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This paper presents results of field and labora-
tory studies on mixotrophy in the estuarine dino-
flagellate 

 

Gyrodinium

 

 

 

galatheanum

 

 (Braarud) Taylor.
We tested the hypotheses that this primarily photo-
synthetic organism becomes phagotrophic when faced
with suboptimal light and/or nutrient environments.
In Chesapeake Bay, incidence of feeding of this spe-
cies on cryptophytes is positively correlated with
prey density and concentrations of nitrate and ni-
trite, but negatively correlated with depth, salinity,
and phosphate concentration. Feeding in natural as-
semblages and cultures increased hyperbolically with
light intensity. The stoichiometric proportions of
dissolved inorganic P and N (DIP:DIN) at the sta-
tions where 

 

G.

 

 

 

galatheanum

 

 was present were far be-
low the optimal growth P:N (1:10). Incidence of
feeding was negatively related to the ratio of DIP to
DIN, suggesting that P limitation may have induced
feeding. Addition of nitrate, or addition of both ni-
trate and phosphate, inhibited feeding in a natural
population, indicating that N limitation may also in-
duce feeding. Ingestion of the cryptophyte, 

 

Storeatula
major

 

, by cultured 

 

G.

 

 

 

galatheanum

 

 was higher in me-
dia low in nitrate or phosphate or both, but moder-
ate rates of feeding occurred in nutrient-replete cul-
tures. When cells were grown in media with varying
concentrations of nitrate and phosphate, N defi-
ciency resulted in greater cellular N and Chl 

 

a

 

 losses
than did P deficiency, but P deficiency stimulated
feeding more than N deficiency. Both N and P defi-
ciency, or P:N ratios that deviated greatly from 1:10,
result in an increase of cellular carbon content and
an increase in propensity to feed. Our results sug-
gest that feeding in 

 

G.

 

 

 

galatheanum

 

 is partly a strat-
egy for supplementing major nutrients (N and P)
that are needed for photosynthetic carbon assimila-
tion. Feeding in 

 

G.

 

 

 

galatheanum

 

 may also be a strat-
egy for supplementing C metabolism or acquiring
trace organic growth factors, since feeding occurs,
although at a reduced rate, in nutrient-replete cul-
tures.
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Phagotrophic activity has been documented in
many photosynthetic algal taxa, and is particularly
common in phototrophic chrysophytes, prymnesio-
phytes, and dinoflagellates (Boraas et al. 1988, Sand-
ers and Porter 1988). Mixotrophy (i.e. the capability
for simultaneous heterotrophy and autotrophy) could
be advantageous to species living under varying envi-
ronmental conditions. Particularly when cells are ex-
periencing light or nutrient limitation, phagotrophy
could serve as a mechanism of acquiring organic car-
bon or major inorganic nutrients (nitrogen or phos-
phorus), respectively (Caron et al. 1993, Sanders et al.
1990). Mixotrophy may also be important in acquir-
ing specific growth factors (Kimura and Ishida 1989,
Raven 1997).

Previous investigations of mixotrophy in nondi-
noflagellate photosynthetic flagellates have revealed
that, besides prey density, several environmental vari-
ables including light intensity and inorganic nutrient
concentrations can regulate phagotrophy (Caron et
al. 1990, 1993, Sanders et al. 1990, Sibbald and Al-
bright 1991, Jones et al. 1993). The feeding responses
to these factors appear to be highly variable from spe-
cies to species (Raven 1997). Different feeding re-
sponses to light intensity and inorganic nutrients have
also been observed in mixotrophic dinoflagellates.
Feeding by 

 

Fragilidium subglobosum

 

 is stimulated by
light under dim light conditions, but is inhibited at
high light intensities (Skovgaard 1996, Hansen and
Nielsen 1997). Feeding in 

 

Prorocentrum minimum

 

, how-
ever, is stimulated by light but inhibited by addition of
inorganic nutrients (Stoecker et al. 1997).

Although the importance of light and inorganic
nutrients as factors that regulate feeding in mix-
otrophic flagellates has been recognized, detailed ex-
aminations of how these factors influence physiologi-
cal state of the cells, and therefore feeding capability,
are scarce (Skovgaard 1996). The present study treats
the ecology and physiology of the mixotrophic di-
noflagellate 

 

Gyrodinium galatheanum

 

 (Braarud) Tay-
lor (

 

5

 

Gymnodinium galatheanum

 

), a bloom-forming
and sometimes toxic species commonly found in estu-
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arine and coastal waters (Nielsen and Stromgren
1991; Nielsen 1993, 1996). In Chesapeake Bay, graz-
ing of phycoerythrin-containing cryptophytes and sev-
eral other nanoplanktonic organisms by 

 

Gyrodinium
galatheanum

 

 (reported as 

 

G. estuariale

 

) is very common
(Li et al. 1996). The co-occurrence of cryptophytes
and the dinoflagellate in the Bay, along with the ready
detection of ingestion due to the prey’s orange fluo-
rescence, provides an ideal system to examine the
factors that influence feeding in this mixotrophic di-
noflagellate. This study was undertaken by a combina-
tion of field observations and laboratory experiments
to test the following hypotheses: (1) phagotrophy by

 

G. galatheanum

 

 is a response to light limitation; (2)
phagotrophy is a response to N and P limitation.

 

materials and methods

 

Field sampling.

 

During monthly cruises in Chesapeake Bay
between April and September 1995 and 1996, we took samples
to examine the factors that may control feeding in 

 

G.
galatheanum

 

. Samples were taken at 2- to 3-m intervals from the
surface to near bottom at stations along the main stem of the
Bay (Stoecker et al. 1997). Samples were also taken from
transect stations in the mesohaline area of the Bay where rela-
tively high abundances (

 

$

 

50 cells·mL

 

2

 

1

 

) of 

 

G. galatheanum

 

were found. Vertical CTD (conductivity, temperature, depth)
Niskin bottle casts were made at each station during daylight.

For microscopic analysis, whole-water samples (20 mL for
each) were immediately preserved with glutaraldehyde at a fi-
nal concentration of 1% and stored at 4

 

8

 

 C until 5- to 10-mL
subsamples were filtered onto 2-

 

m

 

m-pore black membrane fil-
ters (Poretic Corp.). Filters were mounted on glass slides with
immersion oil (Resolve) and capped with a coverslip. Slides
were stored frozen at 

 

2

 

20

 

8

 

 C and subsequently examined at
room temperature with epifluorescence microscopy (Zeiss filter
set 487709; BP450-490 exciter filter, FT 510 dichromatic beam
splitter, and LP520 barrier filter). 

 

Gyrodinium galatheanum

 

 and
orange-fluorescent cryptophytes were enumerated at 400

 

3

 

.
The presence of food vacuoles with ingested orange-fluorescent
cryptophytes was recorded for the first 100 

 

G. galatheanum

 

 en-
countered on each slide.

For inorganic nutrient analyses (ammonia, nitrate, nitrite,
and dissolved phosphate), samples were gently filtered (

 

,

 

110
mm Hg) through GF/F filters and stored frozen (

 

2

 

20

 

8

 

 C) in
acid-washed scintillation vials until analysis (Technicon Autoan-
alyzer II, Bran & Luebbe detector, TAOS software).

 

Shipboard experiments.

 

Several sets of shipboard experiments
examined the influence of light and inorganic nutrients on ph-
agotrophic activity by 

 

G. galatheanum.

 

 The first experiment ex-
amined the effects of light level and light history. On 14 Sep-
tember 1995, a surface sample was collected at 38

 

8

 

58

 

9

 

 N, 76

 

8

 

23

 

9

 

W. Twenty 250-mL polycarbonate bottles were filled with ali-
quots of the water at 14:35 h when incident light intensity was

 

z

 

900 

 

m

 

mol photons·m

 

2

 

2

 

·s

 

2

 

1

 

. Of these, ten bottles were used
for a 4-h light-exposure experiment while the others were used
for a 24-h light-exposure experiment. For the 4-h experiment,
duplicates were wrapped with aluminum foil (dark treatment),
with 3 (

 

z

 

16% I

 

o

 

), 2 (

 

z

 

33% I

 

o

 

), or 1 (

 

z

 

67% I

 

o

 

) layers of neutral
density screening or without added screening (100% I

 

o

 

). Five
milliliters of 

 

Storeatula major

 

 (strain g, called 

 

Cryptomonas

 

 sp. in
Li et al. 1996) culture was added to each replicate to achieve
densities of 

 

z

 

5 

 

3

 

 10

 

3

 

 cells·mL

 

2

 

1

 

. The reason for using this prey
density is that ingestion of the cryptophyte by this dinoflagellate
was saturated at 

 

z

 

5 

 

3

 

 10

 

3

 

 cells·mL

 

2

 

1

 

 (Li et al. 1996). Bottles
were gently mixed and a 20-mL aliquot from each bottle was
taken and preserved with 1% (final conc.) glutaraldehyde im-
mediately after addition of prey and at 1-h intervals over 4 h. In-
cubation was conducted in an on-deck incubator with running
seawater to maintain water at ambient surface water tempera-

ture. The second set of bottles was treated in a similar way as
the first set, except that the prey 

 

S. major

 

 (strain g) was added to
each replicate after samples had been acclimated for 24 h un-
der the different light treatments as described above. Proce-
dures for enumeration of 

 

G. galatheanum

 

 and cryptophytes and
for determination of ingeted cryptophytes were similar to those
used for field sampling, except that 400 cells were scored for
the presence of food vacuoles. Changes in the number of in-
gested cryptophyte prey with time were used to estimate in-
gestion rates of 

 

G. galatheanum.

 

The second field experiment was carried out to determine
the effect of inorganic nutrients on feeding by 

 

G. galatheanum.

 

A surface water sample containing 

 

G. galatheanum

 

 was collected
at the same station and time as described above. The treat-
ments were set up at 14:50 h, when duplicate 250-mL bottles
were filled with aliquots of the water. The controls were un-
amended, 883 

 

m

 

M nitrate was added to the 

 

1

 

N replicates, 36

 

m

 

M phosphate was added to the 

 

1

 

P replicates, and both nutri-
ents were added to the 

 

1

 

NP replicates. Control and treatments
were acclimated for 24 h at near 

 

in situ

 

 temperature (19–21

 

8

 

 C)
and irradiance (0 to 1200 

 

m

 

mol photons·m

 

2

 

2

 

·s

 

2

 

1

 

). After 24 h of
incubation, cultured 

 

Storeatula major

 

 was added to each bottle to
achieve 

 

z

 

5 

 

3

 

 10

 

3

 

 cell·mL

 

2

 

1

 

. Procedures for taking subsamples,
fixation, and enumeration of cell density and determination of
ingested cryptophytes by 

 

G. galatheanum

 

 were as in the first ex-
periment.

 

Laboratory experiments.

 

Based on the results of field observa-
tions and shipboard experiments, several laboratory experi-
ments were performed for the purposes of: 1) defining the ef-
fects of irradiance on feeding, 2) quantifying the effects of
concentrations of nitrate (NO

 

3

 

2

 

) and phosphate (PO

 

4
3

 

2

 

) on
feeding, and 3) investigating the relationship between intracel-
lular C, N, and P and the feeding capacity of 

 

G. galatheanum.
Gyrodinium galatheanum

 

 (strain GE), isolated from the meso-
haline portion of Chesapeake Bay (USA), was used for all labo-
ratory experiments. 

 

Storeatula major

 

 (strain g) was obtained
from Dr. T. Kana at Horn Point Laboratory (HPL, Cambridge,
MD, USA). Stock cultures of these two species were maintained
at 20

 

8

 

 C, in 10 psu f/2–Si medium (Guillard 1975) on a light re-
gime of 12:12 h light: dark (L:D) at a photon irradiance rate of
150 

 

m

 

mol·m

 

2

 

2

 

·s

 

2

 

1

 

.
To examine effects of irradiance on feeding, triplicate bot-

tles with 250 mL f/2–Si medium were inoculated with 

 

G.
galatheanum

 

 and allowed to acclimated for 3.7 days on a 12:12
L:D cycle at the following irradiances: darkness, 15, 30, 60, 100,
200, 300, 550, and 800 

 

m

 

mol photons·m

 

2

 

2

 

·s

 

2

 

1

 

. The medium was
made with GF/F filtered Sargasso Sea water (37 psu), diluted
with deionized water to achieve a salinity of 10 psu. The incuba-
tion temperature was 21

 

 o

 

C. At the end of the acclimation pe-
riod, cultured 

 

Storeatula major

 

 was added to each replicate to
achieve 

 

z

 

5 

 

3

 

 10

 

3

 

 cell·mL

 

2

 

1

 

 (saturated prey density). Aliquots
(10 mL) from each replicate were then taken at intervals of 1 h
over a 4-h period and fixed with 1% glutaraldehyde for deter-
mination of feeding rates.

The effect of concentrations of nitrate and phosphate on
the feeding rate of 

 

G. galatheanum

 

 was examined in a factorial
experiment with four levels of NO

 

3

 

2

 

 and four levels of PO

 

4
3

 

2

 

.
Three replicates were used. Nutrient-free medium used for this
experiment was prepared as described above (Sargasso seawa-
ter diluted to salinity of 10).

No trace metals and vitamins were added, and concentra-
tions of NO

 

3

 

2

 

 

 

1

 

 NO

 

2

 

2

 

 as well as PO

 

4
32 were undetectable

(,0.03 mM and ,0.01 mM, respectively). A stock culture of G.
galatheanum was concentrated above a 5-mm-pore membrane fil-
ter (Poretics Corp.), and washed four times with the nutrient-
free medium. The washed cells were then inoculated in 48 acid-
rinsed 250-mL polycarbonate bottles containing the nutrient-
free medium. The inoculated cells were allowed to absorb the
residual nutrients for 24 h. The following treatments were then
set up and incubated over a 3-day period under 200 mmol pho-
tons·m22·s21 at 218 C: nutrient-free medium, media with daily
additions of different concentrations of PO4

32 (1, 4, and 36 mM
respectively), media with daily additions of NO3

2 (16 mM) and
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PO4
32 (0, 1, 4, and 36 mM respectively), media with daily addi-

tions of NO3
2 (64 mM) and PO4

32 (0, 1, 4, and 36 mM respec-
tively); and media with daily additions of NO3

2 (883 mM) and
PO4

32 (0, 1, 4, and 36 mM respectively). After a 3-day acclima-
tion, aliquots were taken from each bottle for cell counts (10
mL), Chl a (10 mL), and POC and PN (10 mL) analyses.
Storeatula major was rinsed with nutrient-free medium and then
added to the replicate bottles to achieve a concentration of z5 3
103 cells·mL21. Twenty-milliliter aliquots were taken from each
bottle at intervals of 1 h over a 4-h period and preserved with
1% glutaraldehyde for determination of feeding rates as de-
scribed earlier.

Another laboratory experiment was designed to examine
the relationship between physiological state and the feeding ca-
pability of G. galatheanum. The experiment was carried out in a
manner similar to the previous one, except that the phosphate
concentration was kept constant at 4 mM, while the nitrate con-
centration was varied between 0 and 200 mM. Trace metals and
vitamins were added for all treatments. After a 3-day acclima-
tion, aliquots were taken from each bottle for cell counts and
determination of cell volume (20 mL), Chl a (20 mL), POC
and PN (20 mL), and particulate phosphorus (20 mL) analyses.
Storeatula major that had been rinsed with nutrient-free medium
was then added to each replicate to achieve concentrations of
z5 3 103 cells·mL21 (saturated prey density). Twenty-milliliter
aliquots from each bottle were taken at hourly intervals for 4 h
and preserved with 1% glutaraldehyde for determination of
feeding rates, as described earlier.

Cell numbers and volumes were determined using a Coulter
Multisizer II electronic particle counter. Chlorophyll a concen-
trations were determined fluorometrically. Samples were fil-
tered onto Whatman GF/C filters and extracted in the dark in
90% acetone for 24 h at 48 C; the extracted samples were read
on a Turner Model II fluorometer and corrected for phaeopig-
ments according to Strickland and Parsons (1972). C, N, and P
contents of the cryptophyte and G. galatheanum were measured.
Particulate C and N were analyzed with a Leeman Lab 440 HA
elemental analyzer in samples retained on precombusted What-
man GF/C filters. Particulate P was analyzed as soluble reactive
P following persulfate oxidation of samples filtered onto What-
man GF/C filters (Anderson 1976).

Statistical analyses. Spearman rank order correlation analysis
for field data was done with SigmaStat Version 2.0 (Jandel Sci-
entific software). Comparison of ingestion rate in the control
with those in the treatments in the shipboard nutrient experi-
ment was done using a Bonferroni-adjusted Kolmogorov–Smirnov
two-sample test (Sokal and Rohlf 1995). For the laboratory nu-
trient experiments, two-way ANOVAs with replication were run
using STATISTICA Version 5.0A (StatSoft, 1984–1995). Feed-
ing data for this experiment were rank-transformed.

results
Field observation on mixotrophy. Gyrodinium galatheanum

and orange-fluorescent cryptophytes were found in
571 samples collected from Chesapeake Bay during
cruises in 1995 and 1996 (Table 1). Among these sam-
ples, abundance of G. galatheanum and the crypto-
phyte ranged from 1 cells·mL21 to 4040 cells·mL21

and from 0 to 7974 cells·mL21, respectively (Table 1).
Mean ingested cryptophytes ranged from 0 to 0.47
per G. galatheanum cell (Table 1). Mean ingested prey
was positively associated with cryptophyte abundance
(Table 2). Incidence of feeding was negatively corre-
lated to depth and salinity (Table 2). Of the 571 sam-
ples, only 236 were analyzed for inorganic nutrient
concentration. Within this subset, mean ingested prey
by G. galatheanum was positively correlated with con-
centration of NO2

2 and NO3
2, but negatively corre-

lated with concentration of PO4
32 (Table 2).

The relationship between incidence of feeding in
G. galatheanum and the ratio of dissolved inorganic
phosphorus (PO4

32) to dissolved inorganic nitrogen
(NH4

1, NO2
2, and NO3

2) is presented in Fig. 1. Con-

Table 1. Summary of abundance ranges of Gyrodinium galatheanum (G. gal) and cryptophytes, as well as ranges of mean ingested
cryptophytes per G. galatheanum during cruises in 1995 and 1996 in the Chesapeake Bay

Abundance range
Range of ingested cryptophytes

per G. galatheanumCruise No. of stations Sample size G. gal (cells·mL21) Cryptophytes (cells·mL21)

7–10 May 1995 9 34 4–4040 143–1076 0–0.33
17–21 June 1995 19 70 3–3141 143–6302 0–0.47
7–11 July 1995 21 75 3–1364 227–7974 0–0.18
21–25 Aug. 1995 10 27 3–342 115–2822 0–0.16
14–17 Sept. 1995 14 53 3–935 84–1224 0–0.12
14–16 April 1996 8 28 2–26 5–7010 0–0.08
9–12 May 1996 16 91 2–244 89–2504 0–0.18
1–5 June 1996 11 50 1–425 20–1205 0–0.28
6–10 July 1996 17 66 3–593 0–5890 0–0.45
14–18 Aug. 1996 8 29 3–230 67–3315 0–0.10
7–11 Sept. 1996 11 48 3–341 126–2262 0–0.04

Table 2. Spearman rank order correlation analysis of mean
number of ingested cryptophytes per Gyrodinium galatheanum,
with biological and physical-chemical parameters in the
Chesapeake Bay. Samples were collected from the Chesapeake
Bay during cruises in 1995 and 1996.

Parameter Coefficient P
Number

of samples

Cryptophytes (cells·mL21) 0.377 ,0.0001 571
G. galatheanum (cells·mL21) 0.51 ,0.0001 571
Depth (m) 20.329 ,0.0001 560
Temperature (8C) 0.0198 0.641 560
Salinity (psu) 20.386 ,0.0001 560
NH  (mM) 0.0469 0.474 236
NO  1 NO  (mM) 0.411 ,0.0001 236
PO  (mM) 20.396 ,0.0001 236

4
1

2
2

3
2

4
32
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centrations of PO4
32 in some samples were below the

detectable level (,0.01 mM). Higher feeding oc-
curred where the ratio of dissolved inorganic phos-
phorus (DIP) to dissolved inorganic nitrogen (DIN)
was lower than the Redfield ratio (P:N 5 1:16). The
negative correlation of ingestion of cryptophytes by
G. galatheanum with ratio of DIP:DIN (Spearman rank
order correlation: r 5 20.576, P , 0.0001, n 5 236)
indicates that phosphorus limitation may have in-
duced feeding (Fig. 1).

Shipboard experimental results. Feeding trials were
done with G. galatheanum in a natural assemblage to
determine whether different light levels and history of
light exposure influence the feeding capabilities of
this mixotrophic dinoflagellate (Fig. 2). Similar feed-

ing responses to light were found in both short- and
long-term experiments. Increased irradiance resulted
in increased feeding rate up to 33% of incident light,
and then the rates became saturated. At each level of
irradiance, the feeding rate was significantly higher in
treatments incubated on deck for 24 h than in treat-
ments incubated for only 4 h before the feeding trial
(t-test, P , 0.01).

In the on-deck nutrient addition experiment with
G. galatheanum in a natural assemblage, the di-
noflagellates were exposed to the nutrient treatments
for 24 h prior to an afternoon feeding trial (Fig. 3).
Addition of nitrate and a combination of both nitrate
and phosphate significantly reduced feeding. How-
ever, addition of phosphate alone appeared to reduce

Fig. 1. Incidence of ingested cryp-
tophytes in Chesapeake Bay Gyrodinium
galatheanum populations in relation-
ship to ratio of dissolved inorganic
phosphorus to nitrogen (DIP:DIN).
Number of ingested cryptophytes was
negatively correlated with DIP:DIN
(Spearman rank order correlation
analysis: r 5 20.58, P , 0.001 and n 5
236). Samples were collected during
cruises in 1995 and 1996.

Fig. 2. Effects of light level on in-
gestion rate of Gyrodinium galatheanum
in natural assemblages from Chesa-
peake Bay. Cultured Storeatula major
was added as prey. Feeding trials were
done with G. galatheanum in natural as-
semblages exposed to light treatments
for 4 h (triangles) or 24 h (circles)
prior to addition of prey. Error bars in-
dicate standard error of mean (n 5 2).
The samples were collected from sur-
face water at a mid-Bay station (388589
N, 76823 W) on 14 September 1995.
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feeding slightly, if at all (Fig. 3). Pairwise comparisons
between the 1N and the 1P as well as the 1NP and
the 1P treatments were significant (P , 0.05), but the
difference between the 1N and the 1NP treatments
was not significant (P . 0.05).

Laboratory experiments. Feeding responses were mea-
sured in G. galatheanum cultures that had been accli-
mated for 3.7 days at different light intensities (Fig.
4). Ingestion rate hyperbolically increased with in-
creasing light intensity. At irradiances higher than 60
mmol photons·m22·s21, feeding rates no longer in-
creased with increasing irradiance. No photoinhibi-
tion of feeding occurred, even at light intensities of
up to 800 mmol photons·m22·s21.

To test the hypotheses that feeding is stimulated by
inorganic nutrient limitation or depends on P:N ra-

tios, G. galatheanum cultures were grown in media
containing varying P and N contents. The physiologi-
cal parameters (cellular Chl a and cellular contents of
C, N) (Figs. 5A–5C) and the feeding responses to the
various inorganic nutrients were examined (Fig. 6).
High cellular C content occurred when cells were
grown in media depleted of N or P and in media with
P:N that deviated significantly from the Redfield ratio
(P:N 5 1:16) (Fig. 5A). Cellular contents of N and
Chl a were affected more significantly by concentra-
tion of NO3

2 than by concentration of PO4
32. Cellular

contents of N and Chl a increased with increased con-
centration of NO3

2 in media at four levels of PO4
32

(Figs. 5B and 5C). The pattern of feeding responses
to varying concentrations of NO3

2 and PO4
32 was gen-

erally similar to that of cellular C content to varying

Fig. 3. Effects of addition of inor-
ganic nutrients on ingestion rate of Gy-
rodinium galatheanum in natural assem-
blages from Chesapeake Bay. Cultured
Storeatula major was added as prey.
Treatments were designed as control
(unamended), 1N (addition of 883
mM nitrate), 1P (addition of 36 mM
phosphate), and 1NP (addition of 883
mM nitrate and 36 mM phosphate).
** Indicates that the ingestion rates in
the treatment and control are signifi-
cantly different (P , 0.05); ns indicates
that the ingestion rates in the treat-
ment and control are not significantly
different (P . 0.05). Error bars indi-
cate standard error of mean (n 5 2).
The samples were collected from sur-
face water at a mid-Bay station (388589
N, 76823 W) on 14 September 1995.

Fig. 4. Gyrodinium galatheanum.
Ingestion rates as a function of light in-
tensity. Prior to addition of cultured
Storeatula major as prey, G. galatheanum
cells in cultures were acclimated for
3.7 days under different light treat-
ment conditions. Error bars indicate
standard error of mean (n 5 3). Curve
fitted by hyperbolic tangent function.
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concentrations of NO3
2 and PO4

32 (Figs. 5 and 6).
The highest feeding rate was found when cells were
grown in media depleted of N and P, and somewhat
lower rates were observed when cells were grown in
media depleted in one nutrient (Fig. 6). Lowest feed-
ing rates occurred where P:N ratios in media were
close to the Redfield ratio (P:N 5 1:16). A two-way
ANOVA for this nutrient experiment indicated that
concentrations of nitrate and phosphate both signifi-
cantly influenced feeding and that their interaction
was significant (Table 3).

The relationship of several parameters (cellular
contents of carbon and Chl a, cellular C:N, and cell
volume) with feeding rates was also analyzed for this
experiment (Table 4). Feeding rates were positively
associated with cellular C (P , 0.01) and cellular C:N
ratios (P , 0.01), but negatively associated with cellu-
lar Chl a (P , 0.01). The correlation between cell vol-
ume and feeding rates was not significant (P . 0.05).
Ingestion rates linearly declined with increased Chl
a:C ratio (w/w) (Fig. 7A) and linearly increased with
increased cellular C content (Fig. 7B).

Fig. 5. Gyrodinium galatheanum. Ef-
fects of added nitrate and phosphate
concentrations on cellular Chl a (A),
cellular carbon (B), and cellular nitro-
gen (C). G. galatheanum cells were accli-
mated for 3 days under the different
nutrient addition treatments. Error
bar 5 1 SE.
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The relationship between physiological state and
the feeding capability of G. galatheanum was further
examined in a second experiment. Gyrodinium gala-
theanum was grown in media in which P:N was varied
by changing only the nitrate concentration (Figs. 8–
10). This experiment differed from the first nutrient
experiment in that phosphate concentrations were
held at 4 mM, nitrate concentration was varied, and vi-
tamins were added to the media. Cellular carbon con-
tent appeared to be a good physiological indicator for
cells grown under nutrient stress or under nutrient-
unbalanced conditions. The cells grown at nitrate
concentrations , 40 mM (N:P , 10:1 in media) and
at nitrate concentrations . 80 mM (N:P . 20:1) had
higher carbon contents than the cells grown in media
with N:P near 10:1 (Fig. 8A). Cells grown at N:P ,
10:1 had lower cellular contents of N, P, and Chl a than
cells living in the media with N:P . 10:1 (Figs, 8B–8D).
Nitrogen limitation also led to increased cell volume
(Fig. 8E), which indicates that the accumulation of cell
carbon under low N:P ratios in media was due to in-
creased cell volume. Higher cellular C:N and C:P ratios
but lower Chl a:C ratios occurred when the cells were
N limited (Figs. 9A–9C). Correspondingly, higher feed-
ing rates occurred when cells were N limited (Fig. 9D).

Slight increases in cellular C content and in inges-
tion rate were also apparent when nitrate concentra-
tions in the media were elevated, particularly when
N:P ratios were markedly higher than 10:1 (Figs. 8A

and 9D). A regression analysis further revealed that
there was a positive linear correlation between feed-
ing rates and cellular carbon contents (Fig. 10).

When the results of the two laboratory nutrient ma-
nipulation experiments are compared, some differ-
ences between the physiological state of the cells un-
der nutrient-replete conditions are obvious. In the
first experiment, in which vitamins were not added to
the media, the maximum Chl a per cell was lower
than in the second experiment, in which vitamins
were added (Figs. 5 and 8). The minimum C content
per cell was higher in the first experiment than the
second (Figs. 5B and 8A). Maximum feeding rates
were higher in the first experiment (without added
vitamins) and feeding rate appeared to be more
strongly correlated with Chl a:C and cellular C con-
tent in the second experiment (with added vitamins)
than in the first (Figs. 7 and 10).

discussion
The results of on-deck and laboratory light experi-

ments do not support the hypothesis that the photo-
synthetic dinoflagellate G. galatheanum becomes phag-
otrophic when light is limited. Although addition of
prey might carry over trace amounts of inorganic nu-
trients into the samples in the on-deck light experi-
ment and nutrient uptake during the incubation peri-

Fig. 6. Gyrodinium galatheanum.
Effects of added nitrate and phos-
phate concentrations on feeding ca-
pability of G. galatheanum in a labora-
tory experiment. Prior to addition of
cultured Storeatula major prey, G.
galatheanum cells were acclimated for
3 days under the different nutrient
addition treatments as in Fig. 5. Error
bar 5 1 SE.

Table 3. Analysis of two-way ANOVA with replicate for
laboratory nutrient experiment. Dependent variable: rank
(ingested prey·(Gyrodinium galatheanum)21·h21). Data are
shown in Fig. 6.

Source of variance df MS F P

NO 3 920.1 30.99 ,0.0001
PO 3 1592.3 53.63 ,0.0001
NO  3 PO 9 80.2 2.70 0.0184

3
2

4
32

3
2

4
32

Table 4. Correlation of feeding rate of Gyrodinium galatheanum
with physiological parameters (Pearson product moment
correlation) in laboratory experiment. Data are shown in Figs.
5 and 6.

Parameter Coefficient P

Cellular C (pg·cell21) 0.6017 ,0.01
Cellular ChI a (pg·cell21) 20.3898 ,0.01
Cellular C:N (molar) 0.5505 ,0.01
Cell volume (mm3·cell21) 20.0923 0.5329 nsa

a ns, nonsignificant.



40 AISHAO LI ET AL.

ods might have changed the original nutrient regime,
consistent results were observed in both the on-deck
and laboratory light experiments. For example, higher
ingestion rates were found for the cells with short-
term (4 h) and long-term (24 h) exposure to light
than for cells kept in the dark (Fig. 2). In the labora-
tory experiment, no feeding was detected in G. gala-
theanum acclimated for 3.7 days to total darkness. Ad-
ditionally, the ingestion rates increased hyperbolically
with increasing light intensity, even in cells that had
been acclimated to nutrient-replete conditions (Fig.
4). These results indicate that feeding in G. gala-
theanum is light dependent, rather than a response to
light limitation.

A light-dependent feeding pattern appears to be
common in mixotrophic dinoflagellates. Similar feed-
ing response to light has been found in the mix-
otrophic dinoflagellates Prorocentrum minimum (Sto-
ecker et al. 1997), Gymnodinium sanguineum (A. L.,
unpublished data), and Ceratium furca (personal com-

munication with G. W. Smalley). The effects of light
on feeding in the mixotrophic dinoflagellate Fragilid-
ium subglobosum, however, are somewhat complicated.
Skovgaard (1996) reported that ingestion rates in this
dinoflagellate could change from relatively constant
low feeding rates in low light (within light levels #50
mmol photons·m22·s21), to increased ingestion rate
with increased light intensities up to 100 mmol pho-
tons·m22·s21, and then decreased feeding rates with
increasing light at irradiances .100 mmol pho-
tons·m22·s21. This species is also capable of growing
almost equally well phototrophically or phagotrophi-
cally in the dark (Skovgaard 1996). In contrast to Fra-
gilidium subglobosum, G. galatheanum can grow photo-
trophically in monocultures, but cannot survive in the
dark even in the presence of food (Storeatula major)
(Li et al. 1999). The differences between these two
species suggest that they exploit different nutritional
strategies: the former is a facultative phagotroph or
phototroph, and the energy source (i.e. organic car-

Fig. 7. Gyrodinium galatheanum.
Correlation of feeding capability of G.
galatheanum with cellular Chl a:carbon
ratio (A) and with cellular carbon (B).
Prior to addition of cultured Storeatula
major as prey, G. galatheanum cells that
were acclimated under different treat-
ment conditions as in Fig. 5 were taken
for Chl a and carbon measurements.
The dashed line represents a linear re-
gression fit of data.
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bon) from the ingested prey alone can support its
growth; the latter is an obligate phototroph, and light
is its essential energy source.

Several possibilities could explain the light-depen-
dent feeding response in G. galatheanum. One expla-
nation is that the synthesis of feeding components
(e.g. feeding organelles and the enzymes involved in
ingestion and digestion or the energy, such as ATP,
necessary to drive the feeding process) may be depen-
dent on photosynthesis. This theory may explain the
feeding response to light in a mixotrophic chryso-
phyte Dinobryon cylindricum (Caron et al. 1993) and
the dinoflagellate Fragilidium subglobosum (Skovgaard

1996), but it has not been experimentally tested. An-
other explanation is that ingestion of prey may be in-
duced by requirements for trace factors and/or inor-
ganic nutrients for growth driven by photosynthetic
carbon assimilation. In the on-deck experiment, the
feeding rates of G. galatheanum in natural assemblages
were higher in the long-term incubations than in the
short-term incubation under a range of irradiance
(Fig. 2). Prolonged incubation probably led to nutri-
ent stress in the cells, which stimulated feeding. In the
laboratory light experiment, the dinoflagellates were
phagotrophic in the light treatments even when they
were grown in inorganic nutrient-replete medium
(f/2–Si) (Fig. 4). This indicates that feeding might
also supplement carbon and/or supply trace growth
factors as well as supply major nutrients (i.e. N and P).
The light saturation curve of feeding in G. gala-
theanum is similar to the light saturation kinetics of in-
organic nutrient uptake and 14CO2 incorporation ex-
isting in many photosynthetic algae (MacIsaac and
Dugdale 1972, Paasche et al. 1984, Lomas et al. 1996).
These similarities suggest that feeding in this species
depends on simultaneous photosynthetic carbon as-
similation and/or generation of ATP.

Our results are consistent with the hypothesis that
nutrient limitation stimulates feeding in G. gala-
theanum. In the on-deck experiment with natural as-
semblages, addition of nitrate and both nitrate and
phosphate inhibited feeding, but the magnitude of
feeding response to different nutrients varied (Fig. 3).
In the laboratory nutrient experiments, the cells
grown in N-depleted or P-deplete or both-depleted
media had greater capability to eat (Figs. 6 and 9D).

Besides absolute concentrations of inorganic P and
N, inorganic P:N ratios in the water appear to be an
important factor in regulating feeding in G. gala-
theanum. In the laboratory nutrient experiment,
higher feeding occurred when cells were acclimated
to media in which P:N ratios deviated significantly
from the Redfield ratio (1:16) (Fig. 6). In the experi-
ment in which P:N in the media was varied by only
changing nitrate concentrations, feeding rates in-
creased when P:N ratios deviated from a ratio of P:N 5
1:10 (Fig. 9D). This appears to be the optimal P:N ra-
tio for G. galatheanum growth, since signs of P or N
limitation (increase of C contents) occurred when
P:N ratio decrease or increase widely from 1:10 (Fig.
8A). A previous study by Nielsen (1996) on the
growth and chemical composition of G. galatheanum
suggested that growth was limited by P or N on either
side of the optimum P:N ratio of 1:10.

Although our cultures used in laboratory experi-
ments were not axenic and thus the potential contri-
bution of bacteria to C, N, and P composition cannot
be ruled out, the use of actively growing cultures and
GF/C filters (.1.2 mm pore size) for retaining our
targeted cells for particulate C, N, and P analyses min-
imizes bacterial interference. Furthermore, the cellu-
lar contents of C, N, P, and Chl a in G. galatheanum
found in this present study are within the ranges of

Fig. 8. Gyrodinium galatheanum. Cellular contents of car-
bon (A), nitrogen (B), phosphorus (C), Chl a (D), and cell vol-
ume (E) as a function of N:P ratios in media. G. galatheanum
cells were acclimated for 3 days in media with varying N:P (i.e.
initial [PO4

32] 5 4 mM and initial [NO3
2] 5 0–200 mM).
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the values reported by Nielsen (1996). These cellular
parameters ranged from 93 to 229 pg·cell21 for C, 9 to
64 pg·cell21 for N, 14 to 22 pg·cell21 for P, and 1 to 14
pg·cell21 for Chl a (Figs. 5A–5C and 8A–8D). Nitro-
gen deficiency resulted in greater cellular N and Chl a
losses than did P deficiency (Fig. 5). However, the C:P
ratios we found are higher than previously reported
for this species (Nielsen, 1996). Similar responses of
these physiological parameters to nutrient status ap-

pear have been found in many dinoflagellates and
other groups of phytoplankton (Latasa and Berdalet
1994, Perry 1976, Sakshaug et al. 1983, 1984). Cellular
C content appears to be a good indicator of nutrient-
unbalanced growth conditions for G. galatheanum, be-
cause both N and P deficiency, or ambient P:N ratios
that deviate significantly from 1:10, result in increased
cellular carbon content (Figs. 5B and 8A). The cells of
G. galatheanum grown under nutrient-depleted or nu-

Fig. 9. Gyrodinium galatheanum. Ra-
tios of cellular carbon:nitrogen (A), car-
bon:phosphorus (B), Chl a:carbon (C),
and corresponding ingestion rates (D) as
a function of N:P ratios in media. G.
galatheanum cells were grown for 3 days in
media with varying N:P (i.e. initial
[PO4

32] 5 4 mM and initial [NO3
2] 5 0–

200 mM) before addition of Storeatula major
as prey.
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trient-unbalanced conditions have greater capability
to eat than did the cells that had been acclimated un-
der nutrient-replete and nutrient-balanced growth
conditions (Figs. 6, 7, 9D, and 10).

In Chesapeake Bay, phytoplankton growth in gen-
eral appears to be limited by dissolved inorganic P
during spring and by inorganic N in summer (Fisher
et al. 1992). Spatial variations in the limiting nutrients
are also evident, characterized by P limitation in the
North Bay and N limitation in the South Bay (Fisher
et al. 1992, Glibert et al. 1995). Populations of G. gala-
theanum in Chesapeake Bay generally follow 7–13 sa-
linity isopleths and thus they are usually located from
the mid-Bay to the northern part of the Bay, de-
pending on the season (A. L., unpublished data). Our
field data show that the ratios of dissolved inorganic P
and N were far below the Redfield ratio (P:N 5 1:16)
in most of the samples in which G. galatheanum was
abundant (Fig. 1). Given that the optimal P:N ratio is
1:10 for G. galatheanum, it is most likely that the popu-
lations of this species in the Bay experience potential
P limitation rather than N limitation and that feeding
is stimulated primarily by P limitation (Fig. 1). How-

ever, our laboratory results show that cells grown in nu-
trient-replete media of an P:N ratio of 1:10 still feed,
but at a lower rate than nutrient-stressed or nutrient-
unbalanced cells. These results suggest that feeding is
advantageous to G. galatheanum for more reasons than
the supply of P or N.

The discrepancies between the two laboratory nu-
trient manipulation experiments suggest that feeding
may also supply vitamins. In the first experiment, in
which vitamins were not added to the experimental
media, the ingestion rates of the dinoflagellate at
roughly similar inorganic nutrient concentrations
were higher than in the second experiment. Further-
more, in the second experiment, in which vitamins
were added, the feeding response was more tightly
correlated with cellular C content and Chl a:C ratios
than in the first experiment. These observations sug-
gest that G. galatheanum may be stimulated to feed by
both lack of vitamins and inorganic nutrient deple-
tion or unbalance. Alternatively, in these two labo-
ratory experiments the absolute inorganic nutrient
concentrations probably changed during the 3-day ac-
climation period because nutrients were added daily;

Fig. 10. Gyrodinium galatheanum. In-
gestion rates as a function of cellular Chl
a :C (A) and as a function of carbon con-
tents (B). Prior to addition of cultured
Storeatula major as prey, G. galatheanum
cells that were acclimated under different
nutrient treatment conditions as in Fig. 9
were taken for cellular carbon measure-
ments. The dashed line represents a linear
regression fit of data.
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however, the nutrient ratios probably remained rela-
tively constant. Differences in the absolute nutrient
concentrations between the two experiments might
have contributed to differences in the responses in
feeding and other aspects of the cell physiology in
these two experiments.

Our data set as a whole, including field and labora-
tory observations, supports the conclusion that multi-
ple factors can regulate feeding in G. galatheanum.
Prey availability apparently controls feeding on cryp-
tophytes in Chesapeake Bay (Table 2). The negative
correlation with salinity might be related to stratifica-
tion and mixed-layer depth conditions that actually af-
fect feeding by altering the irradiance and chemical
environments of the in situ population. Thus, al-
though in the laboratory feeding is readily induced by
imposing N or P limitation, feeding was not detected
in all natural populations in N- or P-depleted waters
(Fig. 1). For example, one might expect that high
rates of ingestion should also show up on the far right
hand side of Fig. 1. They did not, but that may be a
function of the low number of data points on that end
of the graph. Alternatively, factors such as inadequate
irradiance or absence of prey that could be detected
by epifluorescence microscopy might have been re-
sponsible for lack of detectable feeding in these popu-
lations. In addition, the Chesapeake Bay populations
may be feeding, but not on cryptophytes, and hence
feeding would not have been detected with our tech-
nique. Our laboratory results indicate that cells always
feed to some extent in the light, although either N or
P limitation can increase feeding (Figs. 4, 6, and 9D).
The only laboratory condition that completely inhib-
ited feeding was darkness (Fig. 4). These results sug-
gest that feeding regulation in the light occurs in re-
sponse to unbalanced metabolism that can be imposed
by limitation of potentially any element necessary for
photosynthesis and growth.

Mixotrophy appears to be very common among
bloom-forming photosynthetic dinoflagellates (Sand-
ers and Porter 1988, Bockstahler and Coats 1993, Ja-
cobson and Anderson 1996, Li et al. 1996). Given that
they can have relatively high feeding rates (Bockstahler
and Coats 1993, Hansen and Nielsen 1997, Skovgaard
1996, and data presented herein), mixotrophic di-
noflagellates may play significant roles in aquatic food
webs as grazers and predators. Combinations of inor-
ganic nutrient uptake, phagotrophy and photosynthe-
sis may provide nutritional flexibility for these species
in variable environments. Feeding on other protists,
including competitors for resources, may contribute
to their bloom formation and persistence. Not enough
is known about the extent to which ingested prey con-
tribute to the nutritional needs of mixotrophic dino-
flagellates. Little is known about how feeding influ-
ences their photophysiology. Further studies on these
matters are needed to better understand the roles of
mixotrophy in dinoflagellate bloom formation and
persistence and the role of mixotrophic dinoflagel-
lates in the trophodynamics of aquatic ecosystems.
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