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ABSTRACT: The harpacticoid copepod Tisbe holothuriae has been cultivated in the Helgoland 
laboratory for more than 20 years. The effects of density on the larval development and the female 
productivity were studied by comparing two culture systems: (1) enclosed system, and (2) running- 
water system. In both systems, a nutritious mixed diet of Dunaliella tertiolecta, Skeletonema 
costatum, and granulated Mytilus edulis was offered. Larval mortality, larval development and 
female productivity are found to be significantly dependent on both the population density and 
specificity of the culture system. Increasing density causes higher larval mortality, longer larval 
development time, and a reduction in female productivity. In comparison with the enclosed system, 
the running-water system shows decisive advantages: larval mortality is about 20 % lower, the rate 
of larval development is about two days shorter, and there is a very high rate of nauplii production. 
The sex ratio exhibits high variations, but in general, there is no clear relationship between sex ratio 
and population density. Nevertheless, when reared in the running-water system, a relatively high 
percentage of females (> 45 %) was found at lower densities. 

INTRODUCTION 

With the rapid deve lopment  of fish and crustacean aquacul ture  systems, the require-  

ments for living food organisms become  more and more urgent.  Among  the wide 
spectrum of available food organisms, Copepoda  have  been  proved to be one of the most 

important  food sources, especially for fish fry production (May, 1970; Fujita, 1973, 1977; 

Rothbard, 1976; Gopalan,  1977; Kinne, 1977). There  is also some evidence  that Copepoda  
are of higher  nutritional value for fish larvae than nauplii  of Artemia salina (Watanabe et 

al., 1978, 1983; Fukusho et al., 1980; Dabrowski  & Rusiecki, 1983; Kraul et al., 1991a, b). 

Among copepods, harpacticoids appear  to be well-sui ted as food organisms. Due to their 
short life-cycle, and the high productivity of females, many species are easily reared  in 

mass cultures (Uhhg, 1981, 1984a, b). 
Tisbe holothuriae has been  continuously cult ivated in our laboratory since 1963: 

Originally, T. holothunae proved to be a useful component  in cultures of certain sessile 
organisms like folliculinids (ciliates), as well  as small invertebrates  (hydrozoa etc.), to 

keep culture dishes clean from various deposits and overgrowing microorganisms like 
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bacteria or fungi (Uhlig, 1964, 1965). Mass cultivation of T. holothuriae started in 1977. 
Many  experiments have been  carried out to study the effects of essential  envi ronmenta l  
parameters  such as temperature,  salinity, light and food on growth, reproductivity,  and  
populat ion dynamics (Gaudy & Gu4rin, 1977; Schwenzer, 1985). A few references are 
available concerning the populat ion dynamics of Tisbe (Hoppenheit,  1975, 1976; Gaudy, 
1982). There is little information about the effects of density on growth a n d  reproduction, 
especially in mass culture, Uhlig (1984a), and  Schwenzer  & Uhlig (1988) p resen ted  some 
results of the relationship be tween  initial density and nauphi  survival. Our  recent  study 
demonstrates  the importance of density in larval development  and  female productivity, 
especially when  reared in an enclosed system (Zhang & Uhlig, 1991). With the present  
study we tried to determine the immediate  effects of density: (1) on larval  mortality and 
generat ion time; (2) on female fecundity; (3) on naupli i  production; and  (4) on the sex 
ratio. In order to clarify secondary effects by deterioration of the medium, all experiments  
were carried out within two different culture systems: (!) an enclosed system, and (2) a 
runn ing-wate r  system. 

MATERIALS AND METHODS 

Tisbe holothuriae was originally isolated from the swimming pool on  Helgoland in 
1962 (Uhhg & Noodt, 1966). It has b e e n  mass-cult ivated mainly in enclosed systems (for 
details see Uhhg, 1984a). Organisms used for experiments  derived from the  stock of mass 
cultures. The cultures were kept  in millipore-filtered and pasteurized (96 ~ seawater  of 
28 %0 salinity, 20 ___ 1 ~ temperature,  12 h l ight-dark conditions, and  an excess of a mixed 
diet of DunalielIa tertiolecta, Ske l e tonema  costatum and grains of dehydra ted  mantle-  
tissue of Myti lus  edulis. In both culture systems, four density levels: 20, 60, 180 and  540 
naupl i i /cm 2 were used for larval development  experiments,  and  3, 9, 40 a n d  140 9/cm 2 
for the experiments on productivity. In the runn ing-wate r  system, addit ionally,  two 
higher density levels of 1000 and 1500 naupl i i /cm 2 were tested. The results were based 
on three replications for each density. To study female fecundity, four ovigerous females 
of each culture i.e. 12 ovigerous females for each density, were selected and  reared 
individually in small bowls (20 ml) and  re turned to the original bowl after the  hatching of 
nauplii .  Fecundity is expressed as the mean  n u m b e r  of naupli i  hatched from one egg-sac 
per female. 

In the enclosed system we used flat glass bowls (fD = 11.5 cm, area ~ 100 cm 2, water 
volume = 400 ml), the culture medium being totally renewed daily. The r u n n i n g - w a t e r  
system is demonstrated in Figure 1. Twelve 8 cm plexiglass cylinders were  used for 
cultivation, one end  covered with a nylon gauze of 50 [~m. These were suspended  by 
means  of styrofoam rings floating on the water surface of a 100-1 tank. Each floating 
culture was connected with an air pump system. Dunaliella and S k e l e t o n e m a  were 
added into the 100-1 tank, and the culture medium and distribution of food algae 
controlled daily. Depending  on the amount  of food available, 10 percent  of the culture 
med ium was sucked off and new algae were added every two or three days. Additionally, 
grams of Myti lus  were put into each floating culture to be sure that there was always a 
surplus of food. In experiments with females, the culture medium was  completely 
changed  every 10 days to avoid deterioration. 

In order to get an almost s imultaneous development,  the naupl i i  were  sieved and  
only 50-80 ~m sized naupli i  were chosen for experiments.  Females were s ieved through 
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Fig. 1. Diagram of running-water system for cultivation of Tisbe holothuriae; a: side view of whole 
system; b: side and top view of floating sieve 
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200 vm gauze as soon as they matured. The daily naupli i  production was collected by 
sieving the females through 125 ~tm gauze, and  afterwards concentrat ing on 50 ~tm gauze 
for counting. The method of counting was described in Uhlig (1984b). A Macintosh 
computer  was used to process the data; T-test was used for statistical analysis. 

RESULTS 

Effects  of d e n s i t y  d u r i n g  the  l a rva l  s t a g e s  

In order to study the crowding effects on larval mortality and development,  the larvae 
were counted daily at the beg inn ing  and near  the end, and twice or three times in the 
middle of the experiment.  In both systems, larval mortality significantly increases with 
increasing density, i.e. within the enclosed culture system from 24 %, 28 %, 44 % and  
64 % (four density ranges 20 to 60, 180 to 540 ind/cm 2 were tested), respectively, and  3 %, 
15 %, 28 %, 56 %, 68 %, and 78 % in the runn ing-wate r  system (six ranges tested: 20 to 
1500 ind/cm 2, see Fig. 2). Larval mortality in the running-water  system is more than 10 
percent  lower than that in the enclosed system. 

The cumulative daily larval mortality was also observed in the running-wate r  system 
(cf. Fig. 2). It is evident  that copepodites react more to varying densities than the naupli i  
and adults. In the first three days, i.e. during the naupl iar  phase, there are no significant 
differences in mortality among all the densit ies tested. However, the differences become 
more and more distinct in the days following. Again, after maturity, reiatively few 
changes are observed. On the other hand,  high density causes large variations in larval 
development.  At the lowest density (20 ind/cm2), more than 50 % of the larvae became 
copepodites on the second day, and more than 90 % on the third day. Whereas at the 
highest density (1500 ind/cm2), the proportion of copepodites was on ly  10 % on the third 
day, and  it took six days for more than 90 % of the larvae to develop into copepodites. 
Thus ,  the development  from naupli i  to copepodites essentially takes longer at higher  
densities. Regarding the matur ing phase of the females, a similar situation has b e e n  
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Fig. 2. Survival curves of T. holothuriae during their development from larvae to adult, cultivated in 
six increasing density levels in a running-water system. The arrows indicate (C) the appearance of 
copepodite stages (more than 90 % nauplii developed to copepodites) and (A) adult stage (all larvae 

have matured and the percentage of females keeps relatively steady) 

observed. At lower densities (20-180 ind /cm 2) about  20-40 % mature  females were 
observed on the eighth day, and from the n in th  day the percentage  of females r emained  
relatively steady. At higher densities (540-1500 ind/cm2), however, the percentage  
increased continuously from the 11th to the 18th day from 10-40 % (Fig. 2). 

It is also obvious that the larval development  from naupli i  to adults is d e p e n d e n t  not 
only on culture density, but  also on the culture system. In the enclosed system the time of 
development  from naupli i  to adults varies from 11 to 16 days, with increas ing density. 
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Fig. 3. Larval development time {___ s.d.), from nauplii to adult, of T. holothuriae reared at different 
densities with two different culture systems 

However, nauphi reared in the running-water system develop faster than those in the 
enclosed system. 

After maturity female fecundity was examined in the running-water system. It was 
found that the density in larval stages also plays an important role in the earliest female 
fecundity (Fig. 4). Female fecundity decreases with increasing density. 

The sex ratio is found to fluctuate irregularly among all the copepods, at different 
densities within the enclosed system. The percentage of females varies between 35 % to 
46 %, with 40 % on average. In the running-water system, however, with increasing 
density there seems to be a trend towards a slight decline in the percentage of females, 
although the differences are not statistically significant, due to a relatively high indi- 
vidual variability. 

Effects of dens i ty  dur ing  the female  b r e e d i n g  phase  

Female mortality was determined in both culture systems. In the enclosed system, 
the females were counted dally at the beginning and at the end of the experiment, within 
a 19-day period. Afterwards, only very low yields of nauplii were registered at all density 
levels. The results display significant differences of female mortality within the density 
levels tested (p < 0.01, see Fig. 5). In the running-water system, the number of females 
were counted every fourth day within the 33-day period in order to estimate the variation 
trend in female mortality during the breeding phase. As shown in Figure 6, within the 
first i0 days female mortality was very low in all cultures, but later increased more 
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Fig. 4. Relationship between fecundity and larval density of T. holothuriae in the running-water 
system 

rapidly,  at lower  than  at h igher  individual  density. In combinat ion  with the  da ta  on 
naupl i i  yield,  it is quite obvious that  females  r ea r ed  in a lower  densi ty  show m u c h  h igher  
product ivi ty  within re la t ively shorter  b r eed ing  phases.  

The mean  number  of naupl i i  product ion per  female pe r  day, ca lcula ted  by  dividing 
the daily naupl i i  y ie ld  by the surviving number  of females,  is used  to c ompa re  female  
product ivi ty  at different  densit ies.  In both culture systems, females  offer the h ighes t  
product ivi ty  at  the  lowest  densi ty  level  (3 9 / c m  2, Fig. 7). Production in the  r u n n i n g - w a t e r  
system is by  far h igher  than p re sen ted  in recen t  l i terature.  A very h igh  ra te  of naupl i i  
product ion (on ave rage  more than 25 n a u p l i i / 2 / d a y )  was sus ta ined for about  18 days  and 
even more than 40 n a u p l i i / 9 / d a y  was ach ieved  from the 8th to the 15th day  at  low 
densi t ies  of 3 and  9 9 / cm 2. In addit ion,  as far as daily naupl i i  p roduct ion  in total  is 
considered,  the yie ld  inc reased  with increas ing  density, but  dec reased  at the  highest  
densi ty  (6400, 16000, 54000 and  45000 naup l i i / day  on average ,  respectively).  The  highest  
dai ly  naupl i i  y ie ld  was ob ta ined  at the dens i ty  of 40 $ /cm 2. 

Female  fecundity,  as well  as the pe rcen t age  of ovigerous females,  was suscep t ib le  to 
densi ty  on the 10th day  of the exper iment  in the enclosed system. High  dens i ty  levels  
reduce  the number  of naupli i  ha tched  per  egg-sac  and inhibit  the  female from produc ing  
the egg-sac .  At the  lowest  densi ty  (3 9/cm2), on average  72 naupli i  h a t c he d  from one 
egg-sac  (N = 12); however ,  at the  h ighes t  dens i ty  (140 9 /cm 2) only 36 n a u p l i i / e g g - s a c  (N 
= 12). The pe rcen t age  of ovigerous  females  dec reased  from 78 % to 45 % wi th  inc reased  
densi ty  (Fig. 8). Both pa rame te r s  were  also examined  at intervals  of three  days  in the 
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Fig, 7. Female productivity of T. holothuriae cultured at different densities in a) the enclosed system; 
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running-water system to estimate their variation trend during their breeding phase, On 
average, there is a marked peak at lower densities, with more than 70 nauplii and over 
90 % of ovigerous females; but there is no peak at the highest density where fecundity 
was about 40 nauplii/egg-sac, and the percentage of ovigerous females ranges between 
40 % and 30 % {Figs 9 and 10). 
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DISCUSSION 

As demons t ra ted  by Uhlig (1981), the mass  culture of Tisbe  is essent ia l ly  re la ted  to 
the ava i lab le  subs t ra te  area,  but  less to the  avai lab le  wate r  volume. Therefore,  in our 
exper iments ,  the dens i ty  refers to the  number  of individuals  pe r  unit  area.  On  the other  
hand,  in order  to make  the da ta  comparable ,  the exper iments  in both the  enc losed  and  
the runn ing-wate r  systems were  carr ied out under  exact ly the same conditions,  inc luding  
tempera ture ,  salinity, l ight  and  food, and  culture containers.  

The  results p re sen ted  above  indicate  that  the runn ing-wate r  system gives much  
be t te r  results  than the enclosed system, even bet ter  than  a semi-open  floating sys tem (as 
descr ibed  by  Uhlig, 1984a, b). In comparison,  the runn ing-wate r  system as used  for the 
exper iments  has the advan tage  of de l iver ing opt imal  water  conditions.  Using an air 
pump,  the water  from the large tank  can be  e l eva ted  and injected into each  floating 
culture. There  is therefore  a continuous exchange  b e t w e e n  the culture m e d i u m  within 
the exper imenta l  culture and the large  wate r  tank.  Al though the total sys tem exhibi ts  in 
fact an enclosed system, the volume of this t ank  is large  enough  to avoid the cons iderab le  
deter iorat ion of the medium.  In our previous exper iments  (Zhang & Uhlig,  1990), 
especia l ly  at h igh densi ty  levels, s trong p H  fluctuations of the culture m e d i u m  have  b e e n  
reg is te red  in the small  enclosed culture systems just before,  and  also after, the dai ly  wa te r  
exchange;  no pH changes  were  found in the runn ing-wate r  system. Moreover ,  by  means  
of t h e  jet  wate r  outlets,  sufficient wa te r  exchange  and  turbulence  within the  cul tures  
were  guaran teed ,  so as to prevent  animals  from ga ther ing  (perhaps by  their  phototact ica l  
behaviour)  which could result  in a local lack of oxygen  and food. Fur thermore ,  with the  
runn ing-wa te r  system a mixed diet  can be  used, whereas  in a semi -open  sys tem only 
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g ranu la ted  food l ike Myti lus  edulis can be  offered as the nutr i t ional  source.  F r o m  our 
exper ience  (see also Schwenzer ,  1985) a mixed  diet  is of h igher  nut r i t ional  va lue  and 
a lways  gives be t te r  rear ing  results. 

Even when  shown to be an excel lent  des ign  for exper imenta l  s tudies ,  how this 
me thod  could be  t ransformed and modif ied  for appl icabi l i ty  on much l a r g e r  scales of 
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naupl i i  product ion has to be  proved on a more biotechnological  platform. In this ins tance 
it should be possible  to offer high, and  stable numbers  of various s tages  of Tisbe in fish fry 
hatch tanks  as a food source for young  fish larvae. Taking  into account  a dens i ty  of 40 9 / 
cm 2, a daffy yield of more than 83 000 naup l i i /day  could be  susta ined for over 16 days  per  
f loating culture of 100 cm 2. Therefore,  an ext rapola t ion on twelve such floating sieves will 
provide  an approximate  densi ty  of 10 naupl i i /ml  in the total volume of a 100-1 tank. This 
dens i ty  is certainly h igher  than that  r e c o m m e n d e d  for rear ing various mar ine  fish fry on 
naupl i i  (Rosenthal & Hempel ,  1970; Houde,  1978}. 

It is evident  that, with an increas ing  popula t ion  density,  the larval  d e v e l o p m e n t  is 
affected in two ways:  (1) increase  of mortali ty,  and  (2) prolongat ion of deve lopmen t  t ime 
from naupli i  to adults.  This is in accordance  with previous studies (Uhlig, 1984a). 
Nevertheless ,  the different exper imenta l  condit ions and methods  used  do not al low a 
more precise  comparison.  According to Fava & Ringoli (1977) the larval  survival  rate  of 
Tisbe clodiensis was lowered  by  crowding.  The extensive studies of H oppe nhe i t  (1975, 
1976) on exploi ted populat ions  ind ica ted  that  naupl ia r  mortal i ty was lowest  at h ighes t  
exploi tat ion rates  {i.e. at a very low popula t ion  density).  He proposed  some factors cal led 
" imprint ing"  to expla in  the mechan i sm that  enables  animals to perce ive  and  re spond  to 
different  crowding levels. Fava & Crotti (1979) sugges ted  a complex chemical  compound  
might  be p roduced  by  the animals  as a react ion to crowding. However ,  the  crowding 
effects are still obvious and verif iable when  cultures of different densi t ies  are  r ea red  in 
the runn ing-wate r  system, where  all of them are exposed  to ident ical  condit ions even 
within the same culture medium.  Chemica l  compounds,  if they exist, (1) would  be  
ex t remely  di luted in the large  tank,  and  (2) would  equal ly  inf luence all of the cultures 
involved.  From this point  of view, there  is more ag reemen t  with the f inding of Brand 
(1985) that the direct  close encounter  may  change  the behaviour  of the animals,  and  even 
their  development .  

The regulat ion of the sex ratio still remains  a complex problem.  Different authors  
associate  it with many  var ied  factors. According  to Fava  & Ringoli (1977) the sex ratio, i.e. 
the female percentage ,  was affected by  crowding;  Hoppenhe i t  (1976) found the opposi te  
results  in exploi ted populat ions.  He proposed  that  the sex ratio was inf luenced by  the 
removal  rate or the ave rage  popula t ion  densi ty  b e t w e e n  exploitat ion: a surplus of males  
was  observed  at 90 % removal  rate,  while  a h igher  pe rcen tage  of females  was found at 
the rate of 10 %. Unfortunately,  we did not get  satisfactory results in our exper iments .  
Nevertheless ,  in the runn ing-wate r  system relat ively high female pe rcen tages  occurred  
at l ow  densities.  Conversely,  a very  low pe rcen tage  of females was found in the h ighly  
popu la ted  cultures. 

Similar results were  also p r e sen t ed  by  Uhlig (1984a). It seems that  h igh dens i ty  
depresses  the propor t ion of females.  But it is still unknown,  how densi ty  might  affect the 
sex ratio. In Tigriopus japonicus, Egami  (1951) found that  the modif icat ion of sex ratio 
occurred in the fifth naupl i i  stage, but  his results did not take into account  an even tua l  
differential  mortal i ty of one of the two sexes dur ing  larval  deve lopment .  Fur ther  s tudies  
on the selective mortal i ty  of specific larval  s tages  and  sexes would  be  sugges ted ,  to 
unders tand  how the sex ratio is r egu la t ed  in Tisbe. 

The results p re sen ted  above  reveal  the m a r k e d  effect c rowding has  on female  
productivity.  Female  fecundi ty  is affected not  only by  the densi ty of females  dur ing  their  
b reed ing  phase,  but  also by  the dens i ty  of larvae dur ing  the larval  stages.  Fava  & Crotti 
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(1979) found the crowding of females during mat ing t ime caused a decreas ing  number  of 

nauplii  ha tched from the first egg-sac.  This is in close agreement  wi th  our results. 

Moreover,  we  find that this effect of crowding can be r emed ied  w h e n  the  females  are 

r emoved  to bet ter  conditions (Zhang & Uhhg, 1991). During their b r eed ing  phase the 

fecundity of females varies according to different densities. As demons t ra ted  by our 

experiments ,  the low densities give rise to a relat ively high fecundity, bu t  also a shorter 
b reed ing  phase.  On the other hand, the density affects productivity by  reducing  the 

pe rcen tage  of ovigerous females. The low percen tage  of ovigerous females  in high 

density cultures may  be  expla ined by ex tended  intervals b e t w e e n  the re lease  of the 

successive egg-sacs.  Walker  (1979) got similar results in A m p h i a s c o i d e s .  This interpreta-  

tion is also supported by Gaudy (1982): that in exploited populat ions the ovigerous  rate is 

h igher  with more f requent  harvesting.  
It is shown that  populat ion density is of great  importance in mass cul t ivat ion of T i s b e  

h o l o t h u r i a e .  From the point of daily nauphi  yield, this is h ighes t  when  females  are kept  at 

a density of 40 9 / c m  2. To replace the exhaus ted  and dying females, it is necessary to 

keep  some supplementa l  cultures. In this context a density of 180 naupl i i / cm 2 is sug- 

gested,  to provide a sufficient quantity of females for genera t ion  succession. At this 

density, the larval mortality is about  30 % and after growing-up,  a p e r c e n t a g e  of about  
40 % females will be expected.  Thus, about  11 days later, more than 40 9 / c m  2 will be 

harvested,  which happens  to be also the best  density for nauphi  production.  
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