee proto-
col RO8—-021.

LITERATURE CITED

Aure, J., and F. Rey. 1992. Oceanographic conditions in the
Sandsfjord System, Western Norway, after a bloom of the
toxic prymnesiophyte Prymmnesium parvum Carter in August
1990. Sarsia 76:247—-254.

Baas-Becking, L. G. M. 1934. Geobiologie of inleiding tot de
milieukunde. W. P. Van Stockum and Zoon, The Hague, The
Netherlands.

Baker, J. W., J. P. Grover, B. W. Brooks, F. Urefia-Boeck, D. L.
Roelke, R. Errera, and R. L. Kiesling. 2007. Growth and toxic-
ity of Prymnesium parvum (Haptophyta) as a function of
salinity, light, and temperature. Journal of Phycology 43:219—
227.

Baker, J. W., J. P. Grover, R. Ramachandrannair, C. Black, T. W.
Valenti, B. W. Brooks, and D. L. Roelke. 2009. Growth at
the edge of the niche: an experimental study of the harmful
alga Prymnesium parvum. Limnology and Oceanography 54:
1679-1687.

Bales, M., B. Moss, G. Phillips, K. Irvine, and J. Stansfield. 1993.
The changing ecosystem of a shallow, brackish lake, Hickling
Broad, Norfolk, UK. 2. Long-term trends in water chemistry
and ecology and their implications for restoration of the lake.
Freshwater Biology 29:141-165.

Bertin, M. J., P. V. Zimba, K. R. Beauchesne, K. M. Huncik, and
P. D. R. Moeller. 2012a. Identification of toxic fatty acid
amides isolated from the harmful alga Prymnesium parvum
Carter. Harmful Algae 20:111-116.

Bertin, M. J., P. V. Zimba, K. R. Beauchesne, K. M. Huncik, and
P. D. R. Moeller. 2012b. The contribution of fatty acid am-
ides to Prymnesium parvum Carter toxicity. Harmful Algae
20:117-125.

Beszteri, S., I. Yang, N. Jaeckisch, U. Tillmann, S. Frickenhaus,
G. Glockner, A. Cembella, and U. John. 2012. Transcrip-
tomic response of the toxic prymnesiophyte Prymnesium
parvum (N. Carter) to phosphorus and nitrogen starvation.
Harmful Algae 18:1-15.

Dafni, Z., M. Shilo, and S. Ulitzur. 1972. Influence of light and
phosphate on toxin production and growth of Prymmnesium
parvum. Journal of General Microbiology 70:199-207.

de Wit, R., and T. Bouvier. 2006. ‘Everything is everywhere, but,
the environment selects’; what did Baas Becking and Beije-
rinck really say? Environmental Microbiology 8:755-758.

Downing, J. A., S. B. Watson, and E. McCauley. 2001. Pre-
dicting cyanobacteria dominance in lakes. Canadian Journal
of Fisheries and Aquatic Sciences 58:1905-1908.

Volume 33 September 2014 | 753

Driscoll, W. W., N. J. Espinosa, O. T. Eldakar, and J. D. Hackett.
2013. Allelopathy as an emergent, exploitable public good in
the bloom-forming microalga Prymnesium parvum. Evolu-
tion 67:1582-1590.

Edvardsen, B., and E. Paasche. 1998. Bloom dynamics and
physiology of Prymnesium and Chrysochromulina. Pages 193—
209 in D. M. Anderson, A. D. Cemballa, and G. M. Halle-
graeff (editors). NATO ASI Series. Volume G 41. Physio-
logical ecology of harmful algal blooms. Springer, Heidelberg,
Germany.

Elton, C. 1958. The ecology of invasions by animals and plants.
University of Chicago Press, Chicago, Illinois.

Granéli, E.,, B. Edvardsen, D. L. Roelke, and J. A. Hagstrom.
2012. The ecophysiology and bloom dynamics of Prymne-
sium spp. Harmful Algae 14:260—270.

Granéli, E., and N. Johansson. 2003a. Effects of the toxic hap-
tophyte Prymmnesium parvum on the survival and feeding of
a ciliate: the influence of different nutrient conditions. Ma-
rine Ecology Progress Series 254:49—-56.

Granéli, E., and N. Johansson. 2003b. Increase in the produc-
tion of allelopathic substances by Prymnesium parvum cells
grown under N- or P-deficient conditions. Harmful Algae 2:
135-145.

Grover, J. P,, J. W. Baker, D. L. Roelke, and B. W. Brooks. 2010.
Current status of mathematical models for population dy-
namics of Prymnesium parvum in a Texas reservoir. Journal
of the American Water Resources Association 46:92—107.

Guo, M. X,, P. J. Harrison, and F. J. R. Taylor. 1996. Fish kills
related to Prymnesium parvum N Carter (Haptophyta) in
the People’s Republic of China. Journal of Applied Phycol-
ogy 8:111-117.

Hambright, K. D., J. E. Beyer, J. D. Easton, R. M. Zamor, A. C.
Easton, and T. C. Hallidayschult. 2014. The niche of an
invasive marine microbe in a subtropical freshwater im-
poundment. ISME Journal (in press).

Hambright, K. D., R. M. Zamor, J. D. Easton, K. L. Glenn, E. J.
Remmel, and A. C. Easton. 2010. Temporal and spatial vari-
ability of an invasive protist in a North American subtropi-
cal reservoir. Harmful Algae 9:568-577.

Henrikson, J. C., M. S. Gharfeh, A. C. Easton, J. D. Easton, K. L.
Glenn, M. Shadfan, S. L. Mooberry, K. D. Hambright, and
R. H. Cichewicz. 2010. Reassessing the ichthyotoxin profile
of cultured Prymnesium parvum (golden algae) and com-
paring it to samples collected from recent freshwater bloom
and fish kill events in North America. Toxicon 55:1396—
1404.

Holdway, P. A,, R. A. Watson, and B. Moss. 1978. Aspects of
ecology of Prymnesium parvum (Haptophyta) and water chem-
istry in Norfolk Broads, England. Freshwater Biology 8:295—
311.

Hutchinson, G. E. 1957. Concluding remarks. Cold Spring Har-
bor Symposia on Quantitative Biology 22:415-427.

Igarashi, T., M. Satake, and T. Yasumoto. 1999. Structures and
partial stereochemical assignments for prymnesin-1 and
prymnesin-2: potent hemolytic and ichthyotoxic glycosides
isolated from the red tide alga Prymnesium parvum. Journal
of the American Chemical Society 121:8499—-8511.

Johansson, N., and E. Granéli. 1999. Influence of different nutri-
ent conditions on cell density, chemical composition and tox-
icity of Prymnesium parvum (Haptophyta) in semi-continuous



754 | Growth and toxicity in golden algae K. D. Hambright et al.

cultures. Journal of Experimental Marine Biology and Ecology
239:243-258.

Jonsson, P. R, H. Pacvia, and G. Toth. 2009. Formation of
harmful algal blooms cannot be explained by allelopathic in-
teractions. Proceedings of the National Academy of Sciences
of the United States of America 106:11177-11182.

Kilham, S. S., D. A. Kreeger, S. G. Lynn, C. E. Goulden, and
L. Herrera. 1998. COMBO: a defined freshwater culture me-
dium for algae and zooplankton. Hydrobiologia 377:147—
159.

Larsen, A., and S. Bryant. 1998. Growth rate and toxicity of Prym-
nesium parvum and Prymnesium patelliferum (Haptophyta)
in response to changes in salinity, light and temperature. Sarsia
83:409-418.

Larsen, A., W. Eikrem, and E. Paasche. 1993. Growth and toxic-
ity in Prymmnesium patelliferum (Prymnesiophyceae) isolated
from Norwegian waters. Canadian Journal of Botany 71:1357—
1362.

Legrand, C., N. Johansson, G. Johnsen, K. Y. Borsheim, and E.
Granéli. 2001. Phagotrophy and toxicity variation in the mixo-
trophic Prymnesium patelliferum (Haptophyceae). Limnology
and Oceanography 46:1208-1214.

Legrand, C., K. Rengefors, G. O. Fistarol, and E. Granéli. 2003.
Allelopathy in phytoplankton—biochemical, ecological and
evolutionary aspects. Phycologia 42:406—419.

Lewis, W. M., Jr. 1986. Evolutionary interpretations of allelo-
chemical interactions in phytoplankton algae. American Nat-
uralist 127:184—194.

Lockwood, J. L., M. F. Hoopes, and M. P. Marchetti. 2007. Inva-
sion ecology. Blackwell Publishing, Malden, Massachusetts.
McLaughlin, J. J. A. 1958. Euryhaline chrysomonads: nutrition
and toxigenesis in Prymnesium parvum, with notes on Iso-
chrysis galbana and Monochrysis lutheri. Journal of Protozo-

ology 5:75-81.

Padilla, G. M. 1970. Growth and toxigenesis of the chysomonad
Prymnesium parvum as a function of salinity. Journal of Pro-
tozoology 17:456—462.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and the R Develop-
ment Core Team. 2013. nlme: linear and nonlinear mixed
effects models. R package version 3.1-113. R Project for Sta-
tistical Computing, Vienna, Austria.

Reich, K., and M. Aschner. 1947. Mass development and con-
trol of the phytoflagellate Prymmnesium parvum in fish ponds
in Palestine. Palestine Journal of Botany 4:14-23.

Remmel, E. J., and K. D. Hambright. 2012. Toxin-assisted mi-
cropredation: experimental evidence shows that contact micro-
predation rather than exotoxicity is the role of Prymnesium
toxins. Ecology Letters 15:126—132.

Remmel, E. J., N. Kohmescher, J. H. Larson, and K. D. Ham-
bright. 2011. Experimental study of harmful algae—zooplankton

interactions and the ultimate grazing defense. Limnology and
Oceanography 56:461-470.

Reynolds, C. S. 2006. The ecology of phytoplankton: ecology,
biodiversity, and conservation. Cambridge University Press,
Cambridge, UK.

Roelke, D. L., R. M. Errera, R. Kiesling, B. W. Brooks, J. P.
Grover, L. Schwierzke, F. Urefna-Boeck, J. Baker, and J. L.
Pinckney. 2007. Effects of nutrient enrichment on Prymmne-
sium parvum population dynamics and toxicity: results from
field experiments, Lake Possum Kingdom, USA. Aquatic Mi-
crobial Ecology 46:125—140.

Roelke, D. L., J. P. Grover, B. W. Brooks, J. Glass, D. Buzan, G. M.
Southard, L. Fries, G. M. Gable, L. Schwierzke-Wade,
M. Byrd, and J. Nelson. 2011. A decade of fish-killing Prymne-
sium parvum blooms in Texas: roles of inflow and salinity.
Journal of Plankton Research 33:243-253.

Sax, D. F, J. J. Stachowicz, J. H. Brown, J. F. Bruno, M. N.
Dawson, S. D. Gaines, R. K. Grosberg, A. Hastings, R. D. Holt,
M. M. Mayfield, M. I. O’Connor, and W. R. Rice. 2007. Eco-
logical and evolutionary insights from species invasions.
Trends in Ecology and Evolution 22:465-471.

Shilo, M. 1971. Toxins of Chrysophyceae. Pages 67-103 in
S. Kadis, A. Ciegler, and S. J. Ajl (editors). Microbial toxins. Vol-
ume VII: Algal and fungal toxins. Academic Press, New York,
New York.

Skovgaard, A., and P. J. Hansen. 2003. Food uptake in the harm-
ful alga Prymnesium parvum mediated by excreted toxins.
Limnology and Oceanography 48:1161-1166.

Smith, V. H. 1983. Low nitrogen to phosphorus ratios favor
dominance by blue-green algae in lake phytoplankton. Sci-
ence 221:669-671.

Thornton, K. W., B. L. Kimmel, and F. E. Payne (editors). 1990.
Reservoir limnology: ecological perspectives. John Wiley and
Sons, New York, New York.

Uronen, P., S. Lehtinen, C. Legrand, P. Kuuppo, and T. Tammi-
nen. 2005. Haemolytic activity and allelopathy of the hapto-
phyte Prymnesium parvum in nutrient-limited and balanced
growth conditions. Marine Ecology Progress Series 299:137—
148.

Zamor, R. M. 2013. The ecology of an invasive toxigenic pro-
tist. PhD Dissertation, University of Oklahoma, Norman,
Oklahoma.

Zamor, R. M., K. L. Glenn, and K. D. Hambright. 2012. Incor-
porating molecular tools into routine HAB monitoring pro-
grams: using qPCR to track invasive Prymnesium. Harmful
Algae 15:1-7.

Zamor, R. M., C. Porter, N. R. Franssen, E. J. Remmel, T. Patton,
and K. D. Hambright. 2014. Rapid recovery of a fish assem-
blage following an ecosystem disruptive algal bloom. Fresh-
water Science 33:389-399.



	Hambright_etal_14-FwSci.pdf
	tables1.pdf
	tables2.pdf
	tables3.pdf
	tables5.pdf
	tables4.pdf
	figures1.pdf



