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ABSTRACT- Two naturally occurring dinoflagellates, the autotrophic Prorocentrum micans and the 
hcterotrophic Noctiluca scintilldns (non-bioluminescent), ,ind the green alga Dunaliella tertiolecta 
were tested as prey for the first zoeal stage of the brachyurdn crab C'ancer magister under controlled 
laboratol-y conditions. Each dinoflagellate was tested alone and In combination with a suboptimal 
application of the nauplius of the brine shrimp Artemla sp . ,  a diet of known value. When offered alone, 
both dinoflagellates delayed mortality as compared to an unfed control, but neither supported devel- 
opment to the second zoeal stage. When larvae were  fed a cycle of 1 d of Artemia sp. nauplii, followed 
by 2 d of either dinoflagcllate, survival to zoeal stage 11 was significantly higher than for larvae fed 1 d 
of nauplii followed by 2 d unfed. Indeed, survival was equal to a control that had been fed nauplii con- 
t~nuously,  although thcre was a significant delay in time to molt. Larvae fed D. tertiolecta in combina- 
tlon wlth nauplii sho\ved a rc,duction in survival ils comparerl to the suboptimal nauplius dlet alone and 
no difference in time to molt. All 3 protists were consumrd and thc 2 dinoflagcllates contnbuted nutri- 
tionally Given the susceptibility of newly hatched brachyuran larvae to starvation, their abillty to prey 
upon protlsts may be  significant, especially for C. magister, a species that hatches in the Puget Sound 
(WA, USA) region in winter, a time of very low primary productivity. Crab larvae that can consume pro- 
tistan prey may serve as a link between the rich carbon sources of the microbial food web  and meta- 
zoans. 
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INTRODUCTION 

A large fraction of marine carbon fixation is carried 
out by colls less than 5 pm in size, too small to be grazed 
effectively by most planktonic metazoans (Sherr & 

Sherr 1991). Even in coastal waters, greater than 50".0 
of total primary productivity can be attributed to these 
small algal cells (Throndsen 1979, Joint & Pomeroy 
1983, P. Boyd & P. J .  Harrison unpubl.). Phagotrophic 
protists are the primary consumers of cells less than 
5 pm in size and can repackage them into biomass that 
can then be fed upon by larger planktonic organisms 
(Gifford 1991, Sanders & Wickham 1993). The high 
abundances of such protists in coastal waters (Stoecker 
& Capuzzo 1990) invite investigation into their role as a 
trophic link between microbial communities and inver- 
tebrate planktotrophic larvae. 

Zoeal larvae of most brachyuran crabs are plank- 
totrophic, often requiring food soon after hatching to 
survive and develop norlnally (Anger & Dawirs 1981, 
Staton & Sulkin 1991, Hai-tman 1994). A growing body 
of evidence suggests that zoeae are encounter feeders, 
capable of consuming both living and non-living prey 
in sizes ranging from 10 to 250 pm depending upon 
crab species (Costlow & Bookhout 1959, Sulkin 1975, 
Levine & Sulkin 1984, Harms & Seeger 1989, Lehto et 
al. 1998). A variety of autotl-ophic and heterotrophic 
protists have been tested in the laboratory as prey for 
crab larvae (Williams 1968, Sulkin 1975, Bigford 1978, 
Hartman & Letterman 1978, Harms & Seeger 1989, 
Lehto et al. 1998). Most studies indicate that brachyu- 
ran larvae consume protists and even detritus, but the 
nutritional gain from doing so varies considerably 
among prey and crab species. However, evaluation of 
the nutritional value of protistan prey is usually based 
on whether such prey can sustain larvae through the 
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first zoeal stage to molting or, in some cases, all the 
way to metamorphosis. A more relevant criterion may 
be whether crab larvae can utilize protistan prey for 
even limited periods of time, given larval susceptibility 
to starvation and the likelihood that natural concentra- 
tions of optimal prey may be low or, at best, patchy 
(Harms & Seeger 1989). This question may be espe- 
cially relevant to newly hatched first stage brachyuran 
crab larvae that may be particularly susceptible to food 
deprivation. 

The present study investigates the nutritional role 
played by 2 naturally occurring species of dinoflagel- 
lates, one autotroph~c and one heterotrophic, in the 
first zoeal stage of the Dungeness crab Cancer magis- 
ter. C. magister is a particularly interesting test species 
in that it releases its larvae in the waters of the Puget 
Sound (Washington, USA) basin in winter, a time of 
very low primary productivity (Copping 1982, Brainard 
1996) and because it has been shown that the first 
zoeal stage can be sustained on a mixture of diatoms 
(Hartman & Letterman 1978). 

METHODS 

Experimental approach. In a preliminary experi- 
ment, newly hatched larvae of Cancer magister were 
fed the heterotrophic dinoflagellate Oxyrrhis marina. 
The protist was cultured on an algal mixture of 
Isochrysis galbana, Pyrenomonas salina, and Duna- 
liella sp. Although crab larvae fed solely on the protist 
did not survive to the second zoeal stage, nor was mor- 
tality delayed as compared to unfed controls (Analysis 
of Variance, ANOVA: p > 0.05), dry weights of Day 5 
larvae were higher than either Day 1 or Day 5 unfed 
larvae (ANOVA: p < 0.001; Tukey's test for Paired 
Comparisons: p = 0.05). 

This result suggested that reliance on the ability of 
protistan prey to sustain larvae to molting did not ade- 
quately descri.be their potential nutritional contribu- 
tions. Accordingly, an experiment was designed in 
which 2 species of naturally occurring dinoflagellates 
were tested both singly and in combination with a sub- 
optimal diet. The suboptimal diet is one in which a 
prey organism that is known to sustain development 
(Artemia sp. nauplii, in the present case) is manipu- 
lated such that larval survival is reduced and/or devel- 
opment is delayed as compared to its use in optimal 
applications (Levine & Sulkin 1984). This suboptimal 
application can then be supplemented with the protist 
to determine whether the latter is contributing nutn- 
tion.ally. The specific treatment applications are de- 
scribed below. 

Experimental crabs. Larvae were obtained for these 
experiments from a total of 4 ovigerous Cancer magis- 

ter, collected by S C U B A  from Ship Harbor, WA, USA. 
The ovigerous crabs were returned to the nearby 
Shannon Point Marine Center and placed individually 
in large tables fed by running seawater at ambient 
temperature and salinity (7"C, 29 ppt). Crabs were 
observed every second day for evidence of hatching 
and fed. When larvae were observed swimming in the 
seawater tables, the tank was drained, rinsed, and 
refilled at night so that freshly hatched larvae could be 
obtained early the next day. On the following day, sev- 
eral thousand larvae were collected from the seawater 
table in a large glass bowl. The bowl was gently agi- 
tated so as to maintain a homogeneous distribution of 
larvae. Larvae were selected haphazardly and placed 
individually into wells of a 12-well tray. Each well 
measured 25 mm in diameter and contained 5 m1 of fil- 
tered (5 pm) seawater and 1 larva. A sufficient number 
of trays was set up so that 3 (36 larvae) could be 
assigned to each diet treatment to be tested in each 
experiment. 

In Expt 1, 4 treatments were tested on larvae from 
each of 2 broods; thus, a total of 12 trays were set up for 
each brood. In Expt 2, 6 treatments were tested on lar- 
vae from 2 additional broods, requiring a total of 18 
trays from each brood. In each experiment, trays of lar- 
vae from each brood were randomly distributed 
among the treatments to be tested. Larvae in each well 
tray were then fed the appropriate diet. The trays were 
initially filled with seawater at 7°C and placed into 
a light-temperature controlled incubator set at 12"C, 
10 h light: 14 h dark cycle. The water temperature was 
gradually increased to 12OC on the first day of culture 
and was thereafter maintained at that temperature. 

Diet treatments. Following the general protocol for 
raising crab larvae in laboratory culture (Costlow et al. 
1959, Williams 1968, Sulkin 1975), diets were provided 
daily in concentrations defined as 'in-excess;' that is, in 
sufficient quantities to assure that densities would not 
be limiting prior to the next addition of prey 24 h later 
Accordingly, prey densities were not defined during 
the experiment, although culture procedures pro- 
moted daily consistency of density of each prey organ- 
ism used in the experiments. 

In Expt 1, 2 experimental treatments were tested 
using diets consisting solely of either the autotrophic 
dinoflagellate Prorocentrum micans or the hetero- 
trophic dinoflagellate Noctiluca scintillans (not biolu- 
minescent in local populations). In addition, control 
treatments included an  unfed group in which larvae 
were maintained in 5 pm filtered seawater with no par- 
ticulate food added and a group fed daily on freshly 
hatched nauplii of the brine shrimp Artemia sp, pro- 
vided in excess. The 2 species of dinoflagellates were 
chosen because they are present in local waters and 
offer contrast in trophic level and size, the autotroph 
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being 50 to 70 pm in diameter and the heterotroph 
being 300 to 400 pm in diameter. Furthermore, N. scin- 
tillans was cultured in the laboratory using P. micans 
as its prey. 

In Expt 2, these same 2 protists were tested, along 
with the green alga Dunaliella ter-tiolecta (10 pm diam- 
eter), in combination with the Artemia sp. diet pro- 
vided in suboptimal application. Based on the results of 
Sulkin et al. (1998), the suboptimal application of 
Artemia sp, involved a cycle of continuous feeding on 
Artemia sp, naupii for 24 h ,  followed by 48 h of starva- 
tion. In the experimental treatments using each of the 
3 protists, the diet consisted of the suboptimal applica- 
tion of Artemia sp. nauplii for 24 h, followed by 48 h of 
the protist. Additional treatments (controls) included 
an unfed group and a group fed daily on in-excess 
rations of Artemia sp. nauplii. 

Protist culture procedures. Culture procedures for 
the 3 protists are described in Lehto et al. (1998). 
Briefly, Noctiluca scintillans was cultured in 4 1 poly- 
carbonate bottles containing 0.2 pm filtered and auto- 
claved seawater. The cultures were fed Prorocentrum 
micans and were incubated at 12°C in dim light. N. 
scintillans cells were concentrated for use as a diet for 
crab larvae by reverse filtration (80 pm mesh) so as to 
provide a density sufficient for in-excess application 
daily. P, micans and Dunahella tertiolecta were cul- 
tured separately in l l polycarbonate bottles in f/2 
medium. The cultures were maintained at 22°C on a 
12 h light: 12 h dark cycle. Artemia sp. nauplii were 
hatched daily for use as described in Sulkin & McKeen 
(1989). 

Larval culture procedures. Larvae in each tray were 
examined daily for evidence of mortality and molting, 
transferred to new well trays containing filtered (5 pm) 
seawater (29 ppt), and fed the appropriate diet. All 
trays were maintained at 12°C on a 10 h light: 14 h 
dark cycle. Cultures were maintained until all larvae 
had either died or molted to zoeal stage 11. 

RESULTS 

In Expt 1, larvae fed Artemia sp. nauplii in excess 
showed 83% survival to zoeal stage I1 (mean day of 
molt: 11.2 e 1.1), while unfed larvae experienced 100% 
mortality by Day 9 (Fig. 1). However, although larvae 
fed solely on either Noctiluca scintillans or Prorocen- 
trum micans did not survive to zoeal stage 11, larvae fed 
both prey showed a delay in mortality as compared to 
unfed larvae (Fig. 1).  This observation was tested fur- 
ther by comparing days of death among the 3 treat- 
ments. A Bartlett's test of equal variances was signifi- 
cant (p  < 0.05), requiring the use of the non-parametric 
Kruskal-Wallis ANOVA (significant at p < 0.001). 
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Fig. 1. Cancer magister. Daily survival of stage 1 larvae fed 
the indicated diets. Mean day of molt for Artemia sp treat- 

ment 11.2 r 1.1 

Treatments were compared against one another using 
a Comparison of Mean Ranks test (p = 0.05), the results 
indicating that larvae fed both species of dinoflagel- 
lates experienced delayed mortality as compared to 
unfed larvae (Table 1). P. micans-fed larvae survived 
longer than did those fed N. scintillans (Table 1). It is 
apparent that larvae were consuming both dinoflagel- 
lates and deriving some nutritional benefit from them, 
but neither alone provided sufficient nutrition to sus- 
tain larvae through the first zoeal stage. 

In Expt 2, both species of dinoflagellates and the 
green alga Dunaliella tertiolecta supported develop- 
ment to the second zoeal stage when fed in combina- 
tion with the suboptimal AI-temia sp, nauplii diet 
(Fig. 2). In this experiment, unfed larvae showed 100 % 
mortality by Day 7 (Fig. 2). A comparison among treat- 
ments of percent survival to zoeal stage I1 (ANOVA on 
arc sine transformed data) indicated significant differ- 

Table 1. Cancer magister. Mean days of death (standard 
error) for larvae fed the indicated diets. n: number of larvae 
included in each treatment. Results of a Comparison of Mean 
Ranks (CMR) test are shown; shared letters indicate no signif- 

icant difference among samples (p = 0 05) 

Diet treatment Mean day n CMR 
of death 

Prorocentrum micans 12.2 (0.72) 71 a 
Noctiluca milaris 9 0 (0.65) 71 b 
Unfed 5 7 (0 17) 7 2 C 
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p < 0.002). The CMR test (p  = 0.05) indicated that lar- 
vae fed the suboptlmal diet took significantly longer to 
develop to stage I1 than did Artemia-fed larvae. Addi- 
tion of Dunaliella tertiolecta to the suboptimal diet had 
no effect; however, addition of either of the 2 dinofla- 
gellate species significantly accelerated development 
as compared to the suboptimal diet alone. Nonethe- 
less, neither dinoflagellate in combination with the 
suboptimal diet accelerated development sufficiently 
to equal the duration of Artemia-fed larvae. 

DISCUSSION 

Lehto et al. (1998) have shown that larvae of the crab 
Hemigrapsus oregonensis, also found in waters of the 
Puget Sound basin, can feed on both species of dinofla- 
gellate tested in the present study, as well as on micro- 
bially colonized detrital particles. We demonstrate 
here that the hatching stage of Cancer magister also 

Fig 2 Cancer magister Daily survival of stage 1 larvae fed 
the indicated s~~~~~~~~~ ,SO, diet described in text, can utilize the dinoflagellates Prorocentrum rnicans 

\ ,  

Mean days of molt for each treatment shown in Table 3 and Noctiluca scintillans 
Although neither species of dinoflagellate, by ltself, 

sustained survival of stage I Cancer magister larvae, 
ences (p  < 0.001). The results of a Tukey's Honestly both clearly were being consumed and were contribut- 
Significant Difference (HSD) test (p = 0.05) indicated ing nutritionally. Sulkin et al. (1998) have reported that 
that survival was the same among larvae fed the 2 C, magister larvae do not need continuous access to 
dinoflagellates (in combination with the 
suboptimal diet) and the control diet of 

Table 2. Cancer magister. Mean percent survival (standard error) to zoeal 
Artemid nauplii' with showing stage I1 for larvae fed the indicated diets. Suboptimal diet described in text. 
higher survival than larvae fed the n: number of experimental replicates. Results of a Tukey's HSD test shown; 

in which mean day of death of D. tertio- 
lecta-fed larvae exceeded that of unfed 
siblings (n = 12; Wilcoxon Signed Rank 
test: p < 0.05). However, larvae fed D. ter- 
tiolecta in combination with the subopti- 
mal diet showed significantly lower sur- 
vival to zoeal stage I1 than was the case 
for larvae fed the suboptimal diet alone 
(Table 2). Results indicate that larvae 
were feeding on all 3 protists, denviny 
significant nutritional benefit from the 2 
dinoflagellates, but not from the green 
alga. Indeed, the green algal diet actually 
reduced larval survival. 

Duration of zoeal stage I was compared 
among treatments using mean days of 
molt to stage I1 (Table 3). The Bartlett's 
equal variance test was significant (p < 
0.05), requiring use of the Kruskal-Wallis 
non-parametric ANOVA (significant at  

suboptimal diet alone (Table 2). Direct shared-letters indicaie no significant difference (p = 0.05) 
observations indicated that larvae do con- 

Noctiluca scintillans subopt~nlal 96.8 (1.95) 5 a 
Prorocentrurn micdns suboptimal 90.3 (4.00) 6 a 
Artemia sp. 86.2 (2.86) 6 a 
Suboptimal 53.2 (8.90) 6 b 
Dunaljella tertiolecta subopt~mal 11.1(4.15) 6 C 

Unfed 0 6 

sume individual D. tertiolecta cells, an 
observation confirmed by an experiment 

Table 3. Cancer mapster. Mean day of molt (SE) to zoeal stage I1 for larvae 
fed the indicated diets. Suboptimal diet described in text. n: number of lar- 
vae included in each treatmcxnt Results of a Comparison of Mean Ranks 
(CMR) test 1s shown; shared letters indicate no s~gnif~cant difference among 

samples (p = 0.05) 

Diet treatment Percent n Tukey's 
survival HSD 

Diet treatment Mean day n CMR 
of molt 

Artemid sp. 9.5 (0.14) 62 a 
Prorocentrurn micans subop t~mal  11.2 (0.19) 64 b 
Noctiluca scin,tiUan.s suboptimal 12.1 (0 15)  58 b 
Dunaliella tertiolecta suboptimal 18.8 (0.52) 9 C 

Suboptimal 18.8 (0.25) 37 C 

- 
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high quality prey to survive and develop normally. The 
present results indicate that larval survival can be 
enhanced when occasional access to high quality food 
(Artemia sp. nauplii) is supplemented with consump- 
tion of 2 types of dinoflagellates. Indeed, survival of the 
first larval stage was equal to the fed control when lar- 
vae were fed either dinoflagellate for as much as 2 out 
of every 3 d ,  as long as larvae were fed the control diet 
on the third day. It is important to note, moreover, that 
the 2 species of dinoflagllates used in this study were 
isolated from local waters where newly hatched C. 
magister larvae are released. Given the susceptibility 
of newly hatched brachyuran larvae to starvation 
(Anger & Dawirs 1981, Staton & Sulkin 1991, Hartman 
1994) and the likelihood of their encountering low con- 
centrations of micro-crustaceans and other small ani- 
mal prey on a continuous basis in their natural habitat 
(Incze & Paul 1983, Paul et  al. 1989), their ability to 
obtain nutrition from protists as prey may be signifi- 
cant. Indeed, C. magister larvae hatch in late winter in 
the waters of the northern Puget Sound basin, a time of 
low primary productivity (Copping 1982, Brainard 
1996). Moreover, egg-bearing females spend the win- 
ter buried in the mud in seagrass beds (Armstrong et 
al. 1987, Sulkin pers. obs.), an  adaptation thought to 
provide protection to the adults (Thayer & Phillips 
1977). However, this habit also will result in the release 
of newly hatched larvae into an  environment poten- 
tially rich in the carbon sources of the microbial food 
web. 

Seagrass beds are known to harbor high concentra- 
tions of detritus, both because death and decomposi- 
tion is the primary fate of seagrass biomass (Klumpp et  
al. 1989) and because seagrass beds attentuate wind 
and tidal mixing energy, promoting deposition of sus- 
pended particulates (Ward et al. 1984, Worcester 
1995). Indeed, Thresher et a1 (1992) concluded that 
seagrass detritus was the basis of a microbial food web 
in Tasmanian coastal waters that supported large pro- 
tists and,  ultimately, larval fish. Smith & Hobson (1994) 
concluded that a food web composed of heterotrophic 
protists consuming particulate debris, as well as bacte- 
rial and algal cells, dominated the winter ecology of a n  
inlet in the Puget Sound basin. Immediate access to an  
abundant and predictable source of such nutrition in 
the waters above the seagrass beds where they hatch 
may be  important for Cancer magister larvae released 
during a season of low primary productivity. 

Our results demonstrate that not all protists provide 
nutritional benefit. Indeed, consumption of the green 
alga Dunaliella tertiolecta actually reduced survival. 
The very low omega-3 polyunsaturated fatty acid con- 
tent of D. tertiolecta may contribute to the low quality 
of this algal diet (Volkman et al. 1989, Hartman 1994), 
an  hypothesis consistent with the reports of Levine & 

Sulkin (1984) that crab larvae require a dietary source 
of such fatty acids. However, reduced fatty acid avail- 
ability does not, in itself, explain the observed reduc- 
tion in survival relative to suboptimal controls, a result 
that will require further study. Our experiments do not 
preclude the possibility, for example, that exudates 
produced in the algal cultures may have had a delete- 
rious effect upon the crab larvae. Nevertheless, our 
results suggest that unless crab larvae feed selectively 
when they encounter a mix of protistan species, the net 
effect of protist consumption may be  hard to predict 
and may differ considerably among crab species. 

Although both dinoflagellates supported survival to 
Stage I1 equal to that of the Arternia sp. control, devel- 
opment was delayed in both cases. Thus, larvae whose 
survival is dependent upon supplementing optimal 
prey with protists early in their development may 
experience the consequences associated with a pro- 
longed planktonic stage, including increased mortality 
due  to predation and possible changes in growth due 
to the extended period of satisfying metabolic require- 
ments in a n  uncertain prey field. 

Although the ultimate consequences to larval sur- 
vival and growth that can be attributed to feeding on 
protists remain to be determined, our results indicate 
that crab larvae can consume and derive nutrition from 
both autotrophic and heterotrophic protists. Although 
such protistan diets may not be  sufficient to sustain 
development, they may be  important as a supplemen- 
tal nutrition source when other prey are not available, 
particularly when larvae first hatch. In this role, they 
may comprise a link between the rich carbon sources 
of the microbial food web  and  metazoans. 
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