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ABSTRACT
We measured growth and grazing rates of three heterotrophic dinoflagellate
species Oxyrrhis marina, Gyrodinium dominans and G. spirale exposed to starved
versus continuously-fed prey conditions and assessed their starvation survival ability.
All three dinoflagellate species survived long periods (>10 days) without prey, up to
118 days in the case of O. marina. After 1-3 weeks, starvation led to a 17-57%
decrease in grazer cell volume and cells became more deformed and transparent over
time. Starved grazers rapidly ingested new prey within 3 hours as evidenced by
increased cell volumes of 4-17%. Grazer cultures that were starved had much lower
maximum growth rates (-0.16-0.25 d-1) than continuously-fed cultures (0.18-0.55 d-1)
at an equivalent prey concentration. This suggested a time lag >3 days for all
heterotrophic dinoflagellate species to reach their maximum growth rate. Long
survival ability coupled with immediate post-starvation ingestion may offer
heterotrophic dinoflagellates an advantage over other grazers (e.g. ciliates) in the
ability to exploit patchy prey. Delayed grazer population growth and ingestion after
starvation has important implications on how we view predator dynamics in a preypatchy ocean and especially at the onset of seasonal phytoplankton blooms.
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INTRODUCTION
Carbon cycling in the ocean hinges on the level of predation exerted on primary
producers and the transfer of organic material through the food web (Worden et al.
2015). Most predation loss of primary production is due to the grazing activity of
heterotrophic protists (i.e. <200 µm microzooplankton) (Sherr and Sherr 2002). These
organisms, which are ubiquitous in eutrophic and oligotrophic ecosystems, have been
estimated to consume an average of 67% of daily primary production, exerting a
grazing impact on phytoplankton biomass exceeding that of copepods and other
mesozooplankton (Calbet and Landry 2004; Putland 2000; Sherr and Sherr 2002;
2007). Heterotrophic protists play an important role in marine food webs as they link
phytoplankton to larger grazers and help drive biogeochemical cycling and carbon flux
(Sherr and Sherr 2002).
The success of a single-celled heterotrophic protist largely depends on its ability to
encounter prey, which may be difficult at times due to fluctuations in phytoplankton
abundance (Menden-Deuer et al. 2005). Patchiness of phytoplankton can occur over
wide spatial (µm-m) and temporal (min-wk) scales (McManus et al. 2003).
Phytoplankton abundance can fluctuate seasonally and abundance can remain low for
several months of the year (e.g. winter-time abundance) in both polar and temperate
regions (McManus et al. 2003; Menden-Deuer et al. 2005). Additionally, changes in
prey quality may be important, since many heterotrophic protists are known to be
selective in regard to prey (Buskey 1997; Hansen and Calado 1999; Jakobsen and
Hansen 1997). Patchy prey coupled with predator selection means suitable prey may
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be rare at times and once a prey patch has been exploited, protistan predators may be
faced with periods of starvation.
The responses of diverse heterotrophic protists to famine-like conditions have been
assessed in a variety of laboratory studies (Calbet et al. 2013; Fenchel 1982; 1989;
Menden-Deuer et al. 2005). Once starved, initial strategies may involve increased
feeding responses coupled with fast digestion times or increased food storage (Fenchel
1989; Menden Deuer et al. 2005; Meunier et al. 2012a, b). Upon entering starvation,
some heterotrophic grazers have also been reported to experience an initial cell
division without growth, producing smaller and faster daughter cells (termed
swarmers) (Fenchel 1982; 1989). Protists are thought to only use a small portion of
their energy budget for motility (0.1%), so this adaptive strategy may allow cells to
conserve energy while maximizing their search for new prey (Fenchel 1982). Possible
secondary responses include the formation of temporary cysts, a reduction in
metabolism, or reallocation of cellular reserves such as autophagy of the mitochondria
(Calbet et al. 2013; Fenchel 1989; Hansen 1992; Menden-Deuer et al. 2005).
Significant energetic trade-offs associated with survival exist. Heterotrophs must
limit metabolism during starvation while maintaining the ability to rapidly resume
growth once prey is rediscovered. Ciliated protists have been shown to respond to
newly added prey after being starved via immediate ingestion, though predator
population growth may lag depending on the duration of starvation (Fenchel 1982;
1989). In a study by Fenchel (1989), the longer a ciliate species was able to survive
starvation, the more time (in cell generations) it took to resume population growth.
Furthermore, intra- and interspecific variation may exist in the response of predators to
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a prey pulse (Calbet et al. 2013; Schmoker et al. 2011). Determining the speciesspecific response of heterotrophic protists to starvation and the subsequent re-addition
of food is critical to understanding predator dynamics in a prey heterogeneous
environment.
Heterotrophic dinoflagellates are important phytoplankton grazers and often
account for more than half of the total biomass of the microzooplankton community
(Kim and Jeong 2004; Lessard 1991; Sherr and Sherr 2007). Though heterotrophic
dinoflagellates have lower carbon specific ingestion rates compared with other
members of the micro- and mesozooplankton community (e.g. ciliates and copepods),
the overall grazing impact of heterotrophic dinoflagellates on natural phytoplankton
populations is usually higher than those of other taxonomic groups because of
typically higher cell abundances (Jeong et al. 2010). Thus, as this group often
constitutes the dominant grazer in terms of total biomass within the plankton
assemblage, it is important to understand how heterotrophic dinoflagellates in
particular respond to prey fluxes.
The three heterotrophic dinoflagellate species included in this study are quite
cosmopolitan, though each thrives in a different habitat. Gyrodinium spp. are typically
found in coastal and open oceans, while Oxyrrhis marina mostly inhabits intertidal
pools or estuaries (Hansen 1992; Nakamura et al. 1995; Roberts et al. 2010). All three
heterotrophic dinoflagellates are raptorial, ingest their prey via direct engulfment at
the cingulum and ingest prey of diverse type and size (Hansen 1992; Hansen and
Calado 1999; Jeong et al. 2010; Roberts et al. 2010). Unlike O. marina which prefers
prey <20 µm, Gyrodinium spp. have been shown to ingest prey larger than the
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individual’s own cell size (Hansen 1992), including chain-forming diatoms (Horner et
al. 2005; Saito et al. 2006). Sherr and Sherr (2009) also identified heterotrophic
dinoflagellates, particularly Gyrodinium sp., as important predators of diatom biomass
in polar waters. As diatoms are known to be a major constituent of vertical carbon
flux, the ability of Gyrodinium spp. to graze on diatoms makes this genus a potentially
important mediator of export production (Sarthou et al. 2005).
There has only been one study on starvation and refeed in G. dominans and O.
marina (Calbet et al. 2013), though G. dominans had previously been shown to
respond to pulsed prey (Schmoker et al. 2011). Calbet et al. (2013) reported both
species were able to survive up to 12 d when starved, though significant decreases in
body size, respiration and fatty acid content were measured after 5 d; both O. marina
and G. dominans responded to prey post-starvation by increasing cell volume after 10
h, though potential ingestion rates were initially depressed for both species (Calbet et
al. 2013). In the field, Saito et al. (2006) reported an increased abundance of
Gyrodinium sp. over a period of days during an iron-enriched diatom bloom. These
studies provide evidence that heterotrophic dinoflagellates are capable of quickly
responding to increased prey abundance.
Few responses of heterotrophic dinoflagellates to long-term starvation have been
assessed. Common dinoflagellates such as those in the genus Protoperidinium have
been shown to survive beyond 20 d and up to 71 d at less than 1 µg C liter-1 of prey
(Menden-Deuer et al. 2005). Strom (1991) also reported a survival time of 30 d within
a species of starved Gymnodinium. Overall, heterotrophic dinoflagellates are thought
to be able to survive in famine-like conditions for longer periods than other major
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protistan grazers, namely ciliates, which die within a matter of days when starved
(Jackson and Berger 1984; Jeong and Latz 1994).
It has been reported that heterotrophic dinoflagellates feed when exposed to a new
prey pulse (Calbet et al. 2013; Schmoker et al. 2011), but to our knowledge there have
been no reports of subsequent daily population growth rates after starvation.
Heterotrophic protists are thought to grow at rates similar to the phytoplankton cells
they eat, allowing their numbers to respond quickly to an increase in available prey
(Sherr et al. 2003). How does the potential delay to feeding after the reintroduction of
prey impact the daily division rates of dinoflagellates? A significant delay in feeding
or population growth after starvation may have direct implications on how grazers
survive between prey patches and on grazing success once a prey patch is found. If
there is a lag, as we expect based on previous studies (Calbet et al. 2013; Fenchel
1989), grazing pressure by heterotrophic dinoflagellates would be initially reduced
relative to rates of primary production. Ultimately, reduced grazing may enable
bloom-like conditions to develop or persist until grazers resume their maximum
growth rates.
The main focus of this study was to compare the functional and numerical
responses of three heterotrophic dinoflagellate species Oxyrrhis marina, Gyrodinium
spirale and G. dominans in response to different food conditions (continuously-fed vs.
starved) and over different time scales (h vs. d). More specifically, we were motivated
to (1) assess whether heterotrophic dinoflagellates are capable of instantaneously
ingesting prey after starvation and (2) to test if this ingestion results in immediate
population growth, or whether a time lag exists for heterotrophic dinoflagellates to
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resume population growth, as suggested by work from Fenchel (1989). A better
understanding of how heterotrophic dinoflagellates respond to periods of starvation
and to recurring prey will offer insight into the impact of predation during times of
realistic prey fluctuations in the marine environment.
MATERIALS AND METHODS
Culture maintenance
I. Predators
Three heterotrophic dinoflagellate species were used in growth, grazing and starvation
experiments. Clonal cultures of Gyrodinium spirale (PA300413), G. dominans (SPMC
103) and Oxyrrhis marina (SPMC 107) were established by single cell isolation. G.
spirale originated from Narragansett Bay, RI (2013), while strains of G. dominans and
O. marina have origins as described in Strom et al. (2013). All heterotroph cultures
were maintained in 1-liter polycarbonate (PC) bottles on a 12 h:12 h light-dark cycle
at 14.5 ºC, salinity of ~30 psu, and a light intensity of 8-15 µmol photon m-2s-1. Unless
specified otherwise, heterotrophs were fed twice per wk with the prey culture
Heterocapsa triquetra to a final concentration of (~2,000 cells ml-1) and refreshed
with new filtered seawater biweekly.
II. Prey
Three phytoplankton species were cultured for use in feeding experiments. The
mixotrophic dinoflagellate Heterocapsa triquetra (CCMP 448), the diatom
Skeletonema marinoi (CCMP 1332), and the prymnesiophyte Isochrysis galbana
(CCMP 1323) were cultured in autotrophic f/2 media and transferred every 3-5 d to
maintain exponential growth (Guillard 1975). All prey cultures were maintained in
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250-500-ml PC bottles on a 12 h:12 h light-dark cycle at 15 ºC, salinity of ~30 psu,
and a light intensity of 70-80 µmol photon m-2s-1.
Cell abundance and biomass
To determine changes in cell abundance over time, 3-ml samples from plankton
(both predator and prey) cultures were fixed and counted. Samples were fixed with
Lugol’s iodine solution (1%) and mounted on a 1-ml Sedgwick-Rafter counting
chamber. To establish comparable biomass estimates of the differently-sized species,
the biovolume of predators and prey were also measured. Cell counts and
measurements were made on a Nikon Eclipse E800 light microscope equipped with
image capture (Coriander) and analysis (ImageJ) software. Cell volumes of
Gyrodinium spp. were calculated assuming an ellipsoid sphere using the following
equation: volume = 1/3[π(cell width/2)2](cell length) (Kim and Jeong 2004). Cell
volume estimates for Oxyrrhis marina were calculated assuming a prolate spheroid
using the equation: volume = (π/6)(cell width)(cell length) (Hillebrand et al. 1999).
Carbon biomass (ng C cell-1) was determined for each predator using the speciesspecific cell volume estimates and published C to volume conversion equations
(Menden-Deuer and Lessard 2000).
Growth and grazing experiments
Incubation experiments were performed to determine growth and ingestion rates of
the three heterotrophic dinoflagellate species fed the same prey, Heterocapsa
triquetra. Fifteen prey concentrations of H. triquetra culture (50-6,000 cells ml-1 or
18-2,145 ng C ml-1) were added to duplicate 150-ml bottles of known initial predator
concentration (80-313 cells ml-1). Duplicate controls were included, consisting of a
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known concentration of only prey to control for prey abundance changes in the
absence of a predator. Heterotrophic dinoflagellates were starved for 2-3 d prior to
grazing experiments to ensure no residual prey remained at the onset of experiments
(this was verified microscopically). Duplicate samples of 3 ml were fixed daily for 3 d
for abundance and biomass estimates.
Due to the observation of Gyrodinium spp. as a potential diatom grazer, the
feeding response of G. spirale on Skeletonema marinoi was also tested. Feeding
experiments with S. marinoi were placed on a rotating wheel under the same
experimental conditions as described above. In addition, a strain of G. spirale (isolated
from the Western Antarctica Peninsula) was fed with Thalassiosira weissflogii
(CCMP 1336) and incubated on a rotating wheel at 2 ºC. Seven prey concentrations
(2,857-19,049 cells ml-1 or 214-1,430 ng C ml-1) were used and duplicate samples
were taken daily for 4 d.
The numerical response of the predators was determined by the growth rate
equation used by Hansen (1992):
µ= [ln(Nt/N0)]/t

(1)

where N0 and Nt represent the concentration of cells at the beginning and end of the
experiment, respectively and t is the difference in incubation time (d). Growth rates
were calculated cumulatively over the 3 d from an initial cell abundance. The highest
specific growth rate over that incubation period was determined for each predator.
Final growth curves for G. spirale represented 72 h of incubation, while O. marina
and G. dominans represented 48 h. Michaelis-Menten enzyme kinetics were used as it
provides an accurate approximation of feeding in heterotrophic protists and has
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become standard in the field (Jeong et al. 2008; Kim and Jeong 2004; Montagnes and
Berges 2004). The growth constant (µ) as a function of each of the 15 prey
concentrations was fitted to the Michaelis-Menten equation used by Kim and Jeong
(2004), which accounts for negative predator growth:
µ = µmax (x - x’)/KGr + (x - x’)

(2)

where µmax is the maximum growth rate (d-1), x is the prey concentration, x’ is the
threshold prey concentration where µ = 0, and KGr is the prey concentration sustaining
1/2µmax. For O. marina, a threshold prey concentration was not detected and thus x’
was not accounted for in the Michaelis-Menten fit. Data were fitted to this model
using SigmaPlot.
Ingestion and clearance rates were calculated using the equations of Frost (1972)
and Heinbokel (1978) to account for predator growth. Incubation time used to
calculate these rates was the same as for estimating growth rates. Ingestion rates for
the predators were also fitted to Michaelis-Menten:
IR = Imax (x)/KIR + (x)

(3)

where Imax is the maximum ingestion rate of the predator (cells predator-1 d-1 or ng C
predator-1 d-1), x is the prey concentration (cells ml-1 or ng C ml-1), and KIR is the prey
concentration sustaining half of the Imax (Kim and Jeong 2004).
Gross growth efficiency
Gross growth efficiency (GGE), defined as grazer biomass produced or lost per
prey biomass ingested (µ/IR*100), was calculated for mean Heterocapsa triquetra
concentrations where predator growth was saturated.
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Starvation experiments
The response of each heterotrophic dinoflagellate species to prolonged starvation
was tested. Starved cultures were transferred to triplicate 2-liter PC bottles and fed
Heterocapsa triquetra at a final concentration of 2,000 cell ml-1. The starvation period
began once H. triquetra concentrations reached threshold levels at which predator
growth equaled zero (µ = 0) as determined from numerical response curves. For
Oxyrrhis marina, this period began once all food was cleared. Triplicate experimental
bottles were maintained in low light to minimize H. triquetra growth. Initially,
samples were taken from each bottle every 1-2 d. After 2-3 wk, sampling frequency
was decreased to twice per wk. All samples were fixed and predator abundance
counted microscopically. Triplicate cell volume measurements were made for each
predator at discrete time points to assess changes in predator size over the starvation
period. Duplicate 350-ml tissue cultures of starved predators were included in parallel
to allow for live inspection of predator morphology and swimming behavior under a
dissecting microscope.
Refeed experiments
Given the starvation response, we tested the capacity of starved heterotrophic
dinoflagellates to exploit a recurring prey pulse. Heterotroph cultures fed with
Heterocapsa triquetra were transferred to triplicate 500-ml PC bottles and sampled
daily to monitor abundance and biomass. Predators were starved for 1-3 wk until
significant decreases in abundance or cell volume were apparent. Heterotrophs were
exposed to a pulse of prey by spiking the starved cultures with a known amount of H.
triquetra or Isochrysis galbana. Prey type was chosen for logistical reasons to ensure
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appropriate resolution between predator and prey size measurements on the coulter
counter. The smaller predators, Oxyrrhis marina and Gyrodinium dominans, were
given ~75,000 cells ml-1 (~1,006 ng C ml-1) of I. galbana. The chosen concentration of
I. galbana was shown to induce positive growth rates of O. marina under similar
temperature conditions (Kimmance et al. 2006). The larger G. spirale was given
~4,000 cells ml-1 (~1,430 ng C ml-1) of H. triquetra, equal to the concentration
supporting maximum growth rate (µmax) of G. spirale (this study). Predator and preyonly controls were included in triplicate.
Cell volume and abundance of triplicate predator cultures was measured at
intervals of 5 to 30 min for the first 2 h and again after 3 h on a MultisizerTM 3
Coulter Counter® (version 3.53, Beckman Coulter). The coulter counter provided a
more rapid sampling approach than microscopy and allowed repeat measurements for
3 h at 5-30 min intervals. Microscope samples were taken and preserved throughout
the refeed to verify coulter counter measurements. Size was initially measured on the
coulter counter as ESD (estimated spherical diameter), which was later converted to
cell volume (µm3). Refed heterotroph cultures were allowed to incubate for up to 3 d
after the refeed to determine the long term (daily) growth and grazing response.
Growth, grazing and clearance rates of all three heterotrophic dinoflagellate species
were measured as described above.

12

RESULTS
Growth rates
All three heterotrophic dinoflagellate species were able to ingest and achieve
positive growth rates on Heterocapsa triquetra (Fig. 1). Of the dinoflagellate species,
Oxyrrhis marina exhibited the highest maximum specific growth rate of 0.58 d-1 at
approximately 322 ng C ml-1. Specific growth rates of O. marina increased rapidly at
low prey concentrations and became saturated >143 ng C ml-1 (Fig. 1). O. marina
growth rates were positive, even at the lowest prey concentration (18 ng C ml-1),
resulting in a good approximation of Michaelis-Menten (Eq. 2; r2 = 0.85).
The specific growth rates of Gyrodinium spirale feeding on H. triquetra increased
with increasing prey concentration, reaching a maximum of 0.45 d-1 at 1,429 ng C ml-1
(Fig. 1). G. spirale growth rate decreased at the highest prey concentration (2,145 ng
C ml-1). At lower prey concentrations (<245 ng C ml-1), G. spirale exhibited negative
growth which was proportional to the prey concentration, with near linear decreases in
predator growth rate at diminishing prey concentrations.
G. dominans had the lowest maximum growth rate of the three dinoflagellate
species on H. triquetra (0.24 d-1); however, G. dominans growth rates were on average
160% higher than G. spirale at lower prey concentrations (18-179 ng C ml-1). Specific
growth rates of G. dominans increased with increasing prey concentration, becoming
saturated above 536 ng C ml-1 (Fig. 1). Growth-prey abundance relationships were
well approximated by Michaelis-Menten kinetics for both G. dominans and G. spirale
(Eq. 2; r2 = 0.76; 0.71).
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G. spirale grew poorly on the chain-forming diatom Skeletonema marinoi.
Specific growth rates on S. marinoi were negative at all prey concentrations except for
1,072 ng C ml-1 (45,816 cells ml-1; Appendix Fig. 1). At this concentration, G. spirale
exhibited a maximum growth rate of 0.20 d-1. At 2 ºC, growth rates of G. spirale on
Thalassiosira weissflogii were negative at concentrations <715 ng C ml-1 and reached
a maximum of 0.23 d-1 at the highest prey concentration (1,430 ng C ml-1).
Ingestion and clearance rates
All three heterotrophic dinoflagellate species had positive ingestion rates on
Heterocapsa triquetra regardless of prey concentration (Fig. 2). Ingestion rates of
Oxyrrhis marina on H. triquetra increased with increasing prey concentration until
reaching a maximum ingestion rate of 1.91 ng C grazer-1 d-1 (5.3 cells grazer-1 d-1) at
6,000 cells ml-1 or 2,144 ng C ml-1. Ingestion rates of O. marina were well
approximated by Michaelis-Menten (Eq. 3; r2 = 0.92). Clearance rates of O. marina on
H. triquetra decreased with increasing prey concentrations, following a Holling type-2
feeding response. The maximum clearance rate of O. marina was 0.56 µl grazer-1 h-1
at approximately 36 ng C ml-1 (Appendix Fig. 2).
The functional response curve of Gyrodinium dominans was similar to O. marina
and ingestion rates steadily increased without saturation (Fig. 2). G. dominans reached
a maximum ingestion rate of 1.43 ng C grazer-1 d-1 (4 cells grazer-1 d-1) at 2,144 ng C
ml-1 (Eq. 3; r2 = 0.88). Maximum clearance of G. dominans was 0.24 µl grazer-1 h-1,
approximately half the maximum clearance of O. marina (Appendix Fig. 2). Ingestion
rates of G. spirale increased steadily with increasing prey concentration, saturating
above 1,072 ng C ml-1. The maximum ingestion rate of G. spirale on H. triquetra was
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3.37 ng C grazer-1 d-1 (9.4 cells grazer-1 d-1) (Eq. 3; r2 = 0.87) and the maximum
clearance rate was 0.34 µl grazer-1 h-1.
Though G. spirale did not sustain positive growth on Skeletonema marinoi,
ingestion was seen at all prey concentrations (Appendix Fig. 3a). This may indicate G.
spirale was unable to process ingested S. marinoi within the sampling duration (3 d)
and required a longer incubation time. Ingestion rates increased with increasing prey
concentration, reaching a maximum ingestion rate of 3.57 ng C grazer-1 d-1 (155 cells
grazer-1 d-1). Ingestion rates fit Michaelis-Menten kinetics (Eq. 3; r2 = 0.87). The
maximum clearance rate of G. spirale on S. marinoi was 0.36 µl grazer-1 h-1
(Appendix Fig. 3b), which was comparable to the maximum clearance on the
mixotroph H. triquetra. At 2 ºC, G. spirale fed Thalassiosira weissflogii reached a
maximum ingestion rate of 6.82 ng C grazer-1 d-1 (91 cells grazer-1 d-1) and clearance
rate of 0.70 µl grazer-1 h-1.
Growth gross efficiency
At Heterocapsa triquetra concentrations above predator growth rate saturation,
average GGE of Oxyrrhis marina was 75%, while Gyrodinium spirale and G.
dominans had lower GGEs of 18% and 13%, respectively.
Starvation
All three dinoflagellate species were able to survive extended periods of time (at
least 18 and up to 118 d) in the absence of prey or at very low phytoplankton prey
concentrations (below threshold levels; Fig. 3). The no-net-growth threshold
concentration corresponded to 179 ng C ml-1 and 18 ng C ml-1 for Gyrodinium spirale
and G. dominans, respectively. Oxyrrhis marina never reached a threshold on
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Heterocapsa triquetra and starvation experiments began once all prey was cleared,
typically within 2 d.
The population size of G. spirale dropped more than half (59%) in the first 13 d of
starvation from 81 ± 2 to 33 ± 1 cells ml-1. The population size of G. dominans
decreased from 749 ± 20 to 180 ± 3 cells ml-1 in the first 12 d (76%), a more
pronounced decrease than G. spirale over the same period (Fig. 3). Populations of G.
dominans decreased steadily after 2 wk of starvation and remained at cell
concentrations >0.5 cells ml-1 for 63 d. G. spirale remained at concentrations >0.5
cells ml-1 for 18 d, but were undetectable thereafter.
Cell volumes of G. dominans decreased substantially (31%) within the first 24 h of
starvation (1,048 ± 9 to 721 ± 4 µm3) and even further (57%) after 10 d (441 ± 4 µm3;
Fig. 4). Average cell volume of G. spirale increased after 2 d (5,865 ± 75 to 6,488 ±
91 µm3), but decreased to 3,479 ± 52 µm3 after 6 d (41%). Cultures of G. dominans
appeared to swim faster within the first 2 wk of starvation. G. spirale appeared to
swim faster within the first 6 d of starvation, but appeared sluggish after 10 d.
Throughout the starvation, G. spirale cells became increasingly deformed in cell
shape, often appearing more elongated.
In contrast to Gyrodinium spp., population size of O. marina remained fairly
stable within the first 15 d of starvation and even slightly increased (915 ± 27 to 1,004
± 32 cells ml-1). After 32 d, cell abundance of O. marina was 213 ± 11 cells ml-1,
representing a decrease of 77% from initial concentrations (Fig. 3). Cell abundance
continued to gradually decrease over time and O. marina was able to survive for 118 d
(> 1 cell ml-1), longer than either species of Gyrodinium. Unlike Gyrodinium spp., O.
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marina did not appear to swim faster at the onset of starvation. Cell volume of O.
marina increased after 2 d (3,869 ± 69 to 4,474 ± 45 µm3) and decreased at a slower
rate (17%) than Gyrodinium spp. over the first 15 d (3,199 ± 56 µm3; Fig. 4). O.
marina and G. dominans became increasingly transparent throughout their respective
starvation periods.
Refeed short-term cell volume response
Both Oxyrrhis marina and Gyrodinium dominans responded to an Isochrysis
galbana prey pulse (~75,000 cells ml-1 or 1,006 ng C ml-1) with increases in cell
volume over time (Fig. 5). O. marina was refed after cultures were starved for 16 d,
while G. dominans was refed after 8 d of starvation. It is worth noting that average cell
volume of starved O. marina (1,233 µm3) was similar to G. dominans (1,265 µm3) at
the beginning of the refeed. Average cell volume of O. marina increased to 1,358 ± 6
µm3 or by 9% after 5 min of feeding. Over the course of the next 2 h, cell volume of
O. marina remained similar, before increasing to 1,444 ± 8 µm3 after 3 h of feeding
(Fig. 5a). During the short-term feeding period (3 h total), average body size of O.
marina increased by 17%. O. marina that were unfed (predator-only control on
continued starvation) did not undergo a significant increase in cell volume and were
16% smaller after 3 h than refed O. marina (1,213 ± 4 µm3). Only when prey was
available were increases in predator volume observed, suggesting that prey uptake
resulted in the observed cell volume changes, which was also corroborated by
microscope observations (Fig. 6).
G. dominans did not respond as quickly to added prey compared to O. marina
(Fig. 5b). Average cell volume of G. dominans showed signs of volume increase after
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45 min of incubation, reaching 1,309 ± 19 µm3 or ~3% relative to initial starved cell
volume. After 3 h, cell volume of refed G. dominans was 1,355 ± 5 µm3, which was a
7% increase in cell volume from starved cultures. Control cultures of G. dominans that
were kept under starvation conditions remained smaller and identical in cell size at
initiation of the refeed experiment (1,269 ± 5 µm3). Cell abundance varied by ± 121
and 248 cells ml-1 over the 3 h for O. marina and G. dominans, respectively.
The larger dinoflagellate, G. spirale responded to a new prey pulse of
Heterocapsa triquetra (~4,000 cells ml-1 or 1,430 ng C ml-1) after 6 d of starvation.
During the short-term sampling period, the largest increase in G. spirale cell volume
occurred within the first 5 min; cell volume increased from 6,414 ± 129 to 6,935 ± 114
µm3, equal to an 8% increase (Fig. 5c). This increase in cell volume was not sustained
and fluctuated for the rest of the sampling period. G. spirale cell size increased by
only 4% after 3 h. G. spirale that were unfed, did not show much fluctuation in cell
volume over the short-term refeed. However, unlike the other two dinoflagellates, the
unfed G. spirale cultures were at times higher in cell volume than refed cultures
(Average: 6,676 ± 20 µm3), and thus, it was impossible to attribute changes in cell size
to a feeding response. Overall, G. spirale had a much wider range in cell volume
compared with the other two dinoflagellates, which may have added to this
discrepancy. Cell abundance of G. spirale varied by ± 21 cells ml-1 over the 3-h
sampling period.
Refeed daily growth and grazing rates
Cell volume of all three dinoflagellate species continued to increase after the shortterm sampling period (Fig. 7). Oxyrrhis marina reached a maximum cell volume after

18

48 h (2,835 ± 124 µm3), representing a 56% increase from the initial refeed. O. marina
cell volume decreased to 2,364 ± 15 µm3 after 72 h. Average cell volume of
Gyrodinium dominans reached a maximum of 2,616 ± 46 µm3 (51% increase) after 72
h, while G. spirale increased to 9,863 ± 292 µm3 over the same duration (35%; Fig. 7).
Concentrations of G. spirale at the start of the refeed (64 cells ml-1) were much lower
than either G. dominans (732 cells ml-1) or O. marina (1094 cells ml-1). Even when in
continuous laboratory cultures, G. spirale did not grow as fast on Heterocapsa
triquetra and could not reach concentrations >250 cells ml-1, whereas the smaller
heterotrophic dinoflagellate species could reach >1,000 cells ml-1 on the same prey.
After a pulsed refeeding, all heterotrophic dinoflagellate species resumed slow
growth and were unable to reach maximum growth rates of continuously-fed cultures
(Fig. 8). After 24 h, O. marina refed with Isochrysis galbana did not show positive
growth in population abundance due to a negative population growth rate after
prolonged starvation (µ = -0.10 d-1). The specific growth rate of O. marina reached
0.04 d-1 after 48 h and a substantive, positive growth rate of 0.25 d-1 was measured
after 72 h of incubation. Specific growth rate of G. dominans was similar to that of O.
marina after the first 48 h of incubation and G. dominans also reached its maximum
growth after 72 h (0.09 d-1). G. spirale had the lowest maximum growth rate after 72 h
of all three dinoflagellates, which remained negative (µ = -0.16 d-1). Though refed
with a different prey (I. galbana), growth rates of continuously-fed O. marina and G.
dominans at an equivalent biomass of H. triquetra (~1,006 ng C ml-1) were much
higher at 0.55 and 0.18 d-1, respectively. The maximum growth rate of continuously-
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fed G. spirale was much higher (0.45 d-1) on 1,430 ng C ml-1 of H. triquetra compared
to starved cultures fed the same amount of H. triquetra (-0.16 d-1) (Fig. 8).
The maximum ingestion rate of O. marina refed I. galbana was 0.34 ng C grazer-1
d-1 (34 cells grazer-1 d-1) after 48 h and ingestion became saturated after 72 h.
Ingestion rates of G. dominans also increased throughout the refeed period, reaching a
maximum rate of 0.37 ng C grazer-1 d-1 (37 cells grazer-1 d-1) after 72 h. At ~1,006 ng
C ml-1 of H. triquetra, ingestion rates of continuously-fed O. marina and G. dominans
were more than 2-fold higher than starved cultures at 1.09 and 0.99 ng C grazer-1 d-1,
respectively (Appendix Fig. 4). Clearance rates of O. marina and G. dominans on
newly added I. galbana were static and remained low (<0.05 µl grazer-1 h-1) over the
refeed incubation period. Unlike the other two dinoflagellate species, positive
ingestion or clearance on the refed prey pulse was not distinguishable for G. spirale
and thus rates were not presented.
DISCUSSION
Heterotrophic protists are considered particularly important to the structure and
function of marine food webs. The growth rates of these heterotrophs are on par with
the growth of their phytoplankton prey, resulting in considerable biogeochemical
impacts (Sherr et al. 2003; Sherr and Sherr 2009). Here we investigated whether the
maximum specific growth and grazing rates of prominent dinoflagellate predators
were impacted by fluctuations in the presence and quantity of prey. Thus, our
experiments sought to mimic the conditions in a patchy ocean, with spatio-temporal
fluctuations in prey abundance in a heterogeneous environment. We were able to
capture an instantaneous (within min-h) feeding response after a period of 1-3 wk of
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starvation, though all three heterotrophic dinoflagellate species were unable to reach
their maximum daily growth and ingestion rates over 3 d. Our results confirm the
already well-established ability of heterotrophic dinoflagellates to withstand extended
periods of starvation (Hansen 1992; Menden-Deuer et al. 2005; Strom 1991) and
report, to date, the longest observed starvation duration of 118 d for any protistan
grazer (Oxyrrhis marina), astonishing for a single-celled organism.
Though starved, predators maintained the ability to ingest and remove
phytoplankton biomass. In 2 out of 3 predator species starved for 6-16 d, increases in
cell volume were measurable on the order of min-h. Within 3 h, cell volume of O.
marina and Gyrodinium dominans increased from initial starved volumes by 17% and
7%, respectively, while cell volume was too variable in G. spirale to support
measurable changes in cell volume. This agrees with the one prior study investigating
refeeding capacity in dinoflagellates, in which cell volume of refed O. marina
increased by ~72%, while G. dominans increased by ~38%, over 10 h (Calbet et al.
2013). Though potential ingestion rates were high at the onset of the refeed, ingestion
rates stabilized after 100 min for both dinoflagellate species (Calbet et al. 2013). In
both of these refeed studies, rapid increases in cell volume of heterotrophic
dinoflagellates suggested they were able to immediately ingest new prey poststarvation. The ability of heterotrophic dinoflagellates to rapidly ingest prey implies
they are not completely inert after experiencing starvation, though rates of predator
ingestion and in turn growth may be limited.
A predator’s ability to resume cell division after starvation is critical for survival
and has been quantified in a collection of ciliates (Fenchel 1982; 1989), but not in
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heterotrophic dinoflagellates. Thus, we incorporated measurements of predator
population growth rates after starvation to address this gap in knowledge. Only after 23 d did refed O. marina and G. dominans populations show positive growth, while G.
spirale was unable to attain positive growth or measurable ingestion throughout the
refeed period. Though some grazers experienced positive population growth as soon
as 2 d after starvation, the time to reach maximum growth or ingestion was delayed, in
this case longer than 3 d. This discrepancy in starved vs. continuously-fed predator
growth rates implies that starved predators have a relatively lower potential to remove
phytoplankton production than continuously-fed predators. Variability in the feeding
response after starvation suggests this response is species-specific among
heterotrophic dinoflagellates. Hence, predator species composition is an important
factor influencing the response to patchy prey and should be considered when
modelling this response.
This observed time lag before commencement of positive population growth may
reflect a type of energetic trade-off between starvation and ability to resume predation,
as proposed by Fenchel (1989). When a predator undergoes starvation, over time
metabolic rates will decrease, the extent of this reduction is determined by how long
the predator starves (Fenchel 1989). After 5 d of starvation, Calbet et al. (2013)
recorded decreases in respiration rates of O. marina and G. dominans strains by up to
70% and 50%, respectively. Heterotrophic dinoflagellates in our study were subjected
to longer starvation times (6-16 d) before new prey was added and thus significant
decreases in respiration and in turn metabolism were likely to have occurred prior to
the refeed, though no measurements were made. We did measure alterations to cell
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morphology in starved heterotrophic dinoflagellates (e.g. 17-57% lower cell volume or
cell deformation), which may have signified a shift in metabolism (Fenchel 1989).
Predators in this study did not initially grow after starvation and in some cases
continued to decrease in daily population abundance, despite the occurrence of new
prey. Delayed or even negative population growth after starvation may implicate the
ability of these heterotrophic dinoflagellates to grow at rates comparable to their
phytoplankton prey. As a result of heterotrophic dinoflagellates’ role as dominant
plankton grazers, a reduction in grazing pressure after starvation may directly impact
predator-prey dynamics and carbon flow when prey is patchy.
It is also important to better understand the capacity of heterotrophic
dinoflagellates to survive periods of famine, as prey patchiness can occur over a wide
range of spatial and temporal scales (Jakobsen and Hansen 1997; McManus et al.
2003). All three heterotrophic dinoflagellate species survived for at least 18 d and up
to 118 d in the case of O. marina, representing to our knowledge the longest published
starvation duration for a heterotrophic dinoflagellate. Long starvation periods have
been observed previously for dinoflagellates (Menden-Deuer et al. 2005; Strom 1991)
but not for ciliates, which die rapidly within hr-d (Jackson and Berger 1984; Jakobsen
and Hansen 1997). Though ciliates may exhibit faster rates of ingestion and cell
division compared to heterotrophic dinoflagellates (Jeong et al. 2010; Strom and
Morello 1998), they are less equipped for long periods of starvation. Heterotrophic
dinoflagellates may have an advantage over ciliates in their ability to allocate part of
their energy into storage products to prolong survival (Menden-Deuer et al. 2005). The
difference in survival vs. feeding between these two grazer types may follow an r- vs.
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k-strategy, where generally heterotrophic dinoflagellates (k-strategy) are slower to
divide, but can survive longer under starvation. In contrast, ciliates (r-strategy) have
fast division times, but are unable to survive beyond 2-3 d without prey. In order to
accurately compare the starvation and feeding response of these different grazer types
and their respective predation impact on phytoplankton biomass, measures of both
feeding and survival ability must be considered.
Assuming constant mortality, Calbet et al. (2013) predicted a survival time of ~50
d for an O. marina strain used in their study, but measurements presented here suggest
O. marina was capable of much longer starvation. O. marina has a slow digestion time
(Klein et al. 1986) and large capacity for food storage which allows cell division of the
organism, even when food is absent (Calbet et al. 2013; Flynn and Mitra 2009; this
study). While cannibalism has been shown to occur in O. marina populations, the
probability even at high predator abundance is low (≤2%) and even less likely as
predator abundance decreases (Montagnes et al. 2010). Though no evidence of
bacterial ingestion was found, it may be reasonable to assume O. marina was ingesting
bacteria in our cultures, as cells continued to divide during the first 2 wk of starvation.
Moreover, O. marina has been shown to survive on the uptake of dissolved organic
molecules (Lowe et al. 2010; Roberts et al. 2010), which it may rely on to survive
incredible lengths. Together, these adaptations may increase the probability of O.
marina encountering new prey and enable the species to survive in fluctuating habitats
such as tide pools and salt marshes.
Cyst formation was not observed during starvation in any of the three studied
species, though it is a well-known, long-term survival strategy for other dinoflagellate
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genera like Alexandrium (Anderson et al. 2014). However, production of swarmer
cells may have occurred in species of Gyrodinium. Interestingly, there was no
immediate decrease in cell volume of O. marina, which may relate to its propensity to
maximize food storage instead of devoting energy to quickly digest prey and increase
swimming when starved. Within the first 2 wk of starvation, Gyrodinium spp. cell
volume decreased by >50% and cells appeared to swim faster compared to initial
populations, a morphological change also reported by Fenchel (1989) in ciliate
species. These morphological changes may represent a strategy to maximize
swimming at the onset of starvation to help expedite the search for new prey,
particularly as Gyrodinium spp. reside in open waters with patchy prey.
As starvation time increased, all three heterotrophic dinoflagellate species became
increasingly transparent, especially in the case of O. marina and G. dominans. These
two heterotrophs survived much longer, suggesting that transparency likely indicates
the use of cellular reserves, a response also seen in starving Protoperidinium
(Menden-Deuer et al. 2005). Overall, some generalizations can be made in regards to
the response of heterotrophic dinoflagellates to starvation, which include the ability to
avoid cyst production, become smaller in size, and more transparent over time.
Responses of dinoflagellates to starvation may be the result of a strategy to preserve
cellular metabolic demands in the absence of food, enabling long starvation survival.
The feeding response of heterotrophic dinoflagellates under continuously-fed
conditions offered a comparison to pulsed feeding studies of starved predators and
allowed us to establish a baseline feeding behavior. All three heterotrophic
dinoflagellate species ingested and grew on Heterocapsa triquetra, though O. marina
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had the highest maximum growth rate (0.58 d-1) and was the most efficient grazer in
terms of assimilating carbon (highest GGE). Feeding of O. marina on H. triquetra had
not been investigated prior to this experiment, though O. marina had been shown to
feed on a wide range of pico- to nanoplankton, including flagellates ≥4 µm (Roberts et
al. 2010). Though growth rates of Gyrodinium spp. on H. triquetra matched well with
previous studies (Table 1; Hansen 1992; Nakamura et al. 1995), rates of ingestion
were markedly lower, which may be attributed to strain-specific variation in the
predator (Calbet et al. 2013; Nakamura et al. 1995).
Measurements of G. spirale feeding on the chain-forming diatom Skeletonema
marinoi allowed us to compare feeding behavior on multiple prey items. Though G.
spirale ingested the diatom at a similar rate as H. triquetra, positive population growth
was not supported over a wide range of prey concentrations and growth rates were
much lower than on H. triquetra. This provides additional evidence that heterotrophic
dinoflagellates do not have an all-encompassing feeding response and are selective in
their feeding (Hansen 1992; Jakobsen and Hansen 1997; Jeong and Latz 1994). Even
within the genera of Gyrodinium and Oxyrrhis, growth and ingestion rates have been
shown to vary based on prey type (Table 1). The ability of heterotrophic
dinoflagellates to ingest certain prey depends on a number of factors including prey
size and motility, nutritional value, and chemical composition (Hansen and Calado
1999; Tillmann 2004). The preferred prey of many heterotrophic dinoflagellates
remains unknown (Hansen and Daugbjerg 2004), thus laboratory measurements of
growth and grazing on a range of prey types are useful in effectively culturing these
predators and in understanding prey selection.
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Significant intra-genaric variation existed amongst Gyrodinium spp. in both their
ability to survive starvation and exploit recurring prey. G. dominans had been shown
to adapt to prey fluctuations (Schmoker et al. 2011; this study), while the larger G.
spirale died rapidly when starved and had a much weaker post-starvation feeding
response. The feeding behavior of these two species had been directly compared in a
study by Kim and Jeong (2004), where they measured higher swimming speeds and
growth rates at low prey concentrations in G. dominans relative to G. spirale. In
contrast, G. spirale may have an advantage over G. dominans during eutrophic
conditions characterized by high prey abundances (Kim and Jeong 2004; this study).
G. dominans was not refed with the similar-sized H. triquetra in large part due to
constraints associated with distinguishing cell volume changes using rapid coulter
counter sampling. As a result of this sampling constraint, our studies were not
optimized to choose the prey species supporting the highest specific growth rate and
thus predators did not all receive the same prey. This variation in prey type may have
contributed to the difference in growth after starvation amongst the two species of
Gyrodinium we tested.
It has been argued that food particles are rarely exhausted in the ocean and protist
grazers never experience complete starvation as simulated in our study (Paffenhöfer et
al. 2007). However, phytoplankton are rare or absent over wide spatio-temporal scales
and grazers have been shown to be selective in the prey they consume (Jakobsen and
Hansen 1997; McManus et al. 2003; this study), thus grazers are likely faced with
periods of low prey abundance. Nevertheless, O. marina and G. dominans exhibited
tremendous ability to survive without prey, which may offer a competitive advantage
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over other heterotrophic dinoflagellate species like G. spirale, and certainly
heterotrophic protists with lower starvation capacity (e.g. ciliates). Grazers that can
adapt to prey fluctuations will be better equipped when a new prey patch is
encountered.
We observed that a considerable time lag existed before heterotrophic
dinoflagellate populations could resume growth after extended periods of starvation.
This is contrary to the common assumption that protistan grazers exert rapid increases
in predator population growth to match growth of their prey (Sherr et al. 2003). If our
laboratory observations apply to in situ conditions and predator populations undergo
starvation, ingestion is indeed immediate, but predator population abundance and thus
predation pressure would not necessarily increase within the first 2-3 d. Ultimately,
bloom conditions may be able to persist, as the predation impact from grazers would
be initially low. This supports suggestions from Sherr and Sherr (2009), in which they
discussed the inability of herbivorous protists to control the initiation and development
of global phytoplankton blooms. A lag time in population growth may help explain
observations of high phytoplankton growth and low grazing at the onset of a bloom
event and be a determining factor for carbon transport during these times.
Building on previous studies (Calbet et al. 2013; Menden-Deuer et al. 2005; Strom
1991), we were able to quantify the response to starvation and recurring prey in a set
of important heterotrophic dinoflagellate species. Though species-specific variation
existed, we were able to identify some generalized responses to starvation, which
included a reduction in cell size, an increase in transparency and a remarkable survival
ability on the order of wk-mo. All three heterotrophic dinoflagellates could
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immediately engulf prey after starvation, but positive population growth and ingestion
was delayed by 2-3 d. This finding has implications on how we view predator-prey
dynamics in a seemingly prey-patchy ocean and especially at the onset of seasonal
phytoplankton blooms. Heterotrophic dinoflagellates are one of the dominant groups
of phytoplankton grazers and as a result can be potentially important conduits of
carbon transport in marine food webs. Therefore, further measures of growth and
ingestion coupled with an understanding of survival capacity in heterotrophic
dinoflagellates will be critical in assessing the impact of predation in a heterogeneous
environment.
CONCLUSION
To date, only a handful of studies have investigated the response of heterotrophic
dinoflagellates to starvation (Menden-Deuer et al. 2005; Strom 1991) and to the
addition of new prey post-starvation (Calbet et al. 2013; Hansen 1992; this study).
Among the heterotrophic dinoflagellate species we tested, the response to prolonged
starvation was relatively consistent and survival times reached 118 d in the case of
Oxyrrhis marina. After periods of 1-3 wk, which seem reasonable for in situ
conditions (e.g. between blooms; low winter-time prey abundances), starvation
elicited decreases in heterotrophic dinoflagellate abundance, altered cell morphology
and even impacted future growth of grazer populations. Even though heterotrophic
dinoflagellates may be capable of rapid ingestion after starvation, they exhibited
delayed growth. Variability among heterotrophic dinoflagellate species in terms of
daily growth and grazing after starvation, may indicate long-term effects are harder to
predict and are likely species-specific. We were able to provide additional evidence
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suggesting differences in feeding and survival strategy between ciliates and
heterotrophic dinoflagellates (Jackson and Berger 1984; Menden-Deuer et al. 2005),
which should be considered when assessing the impact of herbivory on primary
production. Additional measurements of feeding during various prey conditions and
across a wider grazer taxa are critical to accurately model the impact of starvation on
heterotrophic dinoflagellate feeding and the associated implications this may have on
larger food web processes.
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TABLES
Table 1: Comparison of growth, ingestion and clearance rates in the genera
Gyrodinium and Oxyrrhis. Rates are corrected to 14.5 ºC using Q10 = 2.8 (Hansen et
al. 1997). µmax = maximum growth rate (d-1); Imax = maximum ingestion rate (ng C
predator-1 d-1); Cmax = maximum clearance rate (µl predator-1 h-1); DN =
Dinoflagellate; DIA = Diatom; RA = Raphidophyte; PRM = Prymnesiophyte
HTD

Prey

G. spirale

H. triquetra
(DN)
H. triquetra
(DN)
S. marinoi
(DIA)
P. minimum
(DN)

G. spirale
G. spirale
G. spirale

G. dominans
G. dominans
G. dominans
G. dominans

O. marina
O. marina
O. marina
O. marina

µmax
(d-1)
0.45

I max (ng C
predator-1 d-1)
3.37

Cmax (µl
predator-1 h-1)
0.34

This study

0.58

7.24

0.28

Hansen 1992

0.20

3.57

0.36

This study

0.45

7.59

3.02

Kim and Jeong
2004

H. triquetra
(DN)
H. triquetra
(DN)
P. minimum
(DN)
C. antiqua
(RA)

0.24

1.43

0.24

This study

0.27

2.75

0.07

0.65

0.69

0.51

0.30

1.29

NA

Nakamura et al.
1995
Kim and Jeong
2004
Nakamura et al.
1992

H. triquetra
(DN)
H. akashiwo
(RA)
I. galbana
(PRM)
A. carterae
(DN)

0.58

1.91

0.56

This study

0.81

0.72

0.17

Jeong et al. 2003

0.45

3.98

0.20

Goldman et al. 1989

0.66

1.58

1.35

Jeong et al. 2001
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Figure 1: Specific growth rates of three heterotrophic dinoflagellate species fed
Heterocapsa triquetra as a function of mean prey concentration. Both prey abundance
(cells ml-1) and biomass (ng C ml-1) are stated. Error bars represent ± 1 standard
deviation of duplicate means. Curves represent fits of the Michaelis-Menten equation
(Eq. 2) to growth rates at each of up to 15 prey concentrations.
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Figure 2: Ingestion rates of each predator species fed Heterocapsa triquetra as a
function of mean prey concentration. Other details as in Figure 1.
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Figure 3: Heterotrophic dinoflagellate abundance as a function of time in starvation
experiments where prey was either absent (O. marina) or at subthreshold prey
concentrations at initial sampling. Unless otherwise stated, symbols represent triplicate
treatment means ± 1 standard deviation.
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Figure 4: Percent change in cell volume (µm3) of heterotrophic dinoflagellate species
over the initial starvation period (3 wk). Error bars are within symbols and represent
the mean cell volume of 24-72 grazer cells (measured via light microscope).
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A

B

C
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Figure 5: Cell volume changes of (A) Oxyrrhis marina, (B) Gyrodinium dominans, or
(C) G. spirale after addition of a pulse of Isochrysis galbana (~75,000 cells ml-1 or
1,006 ng C ml-1) or Heterocapsa triquetra (~4,000 cells ml-1 or 1,430 ng C ml-1)
shown as short-term predator cell volume change. Increase in predator volume was
due to uptake of prey cells, except for G. spirale. Predator-only controls that were not
refed (gray) are shown at different time intervals.
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Figure 6: (A) Empty Oxyrrhis marina cells after 20 d of starvation. After a refeed, (B)
1-3, (C) 4-6 and up to (D) 8-12 prey cells were distinguishable within Oxyrrhis
marina, verifying rapid ingestion (within 2 h). Scale bars represent 20 µm and all
images were taken on a light microscope at 20x magnification.
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Figure 7: Percent increase in cell volume (µm3) of heterotrophic dinoflagellate species
after being refed with new prey.
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Figure 8: Daily specific growth rates of each refed heterotrophic dinoflagellate
species over 3 d. Colored lines correspond to the maximum specific growth rate of a
continuously-fed predator culture growing at an equivalent prey biomass. For
Gyrodinium dominans and Oxyrrhis marina, lines represent growth rate at ~1,006 ng
C ml-1 of Heterocapsa triquetra (purple for G. dominans and orange for O. marina).
The line for G. spirale is a direct comparison to ~1,430 ng C ml-1 of H. triquetra
(green).
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Appendix Figure 1: Specific growth rates of Gyrodinium spirale fed Skeletonema
marinoi as a function of mean prey concentration. Both prey abundance (cells ml-1)
and biomass (ng C ml-1) are stated. Unless otherwise stated, error bars represent ± 1
standard deviation of duplicate means.
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Appendix Figure 2: Clearance rates of the three heterotrophic dinoflagellate species
on Heterocapsa triquetra as a function of mean prey concentration.
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A

B

Appendix Figure 3: (A) Ingestion and (B) clearance rates of Gyrodinium spirale as a
function of mean Skeletonema marinoi concentration.
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Appendix Figure 4: Daily ingestion rates of refed Gyrodinium dominans and
Oxyrrhis marina over 3 d. Colored lines correspond to the maximum ingestion rate of
a continuously-fed predator culture growing at an equivalent prey biomass. Symbols
represent triplicate treatment means ± 1 standard deviation. G. spirale (not shown) did
not exhibit positive ingestion after the refeed.

48

