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ABSTRACT: The use of chemical compounds to suppress the growth of competitors is a competitive
strategy known as allelopathy that can be readily observed with many phytoplankton species in laboratory studies. However, it is unclear how these allelopathic interactions are altered when the complexity of the system is increased to more closely mimic natural conditions. In the present study, we
conducted laboratory experiments to decipher how the identity, abundance, and growth stage of
competitors affect the outcome of allelopathic interactions with the red tide dinoflagellate Karenia
brevis. Multiple chemical compounds produced by K. brevis were found to inhibit the growth of 4
phytoplankton competitors, although these competitors were susceptible to different combinations of
compounds. We found that physiological state and cell concentration of competitors were important
determinants of allelopathy, with early-stage (lag phase) cells more vulnerable to allelopathic effects
than later growth stages for the diatom Skeletonema grethae. Despite being allelopathic to multiple
competitors in the laboratory, in a microcosm experiment using plankton field assemblages, extracellular extracts of 2 strains of K. brevis had no effects on some taxa although they stimulated the growth
of some diatoms. This suggests that in a species-rich ecological community under oligotrophic conditions, the relative importance of K. brevis allelopathy may not be as high as most laboratory studies
predict.
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INTRODUCTION
In planktonic systems, the use of chemical compounds to kill or slow the growth of competitors, a process known as allelopathy, may confer a selective
advantage to phytoplankton that are weak exploitation
competitors (Adolf et al. 2006, Tillmann et al. 2008,
Poulson et al. 2009). Many groups of phytoplankton,
including dinoflagellates (Kubanek et al. 2005, Adolf et
al. 2006, Tillmann & Hansen 2009), haptophytes (Uronen et al. 2007), raphidophytes (Yamasaki et al. 2009),
diatoms (Hansen & Eilertsen 2007, Ribalet et al. 2007),
and cyanobacteria (Suikkanen et al. 2006) are allelopathic towards co-occurring species. However, the
effectiveness of phytoplankton allelopathy is affected
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**Corresponding author. Email: julia.kubanek@biology.gatech.edu

by both biotic and abiotic factors, making it difficult to
draw conclusions from simplified laboratory studies.
The presence of specific competitor species can induce
the production of allelopathic compounds (Vardi et al.
2002) or undermine the effectiveness of allelopathy
(Prince et al. 2008b). Abiotic influences, such as nutrient concentrations, salinity, light intensity, and temperature, can affect allelopathic potency, as found for the
haptophyte Prymnesium parvum (Graneli & Salomon
2010). Additionally, allelopathic potency can vary
among strains, as shown with the dinoflagellates
Alexandrium ostenfeldii (Tillmann et al. 2008), Karenia
brevis (Kubanek et al. 2005), and Karlodinium veneficum (Adolf et al. 2006), making it difficult to predict
allelopathic outcomes of genetically diverse blooms.
© Inter-Research 2010 · www.int-res.com
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Although allelopathy is becoming increasingly appreciated based upon laboratory results, the relevance
of allelopathy in ecological settings has been challenged, particularly in the process of bloom formation
(Flynn 2008, Jonsson et al. 2009). A few micro- and
mesocosm studies have shown that allelopathic effects
can be observed within complex plankton communities, but these effects may be dampened depending on
environmental conditions (Fistarol et al. 2004, Suikkanen et al. 2005). When studying allelopathy, pair-wise
interactions between competitors are often investigated using extracellular extracts or cell-free filtrates
(e.g. Kubanek et al. 2005, Prince et al. 2008a, Yamasaki
et al. 2009), but it is unlikely that outcomes in a diverse
plankton community will be accurately predicted from
the sum of these pair-wise interactions. Additionally,
most studies have utilized crude extracts or cell-free
filtrates, which do not allow researchers to test for the
presence of multiple allelopathic compounds of varying potency released by cells. However, in order to
efficiently identify allelopathic compounds or the
mechanism(s) by which these compounds affect competitors, simpler pair-wise laboratory experiments are
invaluable. Overall, more field-based and multispecies studies of allelopathy and its role in community
and bloom dynamics are needed in order to complement mechanistic laboratory-based investigations.
Karenia brevis is an allelopathic red-tide dinoflagellate that blooms most years in the Gulf of Mexico
(Tester & Steidinger 1997). Neurotoxic brevetoxins
produced by K. brevis cause massive fish kills (Landsberg et al. 2009) and have been shown to accumulate
in shellfish (Plakas et al. 2002), and trophic transfer of
these compounds can result in marine mammal mortality (Flewelling et al. 2005). Nevertheless, these toxins
do not appear to be responsible for allelopathy towards
most phytoplankton competitors (Kubanek et al. 2005,
Prince et al. 2008a). Previous studies showed that
extracellular extracts and filtrates from both K. brevis
cultures and blooms were allelopathic to multiple competitors, although some species were resistant
(Kubanek et al. 2005, Prince et al. 2008a). K. brevis
produces multiple allelopathic compounds (Prince et
al. in press) which may allow K. brevis to suppress several competitors simultaneously. To further explore
this hypothesis, we investigated the species-specificity
of allelopathic compounds against a suite of susceptible phytoplankton.
Although multiple studies have demonstrated the
allelopathic effects of Karenia brevis against individual
competitor species, the relative importance of K. brevis
allelopathy against a backdrop of other competitive
interactions is unknown. To investigate this, a microcosm experiment was conducted in which the inhibitory effect of K. brevis extracts was tested on a nat-

ural, non-bloom Florida plankton assemblage. Additionally, since K. brevis allelopathy can be undermined
by other competitor species (Prince et al. 2008b), we
investigated how species composition, growth stage,
and cell concentration of competitors influence allelopathic potency.

MATERIALS AND METHODS
Phytoplankton culturing. Non-axenic clones of the
diatoms Asterionellopsis glacialis (strain CCMP 137),
Skeletonema grethae (CCMP 775), and Amphora sp.
(CCMP 129); the dinoflagellates Akashiwo sanguinea
(CCMP 1740), Prorocentrum minimum (CCMP 695),
and Karenia brevis (CCMP 2228, hereinafter ‘2228’)
were obtained from the Provasoli-Guillard National
Center for Culture of Marine Phytoplankton (CCMP).
An additional strain of K. brevis (TxB3, hereinafter
‘TxB3’) was obtained from Texas A&M University. All
cultures were maintained at 22°C with a 12 h light:12 h
dark cycle in a Percival incubator with Philips
F32T8/TL741 Universal/Hi-Vision fluorescent bulbs
mounted vertically, producing irradiance of 100 to
145 μmol m–2 s–1 (Biospherical Instruments, model
QSL2100). All phytoplankton cultures were grown in
L1 + silicate media made with 0.2 μm filtered natural
seawater from Boothbay Harbor, Maine, USA (salinity
35, CCMP). Seawater was stored in the dark at 5°C
until use. Growth curves and cell concentrations were
generated using an Olympus IX-50 inverted microscope with a Palmer-Maloney settling chamber on culture samples preserved with acidified Lugol’s solution.
Generation of extracellular extracts. To obtain
extracellular extracts of Karenia brevis cultures used in
high-performance liquid chromatography (HPLC) and
subsequent species-specificity experiments (see ‘Testing species-specificity of allelopathy’), a mixture of 3
adsorbent resins that remove lipophilic organic molecules from aqueous media were added to K. brevis cultures that were in exponential growth stage (3.5 × 103
to 1.6 × 104 cells ml–1; sensu Prince et al. 2006). This
method allows for the extraction of lipophilic compounds released by cells into the media without
extracting intracellular material. For all other experiments, a modified protocol was used to reduce the
potential for false positives. These extracellular
extracts were obtained by adding 2 resins (XAD -7 and
HP-20, Supelco) to cultures of K. brevis while they
were in mid- to late exponential growth stage (9.8 × 103
to 3.0 × 104 cells ml–1), and incubated for 12 to 15 h. To
clean the resins prior to addition into phytoplankton
cultures, both resins were rinsed once with HPLCgrade acetone and 8 times with HPLC-grade methanol.
Residual solvents were removed from resins with
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deionized water. The resins were removed with gentle
filtration through Nitex nylon mesh and rinsed with
sterile seawater to remove any cells potentially
remaining on the resins. Compounds were eluted from
the resins using 3 rinses of HPLC-grade methanol after
a seawater and deionized water rinse. An extract of
0.2 μm filtered, sterile Maine seawater was also generated in this manner for controls. A 48 h allelopathy
bioassay using Asterionellopsis glacialis was performed as described in ‘Testing species specificity of
allopathy’ to determine which K. brevis cultures were
allelopathic. The 6 most allelopathic extracts of K. brevis 2228 were combined to yield enough extract for
experimental use. Preliminary tests of the extracts
demonstrated that K. brevis 2228 was allelopathic to A.
glacialis, but neither K. brevis TxB3 nor seawater
extracts inhibited A. glacialis growth (data not shown).
Purification of allelopathic compound(s) exuded by
Karenia brevis. HPLC fractionation of extracellular
K. brevis extracts: To test the species-specificity of
K. brevis allelopathy, a pooled crude extracellular extract of K. brevis 2228 was tested against 5 phytoplankton species. K. brevis 2228 extract was fractionated using a Waters 1525 binary HPLC pump and a Waters
2487 dual-wavelength detector set at 215 and 254 nm,
coupled to Waters Breeze software. We used a C18 reversed-phase silica column (Zorbax SB-C18, 4.6 × 250
mm, 5 μm particle size) and a flow rate of 1 ml min–1
with a mobile phase of methanol:water (1:3) ramped to
100% methanol over 60 min, resulting in 27 peaks.
Nine fractions were created by pooling an aliquot of
each peak in groups of 3. These 9 fractions were then
tested for allelopathic activity using the bioassay described in the following section. Two of these 9 fractions
were allelopathic, and so the 6 compounds (A to F) that
composed these 2 fractions were used in subsequent
bioassays to determine the species-specificity of K. brevis allelopathy.
Testing species-specificity of allelopathy: To balance
the need for statistical power with keeping the number
of experimental units manageable, 3 or 4 individual
treatments were blocked with each control. On the first
day of the experiment, 7 replicate tubes containing
2.8 ml of media were inoculated with 200 μl of phytoplankton culture (Asterionellopsis glacialis, Amphora
sp., Skeletonema grethae, or Prorocentrum minimum).
With the slower-growing Akashiwo sanguinea, tubes
containing 2.0 ml media were inoculated with 1.0 ml
culture. Cell concentrations in each tube were approximated using a Turner Designs TD-700 fluorometer calibrated with chlorophyll a as described in Prince et al.
(2008a,b). To account for compound decomposition
during fractionation, each tube received twice the natural concentration of compounds exuded by Karenia
brevis (i.e. 3 ml of competitor culture received the
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amount of fraction obtained from 6 ml of K. brevis culture). Assays using crude extracts were conducted using natural concentrations of extract. Extract was dissolved in 5 μl dimethylsulfoxide (DMSO) and added
to treatment tubes; solvent control tubes received
DMSO only (n = 7 tubes treatment–1). Treatments were
blocked by replicate and haphazardly placed in the incubator. Tubes were inverted daily. Approximate cell
concentration in each experimental tube was assessed
after 48 h using in vivo fluorescence (after 96 h for
Akashiwo sanguinea). Percent growth of competitors in
each tube was calculated using:
% growth of competitor (48 h) =
final fluorescence – initial fluorescence
× 1000
initial fluorescence

(1)

In order to compare between treatments from different blocked groups, normalized growth was calculated
to result in growth relative to controls using:
(2)
% growth relative to control =
⎛ 1 – % growth of control (48 h) – % growth of treatment (48 h) ⎞ × 100
⎜⎝
⎟⎠
wth of control (48 h)
% grow
Statistical analyses: The percent growth of each
treatment after 48 h was compared within groups
using a 1-way ANOVA with Tukey’s HSD post hoc test
using SYSTAT 9 (p < 0.05) (Zar 1999). After running
1-way ANOVA on a single block, Eq. (2) was used to
plot growth data from multiple blocks in a single figure, but this normalized data was not analyzed in the
1-way ANOVA. In Figs. 1, 2 & 4, in which where significance is denoted by an asterisk, treatment growth
is significantly different relative to control growth in
their respective blocks.
Plankton community response to Karenia brevis allelopathy. Collection of natural non-bloom plankton
assemblages: Natural plankton assemblages were
collected from a pier on St. Charles Island, Florida
(29.6725° N, 84.8633° W, salinity 23, sea surface temperature 16.5°C) in December 2009 using a conical
phytoplankton net (10 μm mesh, 1 m depth vertical tow,
n = 6 tows). Mesozooplankton were removed by filtering samples through 150 μm Nitex nylon mesh. K. brevis was not observed in these samples. After each tow,
concentrated plankton samples were brought to twice
natural densities using glass fiber-filtered Gulf of
Mexico seawater (salinity 23).
Microcosm preparation: To determine how allelopathy alters plankton community structure, Florida assemblages were exposed to Karenia brevis extracts
from either the non-allelopathic TxB3 strain or the
allelopathic 2228 strain. Controls were exposed to seawater extracts. The 6 diluted tow samples were each
split into 3 treatment bottles (400 ml, n = 6 replicates
treatment–1). Each replicate within a treatment came
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from a separate tow. Bottles were incubated at Georgia
Institute of Technology (22°C, 12 h light:12 h dark
cycle). Extracts of seawater or K. brevis equivalent to
400 ml of culture were added to replicate bottles using
DMSO as a carrier solvent (667 μl bottle–1).
Data collection and analysis: Replicate bottles were
sampled prior to addition of extract and after 48 h
exposure. To measure changes in community structure, 5 ml aliquots of acid Lugol’s preserved samples
were settled in Utermöhl settling chambers for 20 min,
and diatoms, dinoflagellates, and microzooplankton
were enumerated. Other plankton groups were not
used in analysis due to inadequate abundances.
Diatoms were further classified into pennate and chain
diatoms. Genera of diatoms from a subset of bottles
were identified.
The growth of chain diatoms, pennate diatoms,
dinoflagellates, and microzooplankton over 48 h was
used to determine the effects of Karenia brevis extracts
on the assemblage. Prior to analysis, growth of each
plankton group was converted using:
% growth of plankton group (48 h) =
Cell concentration (48 h) – Cell concentration (0 h)
× 100
oncentration (0 h)
Cell co
(3)
The percent growth of each plankton group after
48 h across treatments was compared using a 1-way
ANOVA with Tukey’s HSD post hoc test (p < 0.05).
Paired t-tests were conducted to compare mean cell
densities of the different plankton groups in a given
treatment between 0 h and 48 h. Statistical analyses
were conducted using JMP 8 (SAS).
Testing allelopathic outcomes with phytoplankton
co-cultures. To test whether competitors could influence each other’s susceptibility to allelopathy, crude
extracellular extracts of Karenia brevis were tested for
allelopathic activity against Asterionellopsis glacialis
and Skeletonema grethae in co-culture, using a 48 h
allelopathy assay. Cultures were grown to mid-exponential growth phase (3.0 × 105 cells ml–1 and 1.4 × 105
cells ml–1 for S. grethae and A. glacialis, respectively),
and exposed to K. brevis 2228 or seawater extract at
natural concentrations as described for the speciesspecificity assay. Tubes contained S. grethae monocultures, A. glacialis monocultures, or a co-culture of A.
glacialis and S. grethae (5 ml, n = 8). To prepare co-culture treatments, 2.5 ml of each competitor was added
to each replicate tube, resulting in a final total cell concentration similar to that in monocultures. Cultures
were incubated for 48 h and measured for changes in
fluorescence. After each measurement, an aliquot of
culture from each tube was preserved to determine
cell concentrations and relative proportions of both
algal species (proportional data were arcsine-trans-

formed prior to statistical analysis). Percent growth of
cultures was calculated using Eq. (1). Statistical differences in growth were determined using an unpaired
t-test.
Effects of competitor cell concentration and growth
stage on Karenia brevis allelopathic potency. To
determine if the susceptibility of Skeletonema grethae
to K. brevis allelopathy is contingent on S. grethae cell
concentration, various cultures of S. grethae were
exposed to K. brevis 2228 extracts. Three cell concentrations of S. grethae were used in this experiment:
‘High’, average concentration (1.50 ± 0.26) × 106 cells
ml–1; ‘Medium’, average concentration (4.14 ± 0.22) ×
104 cells ml–1; and ‘Low’, average concentration (5.57 ±
1.23) × 103 cells ml–1. K. brevis and seawater extracts
were added at natural concentrations (n = 10 for all
treatments). Cell concentration was approximated via
fluorescence, and percent growth over 48 h was calculated using Eq. (1). An unpaired t-test was used to
compare growth of S. grethae at a particular concentration exposed to K. brevis extract from cells exposed
to seawater extract. A 1-way ANOVA with Tukey’s
HSD post hoc test (p < 0.05) was used to compare the
growth of different densities of S. grethae exposed to
seawater or K. brevis extract.
To test whether cell growth stage is important in
determining the susceptibility of Skeletonema grethae
to Karenia brevis 2228, S. grethae cultures were grown
until reaching either lag, exponential, or stationary
growth stages and then centrifuged 3 times (5 min,
4000 rpm) to pellet cells, rinsing with sterile seawater
between spins to ensure the removal of excess nutrients from media. The cells were re-suspended in sterile seawater, aliquots were transferred into tubes, and
brought up to a final cell concentration that mimicked
that of cultures in lag phase, i.e. (5.41 ± 3.90) × 105 cells
ml–1, 3 ml final volume, ensuring that tubes contained
S. grethae cells of differing physiological state at equal
cell concentrations. A new batch of K. brevis 2228
extract was generated for this experiment, and either
2228 or seawater extracts were added, growth was
measured, and statistical analyses were run as
described for the cell-density experiment in the previous paragraph.

RESULTS
Karenia brevis is allelopathic to multiple
phytoplankton species
Multiple competitors were inhibited by Karenia brevis 2228 extracellular extracts (Fig. 1). Diatoms
Amphora sp., Asterionellopsis glacialis, and Skeletonema grethae all experienced decreased growth
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100

0.001 vs. controls; Fig. 1). Dinoflagellates Akashiwo
sanguinea and Prorocentrum minimum appeared to
be the most sensitive of the competitors tested, with
substantial mortality occurring over 96 and 48 h,
respectively (p < 0.001 for both; Fig. 1). K. brevis was
therefore allelopathic towards all 5 competitor species
tested.
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Fig. 1. Effects of Karenia brevis (strain CCMP 2228) extracellular extracts on the growth of 5 Gulf of Mexico phytoplankton species (Akashiwo sanguinea, Amphora sp., Asterionellopsis glacialis, Prorocentrum minimum, and Skeletonema
grethae) over 48 h (except A. sanguinea, studied over 96 h).
Dashed line indicates growth equivalent to controls. (*) Growth
significantly different from controls (1-way ANOVA with
Tukey’s post hoc test, p ≤ 0.05, n = 7, except n = 6 for A. sanguinea). Error bars indicate 1 SE
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compounds varied among competitor species. For example, A. glacialis suffered negative effects from compounds A, B, D, and E whereas S. grethae was harmed
by compounds B, E, and F (Fig. 2).

Plankton community responses to Karenia brevis
allelopathy
In the microcosm study using a natural <150 μm
plankton assemblage from the Gulf of Mexico, Karenia brevis allelopathy was not evident. Contrary to
laboratory-based results, allelopathic K. brevis 2228
extracts did not significantly kill or suppress growth
of any phytoplankton groups analyzed (Fig. 3). When
comparing the effects of K. brevis versus seawater
extracts on growth of diatoms over 48 h, K. brevis
2228 was neither allelopathic nor stimulatory towards
chain or pennate diatoms, and K. brevis TxB3 was
significantly stimulatory to chain diatoms, but did not
affect pennate diatoms (1-way ANOVA, p < 0.05).
Pennate diatoms grew substantially over 48 h in all
treatments, including those exposed to seawater
extracts (Fig. 3). Chain diatoms grew when exposed
to K. brevis extracts, but not when exposed to seawater controls (Fig. 3). Concentrations of dinoflagellates
and microzooplankton were not significantly altered
regardless of the K. brevis extract to which they
were exposed, although microzooplankton exposed
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harmed by exposure to Karenia brevis extracts (Fig. 3).

Control

2228

TxB3

0.0

Control

2228

TxB3

Fig. 3. Population densities of a natural Florida plankton assemblage of
(a) chain diatoms, (b) pennate diatoms, (c) dinoflagellates, and (d) microzooplankton after 48 h exposure to seawater extracts (control), Karenia
brevis allelopathic extracts (strain CCMP 2228), or K. brevis non-allelopathic extracts (strain TxB3). (*) Cell concentration significantly different
(t-test, p < 0.05, n = 6) from 0 h to 48 h. Error bars indicate 1 SE

Importance of competitor cell concentration and growth stage in Karenia brevis
allelopathy
When exposed to Karenia brevis 2228
extracts used in the co-culture experiment,
growth of Skeletonema grethae at low and
medium initial cell concentrations was significantly inhibited after 48 h (p = 0.046
and 0.0023, respectively; Fig. 4c). S.
grethae at initial concentrations similar to
those used in the monocultures of the coculture experiment (see previous section)
were not affected by exposure to K. brevis
2228 extracts (p = 0.46; Fig. 4c). Significant
differences between the growth of S.
grethae control cultures at all 3 concentrations were also detected (p < 0.05, 1-way
ANOVA; Fig. 4c).
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weights of 500 to 1000 Da and possess aromatic funcKarenia brevis 2228 extracts, even when the initial cell
tional groups (Prince et al. in press). Since K. brevis is
concentration of S. grethae was held constant (Fig. 4d).
likely to be exposed to multiple competitor species in a
Growth of S. grethae in lag phase was significantly
natural assemblage, it could be beneficial to produce
inhibited by K. brevis 2228 extracts (p = 0.028),
multiple allelopathic compounds in order to ensure a
whereas growth of S. grethae from both exponential
competitive advantage.
and stationary growth phases was not significantly
Because allelopathic compounds produced by phytoinhibited compared to controls (Fig. 4d).
plankton have only rarely been identified (e.g. Windust et al. 1996, Bachvaroff et al. 2008), determining
whether a single compound is allelopathic to multiple
DISCUSSION
species or whether multiple allelopathic compounds
are produced with species-specific effects has been
Different Karenia brevis compounds are allelopathic
difficult. However, competitors clearly differ in suscepto different competitors
tibility to allelopathic compounds. For example, karlotoxins produced by the mixotrophic dinoflagellate
Karenia brevis produces a suite of allelopathic comKarlodinium micrum inhibited the growth of some
pounds, some of which inhibit multiple competitors
competitors, including the cryptophytes Storeatula
and others that are allelopathic only towards certain
major and the raphidophyte Heterosigma akashiwo,
species (Fig. 2). Purification of several compounds from
but did not inhibit the cryptophytes Pyrenomonas
K. brevis 2228 extracellular extracts led to 1 compound
salina or the dinoflagellate Amphidinium carterae
(B) that was allelopathic towards 4 of the 5 phytoplank(Adolf et al. 2006). Similar patterns have been found
ton species tested, including 2 diatoms and 2 dinoflafor other allelopathic phytoplankton, including dinogellates (Fig. 2). Additionally, compound E inhibited
flagellates Alexandrium spp. (Fistarol et al. 2004, Tillthe growth of the diatoms Skeletonema grethae and
mann & Hansen 2009), the haptophyte Prymnesium
Asterionellopsis glacialis, Fig. 2a,b). S. grethae was
parvum (Fistarol et al. 2003), and Karenia brevis
100

b

S. grethae
A. glacialis
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(Kubanek et al. 2005, Prince et al. 2008a). Kubanek et
al. (2005) found that some filtrates of Karenia brevis
were allelopathic to some species and other filtrates
were allelopathic to others, also suggesting that
allelopathy may be mediated by several speciesspecific compounds. These examples suggest that
competitors vary in susceptibility to filtrates or crude
extracts containing multiple compounds released by
an allelopathic species, but they do not tease apart
whether this is due to compounds that target different
competitors, or to inherent differences in competitor
susceptibility to a single allelopathic compound. The
present study demonstrates that different compounds
are responsible for the varying susceptibility of different species to Karenia brevis allelopathy.

Allelopathic effects of Karenia brevis are dampened
in a complex ecological community
Although experiments with individual competitor
species demonstrated that Karenia brevis 2228 is allelopathic towards multiple competitors (Figs. 1 & 2),
these extracts did not kill or significantly inhibit the
growth of phytoplankton in a natural community assemblage (Fig. 3), and the non-allelopathic K. brevis
strain TxB3 significantly stimulated the growth of
chain diatoms. It is possible that extracts from K. brevis 2228 (previously shown to be allelopathic to Asterionellopsis glacialis) had a slight allelopathic effect on
the plankton assemblage, but stimulation from trace
amounts of organic nitrogen, phosphorus, or vitamins
extracted with K. brevis exudates may have been sufficient to outweigh inhibitory effects. When exposed
to extracts from the non-allelopathic TxB3 strain, such
a stimulatory effect would be more obvious, as seen in
Fig. 3a, since there would be no counteracting allelopathic effect. The assemblage was collected at a site
where K. brevis has been previously observed (K. L.
Poulson pers. obs.); therefore the potential for phytoplankton from this site to evolve resistance to K. brevis allelopathy cannot be excluded. These stimulatory
effects would be expected to be more pronounced
when studying a resource-limited natural assemblage
compared to a laboratory culture grown under nutrient-replete conditions. Similar results were found in
another microcosm study, in which filtrates from 3
cyanobacterial species were stimulatory towards multiple community members, whereas in laboratorybased studies, these competitors were inhibited
(Suikkanen et al. 2005). This highlights the difficulty
in separating the effects of exploitation competition
and interference competition (i.e. allelopathy) in more
complex natural settings, as opposed to highly controlled laboratory experiments.

Identity and population density of dominant community member may affect outcome of allelopathy
The ability of some competitors to undermine Karenia brevis allelopathy (Prince et al. 2008b) could also
explain the lack of observed allelopathy for the natural
assemblage used in the present study. Our Florida
phytoplankton plankton assemblage was dominated
by members of the genus Skeletonema, one of which
(S. grethae) had previously been shown to reduce the
allelopathic potency (towards S. grethae) of K. brevis
cultures and field samples by an unknown mechanism
(Prince et al. 2008b). Among 2005 and 2006 Florida
field collections all dominated by K. brevis, the presence of Skeletonema spp. appeared to be associated
with less allelopathic samples (Prince et al. 2008b).
However, whether Skeletonema spp. protect other
phytoplankton from K. brevis allelopathy is unknown.
In the present study, the lack of an inhibitory effect of
K. brevis extracts towards the natural phytoplankton
assemblage could have been due to Skeletonema spp.
undermining K. brevis allelopathy towards the phytoplankton assemblage at large. Since our Gulf of Mexico field assemblages were dominated by Skeletonema
spp., we wanted to test how allelopathic outcomes are
affected by interactions among competitor species.
To determine how phytoplankton are affected by
allelopathy when in the presence of other phytoplankton species, we tested allelopathic effects of Karenia
brevis on co-cultures of Skeletonema grethae and
another susceptible competitor which may undermine
K. brevis allelopathy as well, the diatom Asterionellopsis glacialis (Prince et al. 2008b). In co-culture, both
diatoms were similarly inhibited by K. brevis 2228
extracts, although in this experiment S. grethae was
not inhibited when grown alone (Fig. 4a,b). Rather
than implying a protective effect with allelopathy
being undermined by one of these species, the
enhanced susceptibility of S. grethae in co-culture may
be related to the initial population density of this
diatom, since initial cell concentrations of S. grethae
grown alone were twice that of S. grethae grown in coculture with A. glacialis.

Competitor population density and physiological
state determine effects of Karenia brevis allelopathy
The population density of competitors is known to be
important in allelopathic interactions. Allelopathic effects of the dinoflagellate Alexandrium ostenfeldii were
minimized when competitor population density was
high, suggesting a possible saturation effect whereby
individual cells adsorb or absorb allelopathic compounds, mitigating their damage towards other cells
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gets of smaller S. grethae cells or chains. It may also
(Tillmann et al. 2007). Similarly, lytic effects of the
benefit K. brevis to produce multiple compounds if
mixotrophic haptophyte Prymnesium parvum towards
competitor cells from natural assemblages are in difthe dinoflagellate Oxyrrhis marina were decreased in
ferent physiological states and these different cells
response to increased O. marina cell concentrations
vary in their sensitivity to allelopathy.
(Tillmann 2003). In the present study, Skeletonema
grethae of higher initial concentration was less susceptible to Karenia brevis allelopathic extracts than S.
CONCLUSIONS
grethae of low or medium cell concentration (Fig. 4c),
complementing the findings of Tillmann et al. (2007).
The dinoflagellate Karenia brevis produces multiple
However, cell concentrations of Skeletonema spp.
compounds that are allelopathic towards several
within our natural plankton assemblage were lower
phytoplankton species, but it is evident that competithan any of the concentrations used in the experiment
tors are susceptible to slightly different suites of comin which we varied initial S. grethae concentration, yet
pounds. Competitor growth stage and cell concentrafield-collected chain diatoms (dominated by Skeletion appear to play important roles in determining the
tonema spp.) were resistant to K. brevis 2228 allelopaeffectiveness of K. brevis allelopathic compounds, with
thy. Additionally, the growth of chain diatoms in the ascells in lag phase more susceptible to K. brevis allelopasemblage was stimulated when exposed to K. brevis
thy than cells in later growth stages. The relative resisTxB3 extracts, perhaps from trace amounts of organic
tance of stationary phase cells may explain why phytonutrients and vitamins extracted from the culture meplankton in the nutrient-limited microcosm experiment
dia. This stimulatory effect of K. brevis extracts sugdid not suffer allelopathic effects of K. brevis. It may be
gests that diatoms were nutrient-limited in the field,
advantageous for K. brevis to produce multiple alleloand therefore in a physiological state analogous to stapathic compounds if a diverse chemical arsenal protionary growth. If stationary-phase phytoplankton are
vides protection against a variety of phytoplankton
less susceptible to K. brevis allelopathy than more
competitors under a range of ecological conditions.
physiologically active cells, this could explain the lack
However, the effects of K. brevis allelopathy in the field
of observed allelopathy in the microcosm experiment.
may be mild relative to the growth inhibition observed
In support of the hypothesis that growth stage is
in nutrient-replete laboratory experiments. Although
important to sensitivity towards allelopathy, Skelepair-wise laboratory experiments can be useful in pertonema grethae was most sensitive to Karenia brevis
mitting a deeper understanding of mechanistic aspects
2228 extracts in lag phase, and, in this experiment, not
of competitive interactions, they may not accurately
sensitive in exponential growth or stationary phase,
predict ecological outcomes in the field when one coneven though cultures were normalized to the same
siders the complexity of multi-species interactions.
starting cell concentrations (Fig. 4d). This indicates
that varying physiological states associated with these
different growth stages are important factors in deterAcknowledgments. We thank L. Campbell for providing
mining S. grethae sensitivity to allelopathy. S. grethae
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