
ABSTRACT 
 
RHODES, ADELAIDE CUTTER EVEREST.  Marine Harpacticoid Copepod Culture for the 
Production of Long Chain Highly Unsaturated Fatty Acids and Carotenoid Pigments. (Under 
the direction of Samuel Mozley and Peter Ferket.) 

 
Nitokra lacustris Shmankevich, an epibenthic, coastal harpacticoid copepod species, is 

shown to provide several advantages for use as a live feed in the aquaculture of marine fish.  

This study addresses culture methods, population growth rate prediction, fatty acid composition 

and carotenoid content of N. lacustris.  The highly consistent growth rate and the high 

proportion of highly unsaturated fatty acids (HUFA) and astaxanthin indicate that this species 

also has potential as a fish oil replacement in the animal feeds industry. 

 Nitokra lacustris was chosen as the test organism because of its small size, short 

generation time, high reproductive rates, and potential to contain substantial concentrations of 

long-chain HUFA and ketocarotenoid pigments.  The ability of harpacticoid copepods to 

synthesize HUFA and ketocartenoids may be related to the highly variable coastal habitats of 

theses species.  HUFA and carotenoids are important in energy storage and protection from cell 

membrane degradation for many marine plants and animals. 

This research has established that: 

1.) N. lacustris can be grown at large densities for periods in excess of three years in 
laboratory batch cultures on either live algae (Tetraselmis suecica) or a feed 
formulated from vegetable juice, flaxseed oil, yeast, vitamin C and vitamin B 
complex. 

 
2.) The rates of daily increase for populations fed live algae were not significantly 

different from those fed the formulated feed.  The daily rate of increase for copepod 
populations fed the formulated feed was significantly better than copepods fed a 
frozen Tetraselmis suecica paste.  

 
 
3.) The rate of increase of N. lacustris populations in large containers (>100L) did not 

vary significantly with container shape, and averaged 17% to 18% day-1.  The rate 
of daily increase in small containers (10L) with different surface area to volume 



ratios was significantly higher for containers with smaller immersed surface area to 
volume ratios, reaching daily increases as high as 46% in short term experiments.  

 
4.) No interactive effect was detected between total immersed surface area and food 

type in small batch cultures (10L).  Copepods grown in trays and fed the formulated 
feed reached the highest densities (43,300 copepods L -1).   

 
5.) Copepod population growth rates, when fed ad libitum in batch culture, can be 

predicted from initial population stage structure, using a Lefkovitch stage matrix 
model constructed from key demographic parameters. 

 
6.) N. lacustris fatty acids contain a consistently high percentage (>20 %) of highly 

unsaturated fatty acids (> 20%) and the essential fatty acids docosahexaenoic acid 
(DHA, 22:6n-3) and eicosapentaenoic acid (EPA, 20:5n-3) (>10%).  The ratio of 
DHA:EPA exceeded the recommended 2:1 ratio for larval fish feed.  The 
proportion of DHA and EPA and their relative ratios did not differ significantly 
between copepod populations fed the live alga Tetraselmis and the formulated feed.   

 
7.) Copepods fed diets which were deficient in EPA and DHA were able to synthesize 

them from linolenic acid (LNA, 18:3n-3) in the diet.  
 
8.) Copepods fed diets which did not contain astaxanthin were able to bioconvert it 

from dietary carotenoids.  Copepods contained 46 to 708 ppm astaxanthin dry 
weight.  Astaxanthin content was significantly higher in the copepods fed the 
formulated feed. 

 

Nitokra lacustris contains a high amount of the essential fatty acids DHA and EPA as 

well as the essential carotenoid pigment astaxanthin, when compared to other live feeds 

(rotifers and Artemia).  N. lacustris is also able to convert HUFA and astaxanthin from a diet 

that is deficient in these nutrients.  The ability of N. lacustris to bioconvert essential fatty acids 

and carotenoid pigments without the addition of fish oil represents a potential new source of 

HUFA and astaxanthin for the animal feeds industry as well as for human health supplements.   
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BIOGRAPHY 
 

This Ph.D. represents a milestone on a journey I started ten years ago as a Peace 

Corps volunteer.  In 1993, after having completed my B.A. in Physics from the 

University of Virginia and my M.S. in Oceanography from the Florida Institute of 

Technology, I began my service as an aquaculture extension agent for subsistence level 

farmers in Honduras.  For two years, I had the opportunity to help people who were eager 

to learn about aquaculture so they could provide their families with fish and a few extra 

lempiras to buy the necessities.  I have always kept my Peace Corps experience in mind 

during the dissertation process, because I feel that I would like to continue my work to 

improve the lives of people in third world countries.   

I love to travel, and I have been able to incorporate some international 

experiences into my scientific studies.  After my first year, I received a scholarship to 

attend a fish biology class in Bermuda.  After my second year, I went to Ireland to assist 

an organization that is hoping to conserve seahorses.  I constructed a copepod-rearing 

system and trained the technical staff on copepod biology.  The third year, I attended an 

international conference in Brazil, and presented some of my findings.  I met many 

students from Brazil and Columbia, and we still communicate through email to share our 

challenges and successes. 

I hope to take what I have developed as a Ph.D. student at North Carolina State 

University and make an important contribution to marine aquaculture.  I would love to 

continue to contribute to the sustainability of marine resources and the development of 

new jobs in third world countries.  This Ph.D. is just one step towards meeting my 

scientific and humanitarian goals.  
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CHAPTER I:  INTRODUCTION 

The aim of this research was to develop an intensive culture system for the 

harpacticoid copepod Nitokra lacustris Shmankevich and to evaluate the nutritional 

quality of the copepods cultured.  Some of the qualities that make a particular copepod 

species a good candidate for mass culture are small size, acceptability by marine fish 

larvae, short generation time, tolerance of high densities, and tolerance of temperature 

and salinity changes (Uhlig 1984). I identified a species of harpacticoid copepod with 

these characteristics, and then tested a variety of feeds and culture methods to optimize 

the growth rate and population density.  After the culture techniques were developed, 

analysis of fatty acids and carotenoid pigments of copepod populations fed a formulated 

feed were compared to copepod populations fed a live feed to determine the effect of diet 

on the nutritional quality of copepods in terms of larval fish requirements. 

This research focused on the harpacticoid copepods because of the combination of 

an appropriate size for larval fish and adaptability to live feed culture technologies.  

Harpacticoid copepods, which are usually detritivores, can adapt to both formulated 

artificial feeds and to algal monocultures (Norsker and Støttrup 1994, Støttrup 2003).  

Harpacticoids can be grown in densities up to 115,000 individuals L -1 (Kahan et al. 

1982).  By comparison, most calanoid copepods are small particle feeders (raptorial 

predators or omnivores), and can be grown at densities of only 100 to 200 adults –1(Ogle 

1979; Støttrup et al. 1986). The ability to convert shorter chain n-3 polyunsaturated fatty 

acids to the essential fatty acids docosahexaenoic acid (DHA) and eicosapentaenoic acid 

(EPA) has been observed in the harpacticoid copepods Tisbe sp. (Norsker and Støttrup 

1994; Nanton and Castell 1998) and Tigriopus sp. (Watanabe et al. 1978).  Harpacticoid 
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copepods do not exhibit reduced reproduction as a result of being fed diets deficient in 

EPA and DHA (Norsker and Støttrup 1994).  Calanoid copepods, which may have a 

limited lipid bioconversion capability from 18:3n-3 to the longer chain n-3 HUFA 

(Moreno et al. 1979), still require dietary sources of EFA’s for normal reproduction and 

growth (Støttrup and Jensen 1990; Jonasdottir 1994). 

Selection of a Copepod for Culture 

In order to identify a species of marine copepod with the desired characteristics, 

marine copepods were gathered over several months from plankton tows along the east 

coast of North Carolina and the Gulf of Mexico during the spring and summer. Various 

harpacticoid, calanoid and cyclopoid species were separated and maintained in 

monocultures and evaluated for their suitability for mass culture. The harpacticoid 

copepod Nitokra lacustris Shmankevich was determined to meet all of the criteria for an 

organism to use in mass culture:  a size of 80 to 640 um, four species of larval fish were 

able to capture and ingest it, the generation time was less than two weeks, and the 

cultures could be kept at greater than 150 copepods ml-1 in temperature ranges from 13 to 

28 degrees C and salinity ranges of 10 to 50 ppt.  Because of these desirable 

characteristics, this copepod was isolated for further scaling up into larger cultures. 

Nitokra lacustris 

Nitokra lacustris Shmankevich is a cosmopolitan, euryhaline coastal species that is 

highly adaptable to a variety of culture conditions.  This species has been previously used 

to study the toxicological effects of hydrocarbons (Lotufo and Fleeger 1997) and to 

determine the importance of  a muddy substrate on population growth of meiobenthic 

copepods (Chandler 1986).  Another study looked at the loss of haplotype diversity in N. 



 3

lacustris exposed to hydrocarbons (Street et al. 1998).  N. lacustris is just one of many 

species of meiobenthic, harpacticoid copepods that are used in these types of studies 

because they are ubiquitous in marine benthic habitats, have short generation times which 

will show the effect of contaminants quickly, and are easy to culture (Coull and Chandler 

1992).   

N. lacustris Schmankevich has been reported in surveys of salt marshes and 

estuaries of Louisiana, Massachusetts, and South Carolina (Coull et al. 1979 ; Fleeger et 

al. 1983 ; Fleeger 1985 ; Fiers and Rutledge 1990 ; Ruber et al. 1994).  It has 

occasionally been reported to enter freshwater and oligohaline habitats (Suárez-Morales 

and Reid 1998, Reid 1978).  It also occurs in Italy, Brazil, South Scandinavia, the Black 

Sea, the British Isles, Italy and the Ukraine (Hansson 1998, Kolesnikova 1998, Pesce 

1999, Grigorovich et al. 2001, Pariciani 2002, Baso de Dados Tropicale 2003).  N. 

lacustris has previously been identified under the synonyms  N. muelleri van Douwe, 

1904  and N. simplex Schmeil, 1894.  

N. lacustris is usually found in association with several other species of 

harpacticoid copepods.  A study of goby predation on meiobenthic fauna in a Louisiana 

salt marsh indicated that Nitokra lacustris was present, but was less than 2 % of the 

observed abundance of harpacticoid copepods in the one sample in which it did appear 

(Gregg and Fleeger 1997).  Similarly, a study on the colonization of wood pilings found a 

low abundance of Nitokra lacustris in relation to the other harpacticoid copepods found 

on the pilings (< 1%) and in traps suspended in the water column (5.2%) (Atilla et al.  

2003).  In another study on artificial substrate colonization, Nitokra lacustris was found 

to be more abundant in samples taken in July than in December in a Louisiana salt marsh 
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(Atilla and Fleeger 2000).  Nitokra spp. it is unclear if they were Nitokra lacustris), were 

also reported as one of the emergent species found in July along a shelf site in the Gulf of 

Mexico at 18 m depth (Thistle 2003), which is the closest location to the site which 

provided the starter culture for this project.  The N. lacustris that were used to start the 

cultures for this study were collected in February, 2000 from a dock in Panacea, Florida.  

Ambient water conditions were 10 degrees C and 34 ppt. 

N. lacustris has been classified as a deposit ingester and grazer that has a 

preference for benthic diatoms (Chandler and Fleeger 1987, Decho 1986).  Early life 

stages show evidence of grazing on the microbial epiflora of diatoms instead of direct 

ingestion of diatoms (Decho and Fleeger 1988).  (Decho 1986) observes that N. lacustris 

is not a suspension feeder, which is contrary to observations from my experiments.  Many 

juvenile and adult N. lacustris copepods can be found swimming up in the water column 

after food is introduced.  The copepods seem to grasp onto particles which are much 

larger than their mouth parts and sink slowly, cradling them.  This behavior, which has 

been noted in Amphiascoides atopus (Fleeger, pers. obs.) may suggest that they are 

swimming up in the water column to find particles for grazing instead of direct ingestion.  

The high abundance of copepods observed on the bottom of the tanks where discarded 

molts, fecal pellets and unused food accumulate matches the observation by Chandler and 

Fleeger (1987) that N. lacustris are attracted to substrates that facilitate the growth of 

microflora, such as mucous-bound interlinked tubes created in the sediment by other 

species of copepods. 

Benthic harpacticoid species are important prey for a variety of demersal marine 

fish species (Gregg and Fleeger 1997, Bodiou 1999).  However, because N. lacustris 
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appears in concert with several harpacticoid species, it is difficult to determine from the 

literature if it is a significant contributor to natural larval fish diets.  This lack of 

information is compounded by the fact that many studies on larval fish gut contents lump 

the harpacticoid species together as one category, because analysis is often being 

conducted on fragments. 

The life history of the harpacticoid copepod N. lacustris is similar to other 

meiobenthic copepod species, as reported in this study and previously in a toxicological 

study (Lotufo and Fleeger 1997). Reproduction is sexual, which is consistent with the 

observation that true hermaphroditism has not been documented in harpacticoids (Hicks 

and Coull 1983).  The ovigerous females carry their eggs in an external broodsac.  Once 

hatched, the copepods pass through six benthic, naupliar stages.  As individuals pass 

through the five copepodite stages and enter the adult stage, they exhibit epibenthic 

behavior.   The sex ratio of male to female upon first entry into the adult stage is 1:1, and 

the lifespan of the male is several days shorter than the female.  Females are fertilized soon 

after their entry into adulthood, and can produce several broodsacs from one fertilization 

event.  It is undetermined whether multiple fertilizations can occur after the first event.  

Broodsacs are held by the female until the nauplii hatch (personal observations). 

Encystment has been recorded in several freshwater harpacticoid species (Frenzel 

1980, Lang 1948, Sarvala 1979) and in one marine harpacticoid copepod species (Coull 

and Grant 1981).  The encystment of the marine harpacticoid Heteropsyllus nunni is 

associated with very high population densities of the whole subtidal commuity (Hicks and 

Coull 1983).  Encystment in N. lacustris has not been observed, but delayed development 

in response to extremely high salinities (50 to 75 ppt) and low temperatures (4 degrees C) 
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has been (personal observation).  The implications for encystment and resting stages as a 

strategy to increase fitness in unfavorable environments have been extensively reviewed in 

relation to the life history strategy of calanoids and cyclopoids (Reid, 2001).  N. lacustris 

may be using delayed development at high salinities as such a strategy. 

Culture Methods 

 After identifying a candidate species of copepod, the next goal of the project was 

to develop a reliable method for culturing high densities of copepods on a scale that was 

feasible for fish cultivation.  Chapter Two addresses two important factors affecting 

success of harpacticoid copepod cultures – container configuration and feeds.  Because 

success of raising harpacticoid copepod cultures has been linked to availability of 

immersed substrate (Heath 1994, Stottrup and Norsker 1997, Sun and Fleeger 1995, 

Chandler 1986), several experiments were designed to test whether increasing the 

immersed surface area to volume ratio would benefit N. lacustris.  Secondly, harpacticoid 

copepods have been shown to thrive on a variety of live and inert diets (Hicks and Coull 

1983).  Much time and money can be saved if the preferred copepod culture method 

utilizes an inert feed instead of a live feed.  The feasibility of replacing a live algal diet 

with a frozen paste or formulated feed was tested concurrently and subsequently to the 

container configuration trials described in Chapter Two.   

The Model 

  In order to manage a growing population of copepods, a model was developed to 

provide a prediction of growth and age structure over time.  Copepod productivity is 

correlated with several life history parameters:  survival, sex ratio, the number of eggs 

produced per female, the hatch rate of eggs, and the duration of individual life stages.  
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The affect of a change in each of these life history parameters on overall population 

growth can be modeled using a Lefkovitch stage matrix (Caswell 1997).  In Chapter 

Three, three methods for determining the life history parameters which populate the 

Lefkovitch stage matrix are outlined.  Each of the three methods are assessed for the 

affect of changes in the individual life history parameters on overall population growth.  

The development of a theoretical construct that links individual survival, growth and 

reproductive probabilities to overall population behavior can be a useful tool for 

management of populations, especially when conditions in the cultures deviate from the 

optimum values of temperature, salinity, density, food availability, etc. 

To construct the model, life history data were collected on several single cohorts, 

and transformed into transition probabilities for the matrix model using three different 

techniques.  Sensitivity analyses of the matrices generated by the three methods indicate 

that the life span of ovigerous females was the most sensitive parameter in determining 

overall population growth rates.  Even though all three methods generated similar growth 

curves, one method of parameterization was found to be more consistent with observed 

population growth patterns.   

Fatty Acids 

Reports that other harpacticoid copepods contain and may synthesize the essential 

long chain highly unsaturated fatty acids (HUFA’s) eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) led to a  basic analysis of fatty acid components as well as 

some comparisons between populations reared on different diets.  Chapter Four provides 

a detailed analysis of the fatty acid content of the feeds and the copepod populations 

raised on the feeds.  Unlike previous feeding trials for harpacticoid copepods, the feeding 
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trials in this study completely replaced live algae with a formulated feed that did not 

contain marine fish oil.  The lipid profile of the copepods fed the formulated feed 

suggests that N. lacustris is able to synthesize the longer chain essential fatty acids 

eicosapentaenoic acid (EPA, 20:5n3) and docosahexaenoic acid (DHA, 22:6n3) from 

linolenic acid (LNA, 18:3ω3).   The ability of these organisms to synthesize longer chain 

omega-3 fatty acids from seed oil sources has significant commercial and economic 

implications.   Not only do these copepods have the ideal lipid profile for use as a live 

feed for marine fish larvae, copepods could be utilized to provide an alternate source of 

EPA and DHA in the feeds for several types of farm commodities including red meats, 

poultry meats, eggs, and a variety of processed foods.  

Carotenoids 

The colorful orange-red appearance of the copepods and the presence of HUFA’s 

indicated that N. lacustris may contain the same ketocarotenoids found in other copepod 

species, even though their diets did not contain them.  Astaxanthin and canthaxanthin are 

ketocarotenoids produced by certain marine algae and most marine crustaceans that are 

essential nutrients for marine fish larvae.  Populations of the harpacticoid copepod 

Nitokra lacustris which were fed the formulated feed and fed live Tetraselmis have 

different relative compositions of carotenoids.  Chapter Five describes the general 

carotenoid profile of the two populations.  Copepods fed the formulated feed differed 

quantitatively and qualitatively in carotenoid composition from copepods fed the live 

alga Tetraselmis.  Copepods fed the formulated feed had significantly higher levels of 

free astaxanthin, and a greater percentage of the astaxanthin was in the trans- form.  The 

copepods in this study, Nitokra lacustris, had a pigment composition similar to other 



 9

crustaceans.  While some intermediates for the bioconversion process from beta-carotene 

to astaxanthin were potentially identified, the pathway of carotenoid bioconversion could 

not be definitively determined. 

Summary 

In closing, the potential benefits of the discoveries described here are outlined in 

Chapter 6.  N. lacustris is able to synthesize valuable HUFA’s and ketocarotenoids from 

vegetable and algal precursors.  This type of technology could be applied to the 

production of larval fish, but also has the potential to supplement other animal feed 

industries which currently rely on the wild fisheries to supply these nutrients.  The use of 

N. lacustris could provide an efficient alternative that is predictable and free of 

contaminants found in the marine environment (e.g. mercury and PCB’s) (Vetter and 

Stoll 2002). 
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CHAPTER II:  BATCH CULTURE METHODS FOR NITOKRA LACUSTRIS,  
A MARINE HARPACTICOID COPEPOD 

 
ABSTRACT 

 The development of a reliable method for rearing marine harpacticoid copepods will 

assist in the development of marine fish larviculture.  Nitokra lacustris Shmankevich has 

been identified as a good candidate for cultivation because it can reach high population 

densities of more than 100,000 individuals L-1, has a short generation time (10 to 12 days), 

has high fecundity (> 100 nauplii female –1 week –1), and has a size range (40 to 620 µ), 

which is  ideal for many early marine fish larvae.  Previous studies have indicated that 

harpacticoid cultivation is dependent on submerged surface area available and the quality of 

the diet – namely the provision of highly unsaturated fatty acids eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA).  This study examines the potential for the mass cultivation 

of N. lacustris by comparing population densities and daily rates of increase for populations 

reared on different feeds and in containers with different submerged surface area to volume 

ratios.   

Batch culture systems in small (10L) and large (≥ 100L) containers with different 

submerged area to volume ratios and shapes were evaluated for their effect on final 

population densities and daily rates of increase (r) in N. lacustris populations.  Copepod 

populations reared in 10 L trays had significantly higher final population densities and higher 

average rates of daily increase than copepod populations reared in 10 L carboys (p<0.05).   

Copepod populations reared in volumes greater than 100 L with variable submerged surface 

area to volume ratios (91, 95 and 150 cm2 L -1) in round or square containers exhibited no 

significant difference in final population density and daily rate of increase after 27 days of 

culture.   
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To optimize the mass culture methods of Nitokra lacustris in batch cultures, various 

feeds were tested.   Live algae, frozen algae paste, and a formulated feed were analyzed for 

their effect on the overall yield and daily rates of increase of N. lacustris in small containers 

of two types, trays and carboys.   N. lacustris cultures fed a formulated feed grew at the same 

rate and attained similar final densities as cultures fed the live algae Tetraselmis suecica and 

attained significantly higher daily rates of increase and population densities than cultures fed 

a frozen algal paste (T. suecica).  No interaction effect was detected between container type 

and feed type in either experiment which tested both factors. The best rate of daily increase 

(0.29) and final population density (43 copepods mL-1) from all experiments was observed in 

copepods grown in trays for 19 days using formulated feed.     

 INTRODUCTION 

Copepod diets have been shown to increase larval marine fish growth and 

development compared to a diet of rotifers Brachionus plicatilis (Kuhlmann et al. 1981, 

Watanabe and Kiron 1994) or Artemia (Kuhlmann et al. 1981).  Despite these positive 

findings, enriched rotifers and Artemia continue to be the live feeds of choice in commercial 

hatcheries, because copepods are not currently cultured at sufficient densities to be 

economically efficient on a commercial scale.  This project overcame some of the obstacles 

inherent in harpacticoid copepod culture by determining the influence on growth of 

containers with different submerged area to volume ratios, and by developing a formulated 

feed from readily available ingredients that produces reliable daily rates of increase. 

Only a few species of copepods have been successfully reared at near commercial 

scale in extensive systems (Støttrup 2000).  Most copepod rearing trials have been small in 

scale and have lasted only a few weeks or months (Sun and Fleeger 1995).  The most 
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successful methods to date have involved extensive pond or bag culture using large inputs of 

natural seawater or the placement of bags of various mesh sizes in open sea water (van der 

Meeren and Naas 1997).  According to Støttrup (2000), a reliable system for the continuous, 

large-scale hatchery culture of calanoid or harpacticoid copepods has not yet been developed.   

In more recent efforts, Payne and Rippingale (2001) were able to produce 878 nauplii L -1 

day -1 of the calanoid species Gladioferens imparipes in 500 L automated batch cultures for 

420 days.  However, this species is endemic to one region of Western Australia and has 

unique behavioural characteristics which may not be found in the more ubiquitous species of 

calanoid and harpacticoid copepods. 

Harpacticoid copepods seem to offer the best combination of size and adaptability to 

live feed culture technologies.  They are detritivores in the natural environment and easily 

adapt to both formulated artificial feeds and algal monocultures in the lab (Norsker and 

Støttrup 1994).  Harpacticoids can be grown in densities up to 115,000 individuals L -1 

(Kahan et al. 1982).  By comparison, most calanoid copepods are raptorial predators or 

omnivores, and can be grown at densities of only 100 to 200 adults L–1(Ogle 1979; Støttrup 

et al. 1986). The ability to convert shorter chain n-3 polyunsaturated fatty acids to the long 

chain highly unsaturated fatty acids (HUFA) docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) has been observed in the harpacticoid copepods Tisbe (Norsker 

and Støttrup 1994; Nanton and Castell 1998) and Tigriopus (Watanabe et al. 1978), and has 

not been shown to occur in calanoid copepods (Sargent 1986).  In addition, harpacticoid 

copepods do not exhibit reduced reproduction as a result of being fed diets which require the 

conversion of linolenic acid (18:3n3) to EPA and DHA (Norsker and Støttrup 1994).  

Calanoid copepods, which may not have the capability to bioconvert linolenic acid to the 
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longer chain n-3 HUFA (Moreno et al. 1979) require dietary sources of EPA and DHA for 

normal reproduction and growth (Støttrup and Jensen 1990; Jonasdottir et al. 1995). 

In work done previous to this study, wild copepods were collected along the Atlantic 

and Gulf coast of the U.S., grown in the lab, and compared against the key criteria presented 

by Uhlig et al. (1984) for potential new live feed species.  These include the following: (1) 

tolerance of a wide range of environmental conditions; (2) ability to utilize different food 

sources; (3) short life cycle; (4) high reproductive capacity; and (5) tolerance of high 

densities. As a result of this survey, Nitokra lacustris was selected as the best candidate 

species, because it reaches maturity quickly (10-12 days) at ambient temperatures (18 - 22o 

C), produces high numbers of offspring (7 to 18 nauplii female –1 day 1) and tolerates changes 

in water temperatures from 7° C to 33° C and changes in  salinities from 10 to 40 ppt.   

Nitokra lacustris has been cultured in the laboratory since February 2000 and has reached 

densities of 150,000 individuals L –1 in small (2 L) containers kept at room temperature (18 

to 22o C) on a large variety of algal monocultures and inert feeds (this study).   

Nitokra lacustris have nauplii and copepodites that are comparable in size to rotifers 

(about 100 µm length).  These early life stages may be an ideal alternative feed for early fish 

larvae that cannot ingest larger feeds (Walford et al. 1991).  In stock cultures, the maximum 

linear dimension of nauplii from all instars averages 40 µm to 80 µm (longest dimension).  

The first copepodite instar averages 90 µm in width and 190µm in length.  The youngest 

nauplii are smaller than all other cultured harpacticoid copepods (Kraul 1990, Stottrup 2000, 

Hicks and Coull 1983, Cutts 2003).  The largest life stage of N. lacustris are the females with 

embryo sacs, which average 620 µm in total length and 150 µm in maximum width.   
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Because of its small size, N. lacustris may be an acceptable food for fish larvae that 

cannot ingest larger copepods or Artemia.  In preliminary trials to assess the potential of N. 

lacustris for larviculture, speckled sea trout (Cynoscion nebulosus), black sea bass 

(Centropristis striata), red drum (Sciaenops ocellata) and Southern flounder (Pleuronechthys 

lethostigma) larvae were able to locate, ingest and survive on Nitokra lacustris nauplii and 

adults.  N. lacustris may not be able to escape fish larvae s readily as calanoid copepods.  It 

has been observed that in the presence of larval red drum, N. lacustris increased swimming 

speed from 4 to17 mm/sec, but Acartia sp., a calanoid copepod, increased from 3 to58 

mm/sec, therefore Nitokra lacustris was less successful at avoiding capture (Turingan 2003). 

METHODS 

Culture Conditions 

Stock cultures of N. lacustris were maintained in 2 L of culture media.  The culture 

media was synthetic seawater composed of a  Crystal Sea® or Reef Crystal® mixture added 

to water which was chlorinated and then dechlorinated.  The salinity was maintained at 30 

ppt (+/- 2 ppt), as measured by a hand-held refractometer.  Stock food concentrations were 

determined using a haemocytometer and added at a concentration of 50,000 to 100,000 cells 

(or particles) mL -1 every 9 days.  Care was taken to avoid overfeeding, which was based on a 

subjective assessment of the cloudiness of the medium or the presence of excess food 

deposits on the bottom. No aeration was provided for the 2 L stock cultures.   

The culture water was renewed once every one or two months by passing the cultures 

through a series of mesh sizes to collect the different ages of the animals.  Ovigerous females 

and mating pairs were separated from the population using 150 µm Nitex mesh filter.  The 

cultures were renewed by individually transferring 50 ovigerous females to each new liter of 
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media.  Stock cultures were maintained at ambient laboratory temperatures (18 to 22 degree 

C) and a 12 hour light and 12 hour dark cycle.  

Feed 

The copepods in the stock cultures were given either live algae (mainly Tetraselmis 

suecica), a combination of live algae and frozen algae pastes, or a formulated feed from a 

recipe adapted from a guide for aquarium hobbyists (Moe 1997).  The recipe was modified to 

replace the highly unsaturated omega-3 and omega-6 fatty acids (HUFA’s) provided from 

fish oil in the original recipe with linolenic (18:3n-3) and linoleic (18:2n-6)from flax seed oil.  

This formulated feed recipe is referred to as “Modified Moe’s Media (MMM)” in this paper.    

• Tomato or vegetable juice (V-9, Campbell’s Soup Co., 240 ml) 
• enriched brewer’s yeast (GNC Brand, 10 grams) 
• liquid vitamin C (GNC Brand, 1 ml)  
• liquid vitamin B complex (GNC Brand, 2 ml), and  
• flax seed oil (GNC Brand, 5 ml)   

 
To feed the copepods, these ingredients were combined and blended for two minutes 

(Osterizer, blend setting).  Artificial sea water (30 ppt) was added until the total volume of 

the mixture was one litre.  This larger volume of feed was blended for two more minutes.  

The MMM was added to treatments at 1 ml L -1 every nine days.  The number of food 

particles in the case of the formulated feed refers to the number of particles that were equal in 

size to the diameter of the live Tetraselmis (10 to 12 um).  Feeding one mL L -1 MMM 

provided approximately 50,000 liposomes ml -1 with diameters in the range of 10 to 12 um. 

Only copepods from stock cultures given formulated feed were used to start experimental 

cultures, in order to prevent contamination with live algae.  Live Tetraselmis was chosen for 

comparison because it had been a reliable feed for the stock cultures for several years.  

Tetraselmis paste was chosen as another alternative feed because while it offered the same 
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nutritional value as the live feed, it had lower labor costs and is commonly available in 

hatcheries which are growing rotifers. 

Containers 

 Four types of containers were used in these experiments: clear nalgene carboys (24.8 

cm diameter) with 12 L capacity, white plastic trays (31.5 cm width X 58 cm length) with 33 

L capacity,  large square blue polyethylene tanks (108 cm width) with 400 L total capacity, 

and round molded green fibreglass tanks (122 cm diameter) with 400 L total capacity (Table 

1).  Nalgene carboys were used because they are commonly used in hatcheries to grow 

microalgae.  The small trays increased the surface area to volume ratio by 34 % over the 

carboy ratio, providing a comparison of this effect on the copepod populations.  The 400 L 

round tanks and square tanks were used because they had very similar submerged surface 

area to volume ratios (e.g. 91 cm2 L-1 and 95 cm2 L-1 at 200 L) and differed only in shape, 

and the submerged surface area to volume ratios could be manipulated by changing the 

volume of water in the tanks.    

Sampling Procedure 

 Treatments were stirred for two minutes immediately before sampling to attempt to 

equalize the copepod distribution.  Then, the interim population densities of copepods were 

estimated by counting the number in at least three samples with equal volumes collected 

from the middle of the water column after mixing.  After counting, the copepods were 

returned to the treatments.   

Harvesting Procedure 

At the end of the experiment, the containers were filtered and the copepods were 

segregated from the debris using two sizes of Nitex mesh filters (35 µm and 105 µm).  When  
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Table 1:  Experimental Conditions for Four Experiments Experimental set-up for each 
experiment:  replicates (Reps), submerged surface area to volume ratio (SSAV), feeding 
days, salinity range and temperature range.  When the temperature did not fluctuate by more 
than a degree, the range is expressed as a single number.  

 
Table 1a:  Live Feed vs. Formulated Feed and Trays vs. Carboys 

Container Type 
       Feed 
 

Reps. SSAV 
Ratio 

(cm2 L-1) 

Feeding 
Days 

Salinity 
Range 
(ppt) 

Average 
Temperature 

(oC) 
Trays 10 L 
       Live Feed 
       Formulated Feed 

 
3 
3 

 
281 
281 

 
0,13 
0.13 

 
28 to 30 ppt 
27 to 30 ppt 

 
20 oC 
20 oC 

Carboys 10 L 
       Live Feed 
       Formulated Feed 

 
3 
3 

 
210 
210 

 
0,13 
0,13 

 
28 to 30 ppt 
29 to 32 ppt 

 
20 oC 
20 oC 

 
Table 1b:  Frozen Feed vs. Formulated Feed and Trays vs. Carboys 

Container Type 
       Feed      
 

Reps. SSAV 
Ratio 

(cm2 L-1) 

Feeding 
Days 

Salinity 
Range 
(ppt) 

Average 
Temperature 

(oC) 
Trays 10 L 
       Frozen Feed 
       Formulated Feed 

 
3 
3 

 
281 
281 

 
0,7,14,21 
0,7,14,21 

 
26 to 28 ppt 
26 to 28 ppt 

 
24 oC 
24 oC 

Carboys 10 L 
       Frozen Feed 
       Formulated Feed 

 
3 
3 

 
210 
210 

 
0,7,14,21 
0,7,14,21 

 
28 to 29 ppt 
28 to 29 ppt 

 
24 oC 
24 oC 

 
Table 1c:  Large Container Shapes 

Container Type 
               
 

Reps. SSAV 
Ratio 

(cm2 L-1) 

Feeding 
Days 

Salinity 
Range 
(ppt) 

Average 
Temperature 

(oC) 
266 L 
       Round Tank 
       Square Tank 

 
3 
3 

 
77 
81 

 
0,14,28,42 
0,14,28,42

 
27 to 33 ppt 
29 to 33 ppt 

 
32 oC 
32 oC 

 
Table 1d:  Submerged Surface Area to Volume Ratio 

ContainerType 
       Volume 
 

Reps. SSAV 
Ratio 

(cm2 L-1) 

Feeding 
Days 

Salinity 
Range 
(ppt) 

Average 
Temperature 

(oC) 
Large Tanks 
       100 L Round 
       200 L Round 
       200 L Square 

 
3,2 
3 
3 

 
150 
91 
95 

 
0,9,18 
0,9,18 
0,9,18 

 
29 to 30 ppt 
29 to 30 ppt 
29 to 30 ppt 

 
18 to 22 oC 
18 to 22 oC 
18 to 22 oC 
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debris was present, culture medium was added to allow filtration.   Clove oil (3 to 5 ppm v:v) 

was used to immobilise the copepods before counting using a dissecting microscope.  Counts 

of subsamples from the condensed populations were repeated four times for each treatment 

replicate, recording the proportion of the population in each life stage of interest (nauplius, 

copepodite, adult or ovigerous female).   

Live Feed vs. Formulated Feed and Carboys vs. Trays 

Feed type and container type were tested simultaneously.  One thousand nine hundred 

copepods were placed in each of six carboys and six trays filled to 10 L.  The white plastic 

trays measured 31.5 cm width by 58 cm length by 5.5 cm high, which provided a surface area 

to volume ratio of 182.7 cm2 L -1.  The clear plastic Nalgene carboys measured 24.8 cm in 

diameter and 20.7 cm high with a surface area to volume ratio of 48.3 cm2 L -1.   

Three of the six containers in each treatment were given live Tetraselmis suecica.  

The remainder were given Modified Moe’s Medium (MMM).  Tetraselmis suecica was 

added to the randomly assigned live treatments at 50,000 cells ml -1 at the beginning of the 

experiment and continued to grow faster than it was grazed.  The algal concentration had 

increased to 200,000 cells mL-1 by Day 13, so the concentration was reduced to 100,000 cells 

ml -1 by water exchange on Day 13.  MMM was added to the formulated feed treatments at 

50,000 food particles ml -1on Day 1 and increased to 100,000 food particles ml -1 on Day 13.  

In order to keep the treatments equal, the same proportion of water was exchanged on Day 13 

in the MMM treatments as was exchanged in the live Tetraselmis treatments.  It was assumed 

that the food level was in excess in all treatments for the duration of the experiment, because 

the algae and formulated feed remained suspended in the water column and precipitation was 

observed in the bottom of all containers.   
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Frozen Algae vs. Formulated Feed and Carboys vs. Trays 

Approximately 6325 copepods with equal proportions of life stages were placed in 

each of six 10 L carboys and six 10 L trays.  Modified Moe’s Medium (MMM) was 

randomly added to three trays and three carboys and frozen preserved Tetraselmis suecica 

was given to the remaining containers at 50,000 cells ml -1 at the beginning of the 

experiment.  This time, trays and carboys were fed weekly by adjusting food densities in the 

water column to 100,000 particles or cells ml -1.  Copepods from all treatments were 

harvested and counted after 31 days.   

Large Container Shape    

A comparison between round and square containers with similar submerged surface 

area to volume ratios was set up in a greenhouse at North Carolina State University during 

the summer.  Three 400 L round tanks and three 400 L square tanks were filled with 266 L of 

artificial seawater.   The square tanks had a submerged surface area to volume ratio of 81 cm 

2 L -1 and the round tanks had a submerged surface area to volume ratio of 77 cm 2 L -1. To 

prevent evaporation and excess heating, the tanks were covered with clear plastic and shaded 

with 80% shade cloth.   

Modified Moe’s Media (MMM) was added to all treatments every two weeks in 

increasing increments.  On Days 0 and 14, 0.38 mL MMM L -1 was fed.  On Day 28, 0.56 

mL MMM L -1 was fed and on Day 42, 0.75 mL MMM L -1 was fed.  It was assumed that the 

feed was provided in excess of grazing rates, because the feed remained suspended in culture 

and/or precipitated to the bottom.  The average temperature of the treatments was 32 oC (+/- 

0.7) and the average salinity was 31 ppt (+/- 2.4).  Copepods from all treatments were 

harvested and counted after 54 days. 
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Submerged Surface Area to Volume Ratio and Large Container Shape 

To compare the effect of submerged surface area to volume ratios on the daily rate of 

increase and final population densities, three 400 L capacity round tanks were filled to 200 L 

and three 400 L capacity round tanks were filled to 100 L.  Three more 400 L capacity square 

tanks were filled to 200 L to provide another test of container shape on the daily rate of 

increase and final population densities, as in the previous experiment.   

This test was conducted indoors during the winter, in a room with temperature control 

and artificial lighting.  The tanks were stocked at equal densities (30 copepods L -1).  The 

salinity of the water varied between treatments from 28.6 to 30.5 ppt,  the temperature ranged 

between 17.4 oC and 23.2 oC , and the dissolved oxygen profile remained between 6.0 and 

7.3 mg L -1.  

MMM was added to the tanks at concentrations of 1 ml L –1  on Days 0 and 9.  On 

Day 18, MMM was added at 2 ml L -1.  Feeding quantities were increased with growing 

population size, and was assumed to be ad libitum throughout the experiment.  From Days 9 

to 27, the copepod populations were sampled in all tanks at intervals of three days.   

Copepods counts and proportions in each stage were recorded on three subsamples.  After 

counting, the copepods were returned to the tanks.  On Day 27, all treatments were 

terminated and counted. 

Statistical Methods  

Total population counts were transformed by log normalization before comparison.  

The instantaneous daily rate of increase, r, was calculated by dividing the difference between 

the natural logarithm of population counts at the beginning (No) and the end (Nt) by the 

number of days that had passed since the beginning of the experiment (t): 
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(1) r = [ln(No) – ln (Nt)]* t-1     
 

r    = instantaneous rate of increase 
     No = starting population size 
     Nt = population size at time t 
 

The population density and r values given for the population were measured on each 

sampling day.  When final population numbers were zero, Nt was assigned a value of one in 

equation (1) to allow for the calculation of r. The r values calculated in the experiments 

assumed that the populations were growing in a constant environment.  Populations were 

assumed to be in the exponential growth phase over the time spans used.   When the 

population reaches a stable stage distribution, r can be defined as the intrinsic rate of 

increase.  The finite rate of population growth lambda (λ) for each time interval can be 

calculated from the instantaneous rate of increase using equation (2).  The percentage daily 

increase or decrease in a population can be calculated by subtracting one from lambda. 

(2)  λ = er    
 

r    =  instantaneous rate of increase 
    λ   =  population growth rate 
 

Separate tanks under the same conditions were considered replicates.  Calculations 

assumed a constant rate of increase (r) despite episodic feeding.  The natural log of final 

population counts and the r values of treatments run concurrently were compared using an 

analysis of variance (ANOVA) when three or more replicates were achieved and a t-test 

when less than three replicates were achieved; assuming treatments had the same underlying 

variance.   
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RESULTS  

Live Feeds vs. Formulated Feeds and Carboys vs. Trays 

 Single factor and two factor analysis of variance (ANOVA) on the daily rate of 

increase and final density of copepod populations indicated that trays had significantly higher 

population densities and significantly higher daily rates of increase (p<0.05) on Days 13 and 

19 (Figure 1, Table 2).  No significant difference was detected between feed types on either 

day.  Two factor ANOVA with replication showed no significant interaction between diet 

and container type.  The copepods given MMM in trays provided the highest population 

densities on Day 19 (38,250 copepods L -1) and the highest daily rates of increase (r = 0.28).  

While all replicates were alive on Day 13, two carboys fed the formulated feed and one 

carboy fed the live feed had died off by Day 19.  Statistical analysis includes all replicates. 

Frozen Algae vs. Formulated Feed and Carboys vs. Trays 

 Trays tended towards higher population densities at Day 31 than carboys, but no 

significant difference was detected.  However, copepod populations given MMM had 

significantly higher r values than the populations given frozen algae (p=0.04).  Copepod 

populations in trays given MMM had the highest rates of increase (r) after 31 days (0.1230), 

while those in carboys given Tetraselmis paste had the lowest rates of daily increase (r  = 

0.1607).  No interaction effect was detected between container type and feed type.  Two of 

populations in carboys given frozen Tetraselmis paste died off completely by Day 31.   

Large Container Shape    

A single factor ANOVA between round tanks and square tanks showed no significant 

difference (p<0.05) between the natural log of the final population sizes, or the daily rate of   
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Figure 1 :  Results Live Feed vs. Formulated Feed and Trays vs. Carboys, a two factor 
analysis of feed type and container type on copepod populations.  The error bars represent 
standard error for the three replicates.  The copepod populations were measured on days 13 
and 19.  (A.)  Comparison of the natural log of the copepod populations fed the formulated 
feed, Modified Moe’s Media (MMM) (∆) versus live Tetraselmis (○).  (B.)  Comparison of 
the natural log of copepod populations cultured in 10 L Carboys ( () and in 10 L Trays ('). 
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Table 2:  Summary of Final Population Densities and Daily Rates of Incresase (r) For All 
Treatments.   Italicized numbers indicate statistics from a subset of the category.  Values with 
the same letters are not significantly different within the respective experiment. 
 

Experiment Size and Type of 
Container 
and Feed 

Final Population 
Density 

(Copepods L-1) 
 

Daily Rate 
of Increase 

r 

 
Trays 10 L 
 

 
29320 a 

 

 
0.2373a 

 
       Live 
       Formulated 

8138 a 
38250 b 

 

0.1964 a 
0.2782 b 

 
 
Carboys 10 L 
 

 
3808 c 

 

 
-0.1174 c 

 

Formulated Feed vs. Live 
Algae  
 
Started with 1900 L -1 
Harvested After 19 Days 

        Live 
       Formulated 
 

1387 d 
6230 e 

-0.0504 d 
-0.1844 e 

 
Trays 10 L  
 

 
13276 a 

 

 
0.1230 a 

 
       Frozen 
       Formulated 
 

4137 b 
22415 a 

 

0.0932 b 
0.1529 a 

 
 
Carboys 10 L 
 

 
5386c 

 

 
-0.0262 c 

 

Formulated Feed vs. 
Frozen Algae  
 
Started with 6325 L -1 
Harvested After 31 Days 

       Frozen 
       Formulated 
 

74 d 
10698 e 

-0.1607 c 
0.1082 e 

Round Tanks vs. Square 
Tanks 
 
Started with 3600 L -1 
Harvested After 54 Days 
 

 
Round Tank 266 L  
 
Square Tank 266 L 
 

8767 a 
 

2661 a 

0.0940 a 
 

0.0947 a 

Submerged Surface Area 
to Volume Ratio 
 
Started with 30 L -1 
Harvested After 27 Days 

 
Round Tank 100 L  
 
Round Tank 200 L 
 
Square Tank 200 L 
 

2180 a 
 

2448 a 
 

3195 a 

0.1587 a 
 

0.1587 a 
 

0.1688 a 
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increase, r, at 54 days.  The final population densities ranged from 68 to15,000 copepods L-1.  

The rates of daily increase ranged from 0.030 to 0.130, and averaged 0.094 for all treatments. 

Submerged Surface Area to Volume Ratio and Large Container Shape 

Because one of the 100 L treatments was terminated early, single factor ANOVA 

could only be conducted on data collected on Days 9, 12 and 15.  For other days, t-tests 

assuming equal variances were used to compare the 100 L treatments to the 200L treatments.  

Significant differences (p<0.05) in the daily rate of increase (r) were detected only on Days 9 

and 15 between containers of different shapes and submerged area to volume ratios.   After 

Day 15, no differences were detected.  A comparison of the change in r values for each 

sampling period (No = Day 0) shows a an increase in the daily rate of increase, r, from Days 

9 to 18, a slight decrease between Day 18 and Day 21, and  level r value from Days 21 to 

Day 27 (Figure 2). 

DISCUSSION 

Adapting microalgal growth techniques from 10 L carboys to copepod rearing 

presented less than ideal results.  In fact, out of the 12 replicates grown in carboys in the two 

experiments, five had gone extinct before the end of the experiments. The condition of the 

carboys that went extinct indicated poor water quality may have been to blame, as evidenced 

by the cloudiness of the medium and the presence of a slimy residue along the sides of the 

containers.  If bacterial or fungal contamination along the sides of the container was 

responsible for the poor population growth rates, copepods in carboys would have been 

affected more because of the lower amount of suitable submerged surface area.  At least part 

of the life cycle of the copepod is non-swimming, so the lack of clean habitat may have 

affected the ability of the copepod populations to survive the naupliar stage. 
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Figure 2: Calculated daily rates of increase(r) for each sampling day for Submerged Surface 
Area to Volume Ratio Experiment:  Round 100L (∆), Round 200L ()), and Square 
200L(').  The beginning density for each treatment was 30 copepods per liter.  No evidence 
for serial autocorrelation was found to affect r values (Durbin-Watson, p <.001). The dashed 
line represents the average r value for all sampling days for all treatments in all experiments. 
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Trays were more reliable, with surviving copepod populations until the end of all 

experiments.  In the feed experiments in small containers, more copepod populations fed 

with MMM survived to the end than those fed with the alternate feed.  However, daily rate of 

increase of the best-performing treatments - trays fed MMM - may not have reached the true 

intrinsic growth rate of the populations because of the short-term nature of the experiments.   

Theoretically, the intrinsic growth rate is the rate of growth when the population 

reaches a stable stage distribution (Caswell 2000).  Before a stable stage distribution is 

reached, short-term variation exists in the rate of daily increase within experiments.  For the 

experiment which compared live feed and formulated feed, the average rate of increase of 

populations fed MMM in trays after 19 days was 0.278.  For the experiment that compared 

the frozen paste and formulated feed, the average rate of increase of populations fed MMM 

in trays after 31 days was 0.153.  For the experiment comparing large container shape, the 

average rate of increase after 54 days was 0.159.  The values at the end of 31 days and 54 

days may be closer to the true intrinsic rate of increase because more than one generation has 

passed.   

Other possible explanations for this difference in the daily rate of increase relate to 

the purity of the feed and tank hygiene.  In the comparison of live feed to formulated feed, a 

small amount of live Tetraselmis suecica (about 10,000 cells mL -1 by day 19) invaded the 

MMM treatments in trays after Day 13.  This may have enhanced the daily rates of increase 

of the copepod populations grown in trays and fed the formulated feed between Days 13 and 

19, stimulating population growth in comparison to the MMM treatments which lasted 31 

days and were not contaminated with live algae.  However, a higher daily rate of increase 

was also found in the one surviving population of copepods reared in carboys and fed MMM 
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for 19 days (0.24) versus the three surviving populations after 31 days (0.07).  The MMM 

treatments in the carboys were not invaded by live algae.   

The lower daily rate of increase observed in the second experiment comparing frozen 

paste to the formulated feed could have caused a ciliate bloom or a build up of bacteria as the 

copepods were unable to utilize all the food.  In the live feed vs. formulated feed experiment, 

the copepods were fed two times in 19 days.  The experimental treatments which lasted 31 

days were fed four times.  All of the treatments in this experiment, including the ones which 

had gone extinct, had thick slimy residue at the bottom of the containers by Day 31.  Also, no 

water exchange was performed, which may have depressed the population growth 

performance of the copepods in the 31-day-long experiment.  While harpacticoid copepods 

have been shown to be capable of grazing on bacteria (Hicks and Coull 1983), the amount of 

microflora in the containers at the end of 31 days suggests that the grazing rate was not 

sufficient to mitigate the poor water quality effects. 

In other studies, it has been shown that the submerged surface area to volume ratio 

may be more relevant to daily rate of increase in harpacticoid copepods than volume alone 

(Støttrup 2000, Chandler 1986).  This may depend on whether any stages in the life cycle 

rely on the availability of substrate.  Nitokra lacustris has a benthic naupliar stage.  Copepods 

with a benthic life stage grown in poor tank hygiene may benefit from a larger submerged 

surface area to volume ratio.  This has been shown to be important in the culture of other 

harpacticoid copepods (Heath, 1994).  Chandler (1986 ) provided a muddy substrate for 

Nitokra lacustris cultures to increase the availability of microflora.  Stottrup and Norsker 

(1997)  incorporated small polypropylene balls into Tisbe holothuriae cultures to increase 
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population growth rate.  The culture of N. lacustris in this case depended on the development 

of microflora along the submerged surface area of the containers.  

The trials in large containers did not die off or exhibit the same symptoms of 

contamination as seen in the small containers.  The daily rate of increase changed over time 

in a similar manner to the small scale experiments, which may also be due to the fact that the 

populations had not reached a stable stage distribution.   Comparison of the change in r 

values for each sampling period (No = Day 0) in the larger containers indicated that the daily 

rate of increase rises between Days 9 through 18, decreases slightly between Days 18 and 21, 

and levels off between Days 21 and 27 (Figure 2).  This correlates with the observation that 

after Day 21, the proportions of the various life stages in the population become more 

uniform (Figure 3).  This suggests that the effect of the length of the treatment on r may 

diminish after the stable stage population has been reached and if conditions remain 

favourable for growth.   

The large containers which remained in culture for 54 days had a lower average rate 

of daily increase than the containers which remained in culture for only 27 days.  However, 

the environmental conditions between the two experiments were very different.  The 

containers which were grown in an outdoor greenhouse for 54 days experience much higher 

temperatures and were contaminated with rotifers and nematodes by the end of the 

experiment.  Therefore, it may not be possible to determine which value of r is closer to the 

true intrinsic rate of increase of the populations grown in large containers from these two 

experiments.  In these less than ideal conditions, however, the copepod populations were still 

growing at a rate of 3 % to 14 % day -1. 
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Figure 3:  Relative proportions of life stages over time in the Sumberged Surface Area to 
Volume Ratio Experiment.  The proportion of each life stage (nauplii (∗), copepodites (+), 
adults (∆) and females with embryo sac ()) is given for each sampling day.  The proportions 
are calculated by dividing the number of individuals in each life stage by all individuals 
counted on that day.  No significant differences were detected between the arcsin 
transformed proportions for the three treatments (Round 100L, Round 200L and Square 
200L).  The data represents the average proportions of all replicates in all treatments. 
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The reduction in r values in the longer experiments is probably due more to tank 

hygiene limiting growth than the existence of density dependence.  For example, copepod 

cultures in the lab which receive frequent water changes consistently reach much higher 

densities (>100,000 L -1) than the experimental densities.  It is possible to assess the presence 

of density dependence effects in the large containers by comparing the ratio of reproductive 

females to nauplii between sampling times.  No difference in this ratio is found among Days 

12 through 27 in the large scale experiment, which suggests that the conditions for copepod 

growth are not limiting.  Data before Day 12 are significantly different from other days 

(p<0.05), but this is to be expected in an exponentially growing population before it has 

reached a stable stage composition.   

A variety of system configurations have been attempted for copepod production 

(Table 3).  One of the most successful recent trials lasted more than one year and produced 

878 nauplii L-1 day-1 of the calanoid species Gladioferens imparipes (Payne and Rippingale 

2001).  However, this system required the use of live algae for feed and frequent water 

changes.  This system also has the disadvantage of being based on the unique behavioural 

characteristics of a copepod species endemic to the southwest coast of Australia.  It may not 

be as easy to replicate this system without a very similar organism.  Harpacticoid copepods, 

in contrast, are found globally and are highly adaptable to batch culture systems with 

formulated feed (Stottrup 2000, Cutts 2003).   Even though the system described by Payne 

and Rippingale (2001) has its merits, a batch culture system that can reliably produce high 

numbers of copepods much less expensive than a continuous live culture of algae or 

commercially available preserved algae.  This artificial feed does not rely on marine fish oil, 

which reduces marine aquaculture’s reliance on wild fish stocks.  This copepod does not 
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Table 3:  Culture Methods For Copepods Used As Live Feed For Marine Fish 

Species  Culture Size Densities Productivity Food Conditions Reference 
Acartia tonsa 
(Calanoid) 

1890 L 232 L -1 2-75 nauplii/adult 
16 days 

Natural phytoplankton, 
extensive 

Ogle 
(1979) 

Acartia tonsa 
(Calanoid) 

200 - 450 L 50 – 100 L -1 200-220 eggs L -1 
~28 days 

Rhodomonas baltica, 
Isochrysis galbana, 
intensive 

Støttrup et 
al. (1986) 

Eurytemora 
affinis 
(Calanoid) 

30 m3 300 – 500 L -1 
copepodites 
and adults, 
>1000 nauplii 
L -1 

7-10% Algae and detritus, 
extensive 

Nellen et 
al. (1981) 

Gladioferens 
imparipes 
(Calanoid) 

2X 1000 L 
semi-
continuous 
cultures 

Stocked at 
1000 nauplii 
L -1 

520 nauplii L-1day –1 

242 days 
Isochrysis galbana, 
sometimes with 
Rhodomonas baltica 

Payne and 
Rippingale 
(2001) 

Gladioferens 
imparipes 
(Calanoid) 

500 L 
automated 
batch 
cultures 

Stocked at 
1000 nauplii 
L -1 

878 nauplii L-1day –1 

420 days 
Isochrysis galbana, 
sometimes with 
Rhodomonas baltica 

Payne and 
Rippingale 
(2001) 

Tisbe spp. 
(Harpacticoid) 

1.5 L 
floating 
baskets in 
200 L tanks 

92 – 115 
ml -1 

Not estimated Mytilus powder, 
lettuce pieces 

Kahan,  et 
al. (1982) 

Tigriopus 
japonicus 
(Harpacticoid) 

210 m3 10-22 ml -1 
 
 

4 – 5 kg at regular 
intervals 

Chlorella minutissima,  
ω-yeast, baker’s yeast, 
with rotifers; outdoor 
tanks, semi-extensive 

Fukusho 
(1980) 

Tisbe spp. 
(Harpacticoid) 

32 L 1 ml –1 adults 
31 ml –1  < 
200µm 

1.4 nauplii day –1 Microfeast L-10 larval 
diet or Isochrysis 
galbana 

Nanton & 
Castell 
(1997) 

Tisbe 
holothuriae 
(Harpacticoid) 

5-L trays 8 ml –1 300,000 (20 mg) 
nauplii/tray day –1 

Rhodomonas baltica, 
batch intensive 

Støttrup & 
Norsker 
(1997) 

Tisbe 
holothuriae 
(Harpacticoid) 

150-L closed 
tank 

Not registered 500,000 ind day –1 
mixed nauplii and 
copepodites in food-
limited cultures 

Rhodomonas baltica, 
continuous intensive 

Støttrup & 
Norsker 
(1997) 

Amphiascoides 
atopus 
(Harpacticoid) 

Three 40 L 
aquaria and 
five 28 L 
plastic boxes 

Not measured .15 million to 2.8 
million individuals 
day –1 for 17 weeks 

Chaetocerous muelleri  
or TetraMarin fish 
flakes 

Sun and 
Fleeger 
(1995) 

Euterpina 
acutifrons 
(Harpacticoid) 

450 L square 
tanks, 
outdoor ext. 

20–50 adults 
ml -1 

10% - 15% day –1 Chaetoceros, 
Tetraselmis, and 
Nannochloropsis 

Kraul 
(1990) 
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require frequent water changes to grow successfully.  It can survive in a wide range of 

temperatures and salinities.  It is very tolerant to invasive species such as ciliates, nematode 

worms and rotifers. 

The methods presented in this paper may provide the framework for further investigations 

into other potential harpacticoid copepod species.  In order to adapt any copepod species to 

aquaculture, it will be necessary to understand which conditions will allow the copepod 

population to reach high densities quickly.  In this case, short term cultures in 10 L trays fed 

live algae or formulated feed resulted in the best daily rate of increase (r = 0.34).   These 

trays had densities of 43,300 copepods L –1 after 19 days when started with less than 2000 

copepods L -1.   Longer term cultures in large containers (>100 L) were also able to produce 

high numbers of copepods (4,000 L -1) in less than 30 days when started with 30 copepods L -

1.  In the larger cultures, starting with a higher density of copepods could shorten the time to 

the target density.  Transferring a 10 L culture with 50,000 copepods L -1 into a 200 L 

container could result in 50,000 copepods L -1 in the large container within 3 weeks. 

High density batch copepod cultures might be appropriate for hatchery-produced fish 

that can benefit from being fed copepods for a few days during larval growth.  For example, 

typical defects in Atlantic halibut can be avoided by feeding copepods during a critical 

window of time from two to three weeks after first feeding (Næss and Lie 1998).  Three 200 

L containers with a copepod density of 50,000 L -1 harvested without replenishment would 

suffice to meet one week’s feeding requirements for 4,000 halibut in a 1500 L tank fed 2,000 

copepods L -1 day -1 (Næss and Lie 1998).   

With nine 200 L containers, a rotating harvesting schedule would allow the continuous 

production of copepods.  On average, the copepods increase by 15.3% day -1 (based on the 
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average r value of 0.1422).  Theoretically, a 200 L tank with 43,000 copepods L -1 harvested 

by one third would replenish in three days.  If nine 200 L tanks were used for the system, and 

were harvested by one third each day, a total sustainable production of 8.6 million copepods 

day -1 could be achieved.  This is enough for 4.3 m3 volume of fish culture (about 11,500 

fish) using 2000 copepods L -1 (Næss and Lie 1998).   If this partial harvest approach were 

used, this copepod production level could be maintained for longer than the critical window 

with careful management.  
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CHAPTER III:  PREDICTING THE POPULATION GROWTH AND STAGE 
DISTRIBUTION OF AN HARPACTICOID COPEPOD  

IN LABORATORY CULTURES 
 

ABSTRACT 

The euryhaline, cosmopolitan, harpacticoid copepod Nitokra lacustris Shmankevich 

has the potential to be a high quality feed for the larval stages of marine fishes in aquaculture.  

Stage matrix models which predict population growth rate and relative stage composition can 

be used to assess production potential.  Stage matrix models can also be used for theoretical 

speculation on the effects of various biotic and abiotic factors on population dynamics in a 

controlled laboratory setting as well as in natural populations.   

The objective of this study was to accurately predict the population growth rate, 

fecundity schedules, hatch rates and transition times between stages in N. lacustris cultures fed 

a formulated feed.  Stage matrices based on three methodological approaches were constructed 

using observations of individual cohorts and batch cultures.  Simulations of copepod 

populations using the three matrices matched the observed pattern of growth in six batch 

cultures.  

Sensitivity analysis of population growth rate to perturbations in estimates of individual 

life history parameters showed that the survivorship of ovigerous females was the most 

sensitive parameter.  Increasing female survivorship improved the estimates of overall 

population growth, indicating that this parameter may have been underestimated in the original 

construction of the model.  Further analysis of population growth in individual life stages 

found that the predicted values for frequencies from the models were highly correlated with the 

observed values, but were consistently underestimated.  Application of correction factors to 
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model estimates provided more accurate estimates of population growth and observed stage 

composition over time.   

INTRODUCTION 

 The intensive rearing of harpacticoid copepods has potential uses for marine fish 

cultivation because of their ability to grow quickly to high densities (Cutts 2003; Fleeger in 

press).  The success of culture techniques for other live prey (e.g. rotifers) has resulted in their 

widespread use as a food for fish larvae (Watanabe and Kiron 1994, Cutts 2003).  Rotifers, 

however, have the ability to reproduce asexually which results in very rapid population growth 

when conditions are not limiting.  Nevertheless, even a sexually reproducing copepod can 

increase rapidly if time to maturity is short and fecundity is high (Pinto 2001).  While small 

harpacticoid species are easier to rear than the larger planktonic species (Uhlig 1984; Støttrup 

2000), understanding their population dynamics is important to the success of any mass 

cultivation techniques. 

Nitokra lacustris, a cosmopolitan, euryhaline species of harpacticoid copepod has been 

reared in the laboratory for more than three years.  Nitokra lacustris has suitable characteristics 

for mass culture:  a small size, short generation time and adaptability to a variety of conditions 

(Uhlig, 1984; Rhodes, 2003; Fleeger in press). Clutch size averages 32 eggs per ovigerous 

female, and new egg clutches hatch every 2-3 days. When cultured at 20 degrees C, females 

live up to 56 days, and the time from hatch to maturity is 10 days. Preliminary laboratory 

feeding experiments with various species of fish suggest that N. lacustris are able to be 

captured and digested by the fish (Rhodes, 2003). 

The ability to predict numbers of harpacticoid copepods in culture depends on 

understanding how changes in life history characteristics (e.g. hatch rate and daily mortality 
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rate) can affect population fitness (λ). Lambda (λ) values are indicative of the success or failure 

of populations over time.  Populations with lambda values less than one tend to go extinct, 

while populations with lambda values greater than one will continue to grow.   

Stage matrix models have been used to assess the affect of perturbations in individual 

life history parameters on the population fitness of natural populations of insects and animals 

(Lefkovitch 1965; Manly 1990; Caswell 2000a). The dominant eigenvalue of a stage matrix 

constructed from individual life history parameters is an estimate of lambda (λ).  The 

instantaneous rate of increase (r) is the natural log of lambda (λ).  Estimates of the rate of 

return to a stable stage distribution (ρ), or damping ratio, are provided by dividing the 

dominant eigenvalue (λ) by the absolute value of the second most dominant eigenvalue 

(Caswell 1986).   

Theoretical population growth fitness (λ) calculated from stage matrix models have 

been used in the management of threatened natural populations.  By understanding the 

influence of each demographic parameter on lambda, endangered species managers identify 

where to concentrate their efforts to make the most positive impact on population fitness.  

Crouse et al. (1987), for example, recommended that sea turtle management strategies 

concentrate on juvenile male survival, because it was found to be the most sensitive 

demographic parameter in a stage matrix constructed from field observations.  This finding 

corrected the previously held belief that addressing egg mortality on nesting beaches would 

provide the most impact on overall population numbers.   

Stage matrix models have also been used in attempts to reduce population growth 

rates of invasive species and pests (Carey 1993, Getz and Haight 1989).  Management 

techniques and pesticides designed to reduce λ below 1 by altering one of the life history 



 45

parameters will eventually produce extinction in pestilent or invasive species that do not 

adapt faster than the fitness decreases.   

The goal of this project was to construct an accurate stage matrix model of N. lacustris 

population growth using observations on life history parameters: survivorship within each 

stage, transition between stages, and fecundity.  The ability of the model to project population 

growth and stage class distributions was assessed using several laboratory populations.  

Sensitivity and elasticity analyses were used to improve the final version of the model.  

Application of bias correction factors provided an accurate model of short-term population 

growth and stage distribution.  An accurate model is a valuable tool in maximizing copepod 

population production rates for commercial and other uses. 

METHODS 

Collection 

 Nitokra lacustris was first collected from a dockside plankton tow using a 135 um 

mesh plankton net in Panacea, Florida during February, 2000.  The water conditions at the 

time of collection were 10 degrees Celsius and 34 ppt.  Descendents of those original 

specimens have been maintained continuously in the laboratory for more than three years on 

a variety of feeds.  The formulated feed examined in this study was described in a previous 

study on rearing techniques for the organism (Rhodes 2003).   

Laboratory Observations 

To begin the observation period for this experiment, one hundred ovigerous females 

were separated from stock cultures that have been maintained over several generations on the 

formulated feed.  The females were placed in two crystallizing dishes filled to 100 ml and 

covered to prevent evaporation or contamination.  After one day, the dishes were filtered to 
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separate the ovigerous females from the offspring.  The nauplii were placed in freshly made 

artificial sea water in crystallizing dishes containing excess formulated feed and allowed to 

grow for ten days.   

After ten days, the nauplii had matured to adults and fourteen individual mating pairs of 

Nitokra lacustris were selected at random from the crystallizing dishes.  Each mating pair was 

isolated in a 10 ml plastic flask and provided with excess formulated feed by volume.  

Copepods in this experiment were fed after water changes, which were done every two to three 

days, following each observation.  The cultures were maintained in 28 ppt artificial seawater in 

a natural light cycle during the spring.  Culture water temperatures ranged from 18 to 20 o C 

during the experiment. 

Mating pairs were checked daily until the first egg sacs developed in the females, and 

then the males were removed and observed separately until death.  After the first egg sacs 

developed, cultures were observed every two to three days to determine numbers of eggs in the 

sacs and number of offspring produced.  When live offspring were observed, adult females 

were placed in new containers.   

Offspring from each brood were kept together in the original container and monitored 

every other day for survival and life stage. Classification of life stages was limited to the major 

transitions: egg, nauplius, copepodite, adult, and ovigerous female.  During copepodite and 

adult stages, cultures were renewed by transferring the animals into a new, sterile dish 

containing excess food.   

Differentiation of males and females could be determined at the beginning of the adult 

stage based on the shape of the antennae and the larger size of adult females.  If females from 

this second generation began to reproduce or were observed mating, they were placed in 
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separate containers for observation.  When offspring from the second generation were detected, 

they were separated and monitored every other day to determine dominant life stage.   

SURVIVAL AND GROWTH OBSERVATIONS 

N. lacustris was assumed to progress through life stages in the same manner as other 

harpacticoid copepods (Hicks and Coull 1983):  egg→ nauplius→juvenile→adult →ovigerous 

females.  Reversion to earlier stages is assumed to be impossible, and an individual can only be 

in a single stage at any given time (Figure 1).  Only ovigerous females contribute individuals to 

the first stage.  To facilitate counting, instars within naupliar and copepodite stages were 

aggregated.  This was done for two reasons.  Firstly, distinguishing between nauplii and 

copepodites is easier in contrast to the finer distinctions between individual instars (Twombly 

and Burns 1996). Secondly, each of these bigger transition steps takes at least one day, while a 

nauplius may pass through several instars in less than a day, which would require around-the-

clock observation (Parise and Lazzaretto 1966).   

Because this was a controlled population, it was assumed that copepods only entered or 

left the system by being born or dying.  The culture containers were not filled to the top to 

prevent accidental migration, so variations between observed and estimated population 

parameters were assumed to be due to normal variation around parameter estimation.  For the 

construction of the basic matrix, small variations in temperature, light, and salinity during the 

experiment and density dependence effects were ignored. 
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Figure 1: Life cycle transitions for harpacticoid copepods. P values indicate the probability of 
surviving and remaining in a stage between sampling intervals.  G values indicate the 
probability of surviving and moving to the next stage.  F indicates the average fecundity of 
ovigerous females which survive the time interval.  
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ESTIMATES OF P AND G 

In order to simplify the construction of the Lefkovitch stage matrix, observations 

were adjusted to estimate the number of females only.  Tracking females only to determine 

overall population dynamics is a common simplification in life history studies (Manly 1990, 

Caswell 2000a).  After determining female population frequencies, survival in stage (P) and 

transition probabilities (G) were estimated.   

Three methods were used for parameter estimation.  The first method, a transition 

frequency table, calculates P and G from observations over differing time intervals in 

multiple cohorts.  This method is outlined in detail in Caswell (2000a) and has been used by 

Harvell et al. (1990) to study the effects of density on bryozoan populations.  The second 

approach, the Kiritani-Nakasuji-Manly (KNM) method calculates P and G by assuming 

similarity of mortality rates in different life stages (Kiritani and Nakasuji 1967, Manly 1976, 

1977, 1985, 1990).  Details of the KNM method can be found in Manly (1990) and Ebert 

(1999).  The third method, developed by Pontius et al. (1989) calculates P and G within each 

stage independently of estimates in other stages.  Manly (1990) provides details on this 

nonparametric estimation procedure.  

FECUNDITY ESTIMATES 

 Females are fertilized soon after their entry into adulthood, and can produce several 

broodsacs from that one fertilization event.  Broodsacs are held by the female until the 

nauplii hatch.  Egg production rates (eggs female -1 day -1) were calculated by dividing the 

net egg production during the period of observation by the period of egg production and by 

the number of females being observed (Manly 1990, Ebert 1999, Caswell 2000a). Because 

harpacticoid females only need to mate once to produce multiple egg sacs (Hicks and Coull 
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1983), it was not necessary to use estimates of male mortality to adjust for reproductive rate 

after the females became ovigerous. 

SENSITIVITY AND ELASTICITY ANALYSIS 

The relationship between population growth rate and the corresponding life history 

traits can be examined by performing a sensitivity analysis.  Sensitivities were derived from the 

Lefkovitch stage matrices using the MATLAB (Mathworks ™) matrix analysis program, 

which calculated sensitivities for each parameter by holding all other parameters equal to initial 

values and varying the value of the parameter of interest over a range of values.  Sensitivity is 

the change in the growth rate due to a change in a parameter.  

Because the survival and transition probabilities are measured on a scale from 0 to 1 

and fecundity represents actual counts of eggs, sensitivities of different parameters cannot be 

compared directly.  To compare the survival, transition and fecundity sensitivities to each 

other, the elasticity, or proportional sensitivity, was calculated (de Kroon et al.1986) using 

MATLAB.  Elasticity is the proportional change in the growth rate due to a proportional 

change in a parameter. For this study, sensitivity is used to compare survival parameters and 

elasticity is used to compare survival parameters to fecundity 
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RESULTS 

Of the 14 original mating pairs, 4 were lost due to handling error before the 

development of the first broodsac.  The remaining 10 pairs were observed until death.  During 

the 48 days of observations, 5 of the sets of offspring were observed from hatch until the last 

individual died, and the other 6 sets of offspring were observed from hatch until all individuals 

were in the last stage (ovigerous females).  The 11 cohorts observed from the 10 original 

mating pairs produced 28 ovigerous females, which then had offspring. 

ESTIMATION OF FEMALES 

In this case, the average life span after maturation of adult males is about one half that 

of females, which results in a linearly declining proportion of adult males to adult females 

(Figure 2).  The proportion of male to female is1:1 for the first five days of the adult stage in 

the eleven cohorts. After the first five days, the males begin to die off faster than the females, 

and no males are left in the cohorts by Day 38.  Because the average ratio of adult males to 

adult females during the first five days of maturity was 1:1, it was assumed that the same 

proportion existed in all stages before maturity (eggs, nauplii and copepodites).  The linear 

reduction in adult proportions of males to females observed in individual cohorts converges to 

an average value of 43% adult males for multiple cohorts started at different times.  This is 

consistent with observations from batch cultures.     

ESTIMATES OF P AN G 

The Transition Frequency Table Approach  

A transition frequency table summarized the fates at time t+1 (egg, nauplius, 

coepodite, adult, ovigerous female) for copepods observed in each stage at time t  
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Figure 2:  Proportion of Males and Number of Copepods that Have Reached Maturity
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(Table 1).  Observations were then divided by the sum of the respective column (Table 2) in 

order to normalize the probabilities of growth, survival in stage, and mortality during the 

time interval.  The sum of the three probabilities for each column is assumed to be 100% for 

observations in a closed system without migration or predation (Caswell 2000a).   

The normalized values in each cell become the estimates for the survival in stage and 

transition probabilities (Table 3).  The estimated transition probabilities of several 

observations can be pooled to come up with an average estimate for each cell of the matrix.  

The variance is calculated from the variance in the pooled estimates.  Values are placed into 

the matrix based on the assumption that columns represent the state of an individual at time t 

and that the rows represent the state of an individual at time (t+1).  For example, the value in 

the copepodite column (column 3) and the adult row (row 4) represents the probability of 

transitioning from a copepodite to an adult in the assigned stage interval. 

KNM Method 

Three assumptions need to be met to use the KNM method (Manly 1990): 

1.) Survival rate per unit time is the same in all stages for the entire sampling 
period. 

2.) Sampling is started at the time when individuals begin to enter stage 1 and 
continues until all individuals are dead. 

3.) Population losses are due only to mortality and not emigration. 
 

Three adjustments to the observed data were made to facilitate computation using the KNM 

method (Table 4).  First, the day of the first observation of an egg sac on a female was 

assumed to be day one of the cohort.  Most females produced an egg sac two days after being 

observed as mating, but some produced egg sacs earlier or later.  Secondly, observations of 

stage frequency after day 7 were interpolated using the method of  
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Table 1:  Observations on Fate of Cohorts At One Day Intervals 
 

 
Table 2:  Weighted Transition Probabilities for Each Stage Class 

 
State at Time t Fate at     

time t Eggs Nauplii Copepodites Adults Ovigerous 
Females 

Eggs 
 

obs. 1/ 
Σ(obs. 1-3)

X X X X 

Nauplii 
 

obs. 2/ 
Σ(obs. 1-3)

obs. 4/ 
Σ(obs. 4-6)

X X X 

Copepodites 
 

X obs. 5/ 
Σ(obs. 4-6)

obs. 7/  
Σ(obs. 7-9) 

X X 

Adults 
 

X X obs. 8/  
Σ(obs. 7-9) 

obs.  10/ 
Σ(obs. 10-12)

X 

Ovigerous 
Females 

X X X obs. 11/ 
 Σ(obs. 10-12)

obs. 13/  
Σ(obs. 13-14) 

      
Death obs. 3/ 

Σ(obs. 1-3)
obs. 6/ 
Σ(obs. 4-6)

obs. 9/  
Σ(obs. 7-9) 

obs. 12/ 
 Σ(obs. 10-12)

obs. 14/ Σ(obs. 
13-14) 

  
 

Table 3  Stage Matrix Model 
 

 

  Eggs   Nauplii Copepodites Adults Ovigerous  
Females   

Eggs   
  

P1   0 0 0 F 

Nauplii   
  

G1   P2 0 0 0 

Copepodites   
  

0   G2 P3 0 0 

Adults   
  

0   0 G3 P4 0 

Ovigerous  
Females   

0   0 0 G4 P5  

  

State at Time t Fate at      
time t   Eggs Nauplii Copepodites Adults Ovigerous  

Females   
Eggs  
  

obs. 1 X X X X 

Nauplii   
  

ob s. 2 obs. 4 X X X 

Copepodites   
  

X   obs. 5 obs. 7 X X 

Adults   
  

X   X obs. 8 obs.  10 X 

Ovigerous  
Females   

X   X X obs. 11 obs. 13   

        
Death   obs. 3 obs. 6 obs. 9 obs. 12 obs. 14   
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Caswell (2000a) to provide an equal time interval of one day between observations.  This 

was because observations were made on a daily for the first 7 days, and then every 2 or 3 

days after all eggs hatched.   

The third adjustment related to the amount of observations available to construct the 

model.  Assumption 1 (Figure 3) and 3 were met for all cohorts.  Assumption 2 was met for 

only six of the eleven cohorts used for parameter estimation in the other two methods. In order 

to use the KNM method on all eleven cohorts, the data from the five cohorts which were only 

observed until all individuals had entered the final life stage were adjusted by simulating 

additional daily observations until all ovigerous females had died.  Data were simulated within 

cohorts by extending the life stage of the reproductive females at the last observation to 

terminate at a randomly assigned life span based on the average life span for all ovigerous 

females observed until death during the course of the experiment.   

The survival and duration in stage estimates from the KNM method must be 

transformed into P and G values before entering them into the stage matrix.  Because 

individuals that have inhabited a stage longer are more likely to transition to the next stage than 

individuals that have just entered the stage, an adjustment must be made to the transition rate to 

reflect the likelihood of transition based on duration in stage.  A complete description of the 

estimation procedure can be found in Ebert (1999).  Basically, the fraction of individuals 

leaving a stage (fL) is determined by equation (1): 

(1)   fL = (1- σ/λ) * (σ/ λ) n-1 / {1-(σ/λ) n} 

σ = average survival of individuals 
n = duration of stage 
λ = estimated population growth rate  

                                          (estimated by dominant eigenvalue of matrix) 
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Figure 3:  Natural log of population over time.  The slope approximates daily mortality rates.  
Average daily survival is estimated by the exponent of the slope, which is 91.84% in this case. 



 57

Table 4:  Interpolated Transition Data for 11 Cohorts.  Data are representative of females.  
Female eggs, nauplii and copepodites were calculated from observed values by dividing by 
two. In order to satisfy condition one of the KNM method, values after day 48 were estimated 
for individual cohorts based on the average life span of reproductive females after their first 
brood sac (18 days).   

Day Eggs Nauplii Copepodites Adult 
Females 

Eggsac 
Bearing 
Females 

1 175     
2 113 54    
3 30 121    
4  119 9   
5  89 27   
6  49 54   
7  25 72 3  
8  18 65 10  
9  8 47 27  
10  3 45 31  
11  2 22 44 1 
12  1 9 56 1 
13   7 51 6 
14   5 37 15 
15   2 32 20 
16   1 25 24 
17    20 26 
18    16 27 
19    13 27 
20    7 26 
21    5 27 
22    4 26 
23    4 25 
24    4 24 
25    2 24 
26    2 24 
27    2 23 
28    2 22 
29    1 22 
30    1 20 
31    1 18 
32    1 18 
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Table 4 (cont.)     

Day Eggs Nauplii Copepodites Adult 
Females 

Eggsac 
Bearing 
Females 

33    1 17 
34    1 16 
35     15 
36     14 
37     12 
38     11 
39     11 
40     8 
41     8 
42     7 
43     7 
44     5 
45     4 
46     4 
47     3 
48     3 
49     3 
50     2 
51     2 
52     2 
53     2 
54     1 
55     1 
56     0 
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The probability of an individual leaving a stage (G) after one time interval is estimated 

by equation (2).  Equation (3) provides the likelihood of an individual remaining in a stage (P).  

The likelihood of leaving becomes greater and the likelihood of remaining becomes smaller as 

the duration of the individual in the stage increases. 

(2) G =  fL * σ 

(3) P = (1- fL) * σ 

Population growth (λ) is included in the evaluation of fL because the fraction 

transitioning from one stage to the next is affected by the increasing number of individuals 

entering the stage due to increased population growth.  The initial value of λ in this case was 

based on the stage matrix constructed from the transition frequency table.  P and G values were 

calculated, and the new value of λ produced by the KNM derived stage matrix was plugged 

back into equation (1).  This procedure was repeated until the value of λ did not change to the 

fourth significant figure.  Variance of the estimates was calculated from the P and G values 

generated by the eleven separate cohorts. 

Pontius et al. (1989) Nonparametric Method of Estimation 

A probability distribution other than the normal distribution for the time of entry into 

each stage is possible, based on the findings in other studies on copepods (Klein Breteler et 

al. 1994, Carlotti and Nival 1991, Coull and Dudley 1976).  The Pontius et al. (1989) method 

assumes a binomial distribution for the time of entry into stages.  This method of estimation 

does not require observations past the entry into the final life stage.  The interpolated daily 

observations until day 38 from Table 4 are sufficient to derive the mean times of entry into 

each stage.  The duration in each stage is calculated by subtracting the sequential entry times 
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(e.g. time of entry into adult stage minus the time of entry into the copepodite stage is 

equivalent to the duration of the copepodite stage).   

If the data after day 38 are included, this is similar to defining a final transition from 

ovigerous females to death.  This is a way to estimate the total life span of ovigerous females.  

For the Pontius et al. method (1989) (NP Method), stage durations are assumed to be 

distributed independently for each individual, so simulating data after day 38 does not affect 

the estimation of earlier stage durations which relied on observed data.  Further details on the 

Pontius et al. (1989) method can be found in Manly (1990). 

Equations (1), (2) and (3) were used to derive the final P and G values for the stage 

matrix.  Because survival in a stage is not estimated by this method, daily survival was 

estimated from the daily mortality rate, which is the negative value of the slope of the natural 

log of the cohort versus time (Figure 4).  The daily probability of survival was estimated as 

0.9184 day -1.  The initial value of lambda for equation (1) was also provided by matrix 

derived from the transition frequency table, as it was for the KNM method.   

Because the Pontius et al. (1989) method is based on the assumption that the 

proportions of individuals that have not yet entered a stage are binomially distributed, the 

estimate of variance for stage duration must be calculated using a different procedure.  The 

equation for the variance in this case is provided by equation (4) (Pontius et al. 1989, Manly 

1990). 

                 n-1 

(4)  var (aj ) = Σ (p i,j +1 – p i,j)(1 – p i,j+1 + p i,j) /n i 
                         i=1 
 
 pi,j =  proportion of individuals at time i that have not yet entered stage j 
 a j =  duration of stage j 
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The duration of the stages calculated by the KNM method and the nonparametric method are 

provided in Table 5.  These stage durations were used to calculate the P and G values for the 

respective matrices. The transition matrices calculated for each of methods are provided in 

Tables 6, 7 and 8.  

FECUNDITY 

No adjustment was made for reproductive rate based on the time in stage, because 

unlike previous studies on harpacticoid copepods (see Hicks and Coull 1983), no correlation 

was found between the order of the broodsac and the number of eggs produced or the number 

of nauplii hatched from the eggs (Figure 4).  This was determined using a nonparametric 

ANOVA analysis of variance (Kruskall Wallis test), testing for the effect of ranked broodsac 

order on egg production rate and hatch rate.  Females observed in this study produced 1 to 8 

broodsacs over the period of observation with an average egg production of 8.8 eggs day -1 

female -1 (Table 9).  

In order to ensure that mean daily egg production was representative of the general 

population, a bootstrap analysis of eggs day -1 female -1 was conducted by selecting a set of 28 

samples of female fecundity observations with replacement from the observed female 

fecundity observations for the 34 females.  An analysis of 200 bootstrap average egg 

production rates provided a mean of 6.8 eggs day -1 female -1 (± 2.5 S.D.).  Since the original 

estimate of 8.8 eggs day -1 female -1 falls within one standard deviation of the estimate, it was 

used to calculate F for the three matrices (Table 6, 7, 8).  F was calculated by adjusting egg 

production rates by the survival of the females during the time interval (σ = 0.92 from Figure 

3), because the broodsacs remain attached to the females until the eggs  
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Table 5:  Duration of Life Stages of N. lacustris fed formulated feed.  Standard 
deviations for KNM are calculated in this case from the eleven cohorts observed.  
Standard deviation is calculated for the nonparametric method using equation (4).  
Duration in stage was not part of the calculation for the transition frequency method, so 
these estimates are not provided.  Time is measured in days.   
 

       KNM   Nonparametric 
Parameter     Method      Method  
Time Spent as Egg     1.8 (0.9)   1.4 (0.7) 
Time Spent as Nauplius     4.4 (1.1)   3.9 (1.0) 
Time Spent as Copepodites    3.0 (0.8)   4.1 (1.1)   
Age at Maturity      8.1 (1.4)           9.9 (1.5)  
Age at 1st Brood    12.0 (1.0) 15.5 (1.8) 
Reproductive period   18.0 (0.4) 30.0 (0.6)  
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Table 6:  Stage Matrix From Transition Frequency Observation Method 
 
 Eggs Nauplii Copepodites Adults Ovigerous 

Females 
Eggs 
 

0.62 0 0 0 F 

Nauplii 
 

0.33 0.66 0 0 0 

Copepodites 
 

0 0.25 0.72 0 0 

Adults 
 

0 0 0.22 0.88 0 

Ovigerous 
Females 

0 0 0 0.07 0.92 

 
Table 7:  Stage Matrix from KNM Method 
 
 Eggs Nauplii Copepodites Adults Ovigerous 

Females 
Eggs 
 

0.44 0 0 0 F 

Nauplii 
 

0.47 0.72 0 0 0 

Copepodites 
 

0 0.20 0.72 0 0 

Adults 
 

0 0 0.19 0.83 0 

Ovigerous 
Females 

0 0 0 0.08 0.91 

 
Table 8:  Stage Matrix From Nonparametric Method 
 
 Eggs Nauplii Copepodites Adults Ovigerous 

Females 
Eggs 
 

0.26 0 0 0 F 

Nauplii 
 

0.67 0.72 0 0 0 

Copepodites 
 

0 0.21 0.73 0 0 

Adults 
 

0 0 0.20 0.83 0 

Ovigerous 
Females 

0 0 0 0.10 0.93 
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Table 9:  Reproductive Parameters of N. lacustris 
 
Parameter     Mean    (S.D.)  
   
# Broodsacs/female   2.6    (1.1) 
Intervals between broods   1.6   (0.6) 
# Eggs/brood    32.4   (4.5) 
# Nauplii/brood    20   (9.6) 
Male life span      15.0   (0.6) 
Female life span    30.0   (2.3) 
Estimated eggs day female  

from observations   8.8   (1.3) 
Estimated eggs day female  

from bootstrap procedure  6.8   (2.5) 
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hatch.  Because only female eggs are counted, this value is halved, resulting in an estimate for 

F of 4.1 eggs day -1 female -1 for all stage matrices. 

MATRIX ESTIMATES OF POPULATION GROWTH RATES 

Each matrix estimated slightly different population fitness values (λ), daily rates of 

increase (r) and damping ratios (ρ) (Table 10).  The sensitivity and elasticity of overall 

population growth rate (λ) to variation in the estimates in the matrix parameters (G1, G2, G3, 

G4, P1, P2, P3, P4, P5 and F) are presented in Tables 11 and 12.  The sensitivity is the change 

in population growth rate due to a change in a single parameter.   

G4, the probability of an adult female surviving and becoming an ovigerous female, 

was found to be the most sensitive survival and growth parameter, but it is difficult to tell how 

important it is relative to fecundity because survival and transitions are measured on a scale of 

0 to 1 and fecundity is measured as an integer.  Elasticities are more useful for determining the 

proportional sensitivity of fecundity to survival, because they measure the strength of changes 

in each parameter to the effect on lambda relative to each other (Table 12).  The elasticity 

analysis of all matrices resulted in a prediction that that P5, ovigerous female survivorship was 

the most sensitive to incorrect estimation.   

COMPARISONS TO OBSERVATIONAL DATA  

In order to compare the robustness of the predictions, expected growth frequencies 

from the three methods were plotted against observed growth frequencies from six replicate 

cultures started with an equal density and stage composition of copepods (Figure 5).  

Observations were made on days 9, 12, 15, 18, 21, 14, and 27 for six 200 L tanks starting with 

equal numbers of copepods distributed in the same proportions (8.6% ovigerous females,  

27.5% adults, 24.6% copepodites, and 39.3% nauplii).   
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Table 10:  Summary of Matrix Statistics for the Three Methods 
 Observed Frequency KNM Method Nonparametric 
λ (fitness) 1.131 1.112 1.151 
% daily increase  
(1- λ) 

13.1 % 11.2 % 15.1 % 

r  
(intrinsic rate of 
increase) 

0.1228 0.1059 0.1410 

ρ (damping ratio) 1.89 2.10 2.76 
Time to return to 
stable stage 
distribution after 
perturbation 

10.8 days 9.3 days 6.8 days 

 
Table 11:  Sensitivity analysis of 10 estimated parameters.   

Life History 
Parameter 

Transition 
Frequency 

KNM Nonparametric 

P1 0.128 0.099 0.083 
P2 0.139 0.169 0.172 
P3 0.160 0.169 0.177 
P4 0.262 0.235 0.231 
P5 0.311 0.328 0.336 
G1 0.199 0.141 0.111 
G2 0.262 0.331 0.354 
G3 0.298 0.349 0.372 
G4 0.936 0.828 0.744 
F 0.016 0.016 0.018 

 

Table 12:  Elasticity analysis of 10 estimated parameters.  Changes in the shaded parameter 
(P5) have the highest relative impact on lambda.  

Life History 
Parameter 

Transition 
Frequency 

KNM Non-parametric 

P1 0.070 0.039 0.019 
P2 0.081 0.109 0.108 
P3 0.101 0.109 0.112 
P4 0.204 0.175 0.167 
P5 0.253 0.269 0.271 
G1 0.058 0.060 0.065 
G2 0.058 0.060 0.065 
G3 0.058 0.060 0.065 
G4 0.058 0.060 0.065 
F 0.058 0.060 0.065 
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Figure 5:  Comparison of 6 tank cultures started with 6000 copepods with equal proportions of 
life stages.  Thin lines with round circles depict the tank cultures.  The thick solid line 
represents estimated population growth from the Transition Frequency (TF) method, the small 
dashed line represents the estimated population growth from the KNM Method and the thick 
dashed line is the estimate of the Nonparametric method (NP). 
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Between Days 0 and 15, the KNM Method and TF method are closer in approximating 

the population growth of the six cultures (Figure 5).  After Day 15, the KNM and TF methods 

underestimates the population numbers in all 6 tanks, and the nonparametric population growth 

rate overestimates 2 populations and underestimates 4 populations.   Populations in tanks 

reached an average daily rate of increase of 17 to 18% by day 27.  This is greater than the 11.2 

to 15.1 % predicted by the three models. 

In order to determine how the differences in the stage composition of the observed and 

predicted populations might be operating to cause underestimation or overestimation, the 

predicted frequencies for each life stage from the three methods were compared to the 

observed frequencies observed from the 11 cohorts (Figure 6).  The KNM and nonparametric 

(NP) method provide a closer prediction of egg and naupliar frequencies than the TF method.  

The KNM Method provides the closest estimate of time of entry into the copepodite, adult, and 

ovigerous stages for the cohort, while the NP and TF method come closer to estimating when 

the maximum frequencies are observed.  The NP method of matrix parameter estimation 

provides the best overall fit to the observed frequencies. 

SIMULATIONS 

An incorrect estimate in the most sensitive parameter (P5) may explain the 

discrepancies between observed and expected population frequencies.  A small increase in P5 

(0.04 and 0.08) can improve population growth estimates by 1 to 2 %.  However, an increase to 

99% survival of ovigerous females is still not enough to compensate for the discrepancy 

between expected and observed values.  The observed tank values have an average growth rate 

of 17 to 18% and the rate of population increase for the KNM simulation using an adjusted P5 

value of 0.99 only reaches 11.9%.  
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Using the stage matrix estimated from the three methods, variation was introduced in 

the most sensitive parameter P5, the survival of females after entry into the ovigerous stage.  

One previous toxicological study on Nitokra lacustris indicated that the total life span may 

reach 90 days (Lotufo and Fleeger 1997).  The simulation compares the derived value of P5 

(0.91) to two smaller values of P5 (0.71 and 0.81) corresponding to shorter life spans, and two 

larger values of P5 corresponding to longer life spans (0.95 and 0.99).  

MODEL CALIBRATION 

 Linear regressions of population estimates for each life stage to observations were 

highly correlated.  The slope of the linear regression of observed to expected values is the 

measure of the estimation bias.  A linear regression with a slope close to one indicated that the 

estimate was unbiased.  All three models had similar estimation biases for each life stage 

(Figure 7 ).  Adult and ovigerous female estimates were the least biased, while naupliar and 

copepodite estimates were the most biased.  A correction factor equal to the inverse of the 

slope of the linear regression line of observed to estimated frequencies was applied to each life 

stage.  The predictions produced by the corrected matrix models were a better fit for overall 

population growth rate and individual life stage behavior within the populations in all cases 

(Figure 8). 

DISCUSSION 

Stage based matrix models have been used by biologists to understand the patterns of 

population growth observed for various plants and animals (Lefkovitch 1965; Manly 1990; 

Caswell 2000a).  The use of stage-based versus age based models not only simplifies the 

types of observations that need to be made, they can also reduce the complexity of 

computation.  The 5-by-5 stage-based matrix used to emulate population of  
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Figure 7:  Slopes of linear regression lines when estimated values are plotted against 
observed.  The error bars represent standard deviation for 6 separate tank observations 
against the 3 models.  The correction factor is calculated by taking the inverse of the value of 
the slope. 
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Figure 8:  Observed and expected proportions of nauplii, copepodite and adult copepods A.) 
before and B.) after applying the correction factor from Figure 7 to the nonparametric model.   
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copepods is much easier to work with than the 56-by-56 age-based matrix that would be 

needed to track individuals that live for 56 days.   

 There is inherent bias in the application of matrix models calculated from laboratory 

observations of individual cohorts to cultures which contain thousands of individuals.  This is 

often the case when applying a laboratory-constructed model to field data (Manly, 1990).  

However, because the estimated and observed values were highly correlated, it was possible 

to apply a correction factor to estimated values, which improved the robustness of the matrix 

models.  Whether the source of the differences between observed and expected values is 

from the sampling method or actual variation in the life history parameters is not 

determinable from the data set. 

Systematic sampling error could be introduced in this case when sampling the most 

benthic life stage, the nauplius, which may not have been brought up into the water column 

by the mixing procedure used.  This possibility is supported by the fact that the estimates of 

the adults, which spend more time swimming in the water column, were the least biased.  

Even though it is possible that the model projection of population numbers may be correct 

and the sampling technique is causing an underestimate of the actual population, corrections 

were applied to the model estimates of stage frequencies in order to match the observed 

values for stage frequencies in the 6 tanks.   

Calibrating the model to the observations prevents the possibility of projecting 

population numbers that are theoretically possible but not realized by the system.  It is more 

likely that harvest techniques, which are similar to sampling techniques, will yield population 

numbers closer to the sampling observations than the theoretical numbers.  It may be true that 

there are two or three times as many nauplii in the system than are being sampled, as 
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indicated by the theoretical model, but actual yields from harvests will be closer to the 

numbers indicated by the sampling observations.  

Because the systems were not completely harvested during this trial, it would be 

difficult to determine how sampling estimates reflected actual numbers.  However, an 

analysis of sampling techniques on population estimates from a previous study done in 

similar containers (Rhodes 2003) indicated that most accurate estimations of population 

numbers came from the collection of the debris on the bottom of the tank after removing all 

the water.  This matches behavioral observations of N. lacustris in the field and in the lab.  N. 

lacustris have been found to prefer sedimentary substrates that promote the growth of 

microflora (Chandler and Fleeger1984, 1987, Chandler 1986). 

The same model should be applicable to other culture situations, as long as the final 

estimates are corrected using the same method as described above.  An analysis of a different 

system of three 40 L containers grown at 27 ppt, 18 degrees C for 24 days indicated a similar 

pattern of population growth, with slightly different correction factors.  In this case, the 

observed numbers of nauplii were much closer to the estimates.  This may reflect the ease of 

stirring up a batch culture in a 40 L container compared to a 200 L container.   

 The Lefkovitch stage matrix model accurately estimated the pattern of population 

growth. The short-term batch cultures analyzed using the model closely matched the 

underlying assumptions that no density dependent mechanism was operating on the system and 

that no mortality was due to handling or culture conditions.  However, the utility of the stage 

matrix model is not limited to these controlled conditions. 

 Lefkovitch stage models have been used to analyze the behavior of field populations 

under threat from anthropogenic and natural causes (Getz and Haight 1989, Caswell 2000a, c).  
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Deterministic or stochastic effects can easily be integrated into the structure of the model to 

project the effects of various external factors on population growth.  For example, some 

species are more vulnerable to predation at different life stages.  This could be incorporated 

into the Lefkovitch model by programming a probability of being eaten at each time step into 

the cells of the matrix that represent the predated life stage.  In this current model, if the adults 

were being predated selectively, the parameters that would be affected would be P4 and G4.  

The probability of an adult female transitioning to the next stage or remaining in the same 

stage would depend on the additional probability of surviving predation attempts.  Because the 

matrix model can be adjusted at each time step, the probability of predation could be 

programmed as a stochastic parameter randomly drawn from a representative probability 

distribution of predation.  

 Lefkovitch stage matrix models have been useful as management tools for natural 

populations.  A theoretical model constructed to explain the decline in sea turtle populations 

indicated that juvenile males were the most sensitive life history stage (Crowder et al.  1994).  

These finding have resulted in a change in the management techniques of an entire fishery by 

requiring turtle exclusion devices in nets and a change in the fishing season to minimize the 

occurrence of sea turtle bycatch. 

The basic Lefkovitch model constructed in this case can provide a useful tool in the 

timing of harvests.  If all life stages are harvested at equal rates, the estimated rate of daily 

increase (r) will indicate how quickly the population will rebound from harvest.  While the 

daily rate of increase (r) could be estimated directly from observations, the finer structure of a 

matrix model allows for the examination of the effects on the population due to different types 

of harvesting.  Because these copepods are intended to be used as fish food for larvae, it may 
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be necessary to periodically alter the harvest techniques to optimize prey size for the fish.  

Early fish larvae may prefer the nauplii and small copepodites, and older fish may prefer adults 

or ovigerous females.  With a matrix model, it is possible to project the replacement rate of 

harvested individuals from specific life stages.   

The models can also be useful for projecting the effect of differences in life history 

parameters due to biotic or abiotic perturbation onto general population behavior.  Caswell 

(2000b, c) has promoted the use of matrix models to determine the impact of various factors on 

populations.  For example, if it were found that females have a shorter life span with different 

diets, as demonstrated for the harpacticoid copepod Tigriopus fulvus Fischer fed a diet of yeast 

(Carli et al. 1995), or with different salinities  it would be possible to simulate the effects on 

population growth and composition, and compare it to actual findings.  This is relevant for 

present considerations because the formulated diet may be altered to maximize growth and 

minimize cost.  It may also be desirable to lower salinities in the controlled cultures to reduce 

the costs of producing artificial seawater and to mitigate the proliferation of undesirable 

competitors (e.g. ciliates).  Any adjustments to food will also affect individual life history 

parameters, and it is useful to understand how these adjustments will affect population growth. 

While the incorporation of Lefkovitch stage matrix models into the management natural 

and controlled insect and animal populations has been practiced for several years (Carey 1993, 

Getz and Haight 1989), this is a unique application of the technique to the rearing of copepod 

populations.  To incorporate copepod rearing into hatchery operations, it will be necessary to 

project future yields from current conditions.  The model presented in this paper provides a 

starting point for understanding how individual life history parameters of N. lacustris and other 

harpacticoid copepods can affect population yields.
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CHAPTER IV 
FORMULATED FEEDS FOR HARPACTICOID COPEPODS: IMPLICATIONS FOR 

POPULATION GROWTH AND FATTY ACID COMPOSITION 
 
ABSTRACT 
 

This study examines the effect of using a formulated feed, composed mainly of 

flaxseed oil, on population growth rate and lipid composition of the marine harpacticoid 

copepod Nitokra lacustris.  The epibenthic harpacticoid copepod Nitokra lacustris is highly 

adaptable to existing technologies for the culture of live feed for marine species because it 

matures quickly, produces high numbers of offspring (>100 female-1), and has an ideal size 

range (40 to 620 µm) for most early marine fish larvae. This copepod species can bioconvert 

important essential fatty acids for larval marine fish -  docosahexaenoic acid 22:6n3 (DHA), 

eicosapentaenoic acid 20:5n3 (EPA) and arachidonic acid 20:4n6 (ARA) - from linolenic 

acid (18:3n-3) and linoleic acid (18:2n-6). 

N. lacustris fed on the diet which contained large amounts of linolenic acid (55.0%) 

and linoleic acid (15.4%) and only trace amounts (< 0.1%) of EPA and DHA had 

significantly more DHA (8.1%) and EPA (3.0%) than the feed.  Additionally, the copepod 

DHA to EPA ratio of 2.7 exceeded the target of 2:0 recommended for larval marine fish.  

The final lipid composition of copepods fed formulated feed did not differ significantly in 

final EPA and DHA composition from copepods fed live Tetraselmis.  Tetraselmis is also a 

source of linolenic (20.6%) and linoleic (13.0%) acid as well as EPA (4.5%).  Surprisingly, 

the copepods fed the Tetraselmis had a lower amount of EPA than copepods fed the 

formulated feed.  The lower EPA value for the copepods fed Tetraselmis resulted in an 

increase in the DHA to EPA ratio from 2.7 to 3.9. These results indicate that feeding 

copepods with formulated feeds containing seed oils could be a novel and inexpensive 



 

 82

approach to producing high quality live feeds for marine fish larvae that require EPA and 

DHA. 

INTRODUCTION 

The culture of marine finfish depends on having a reliable and nutritious food 

available to the larvae the first few days of feeding. Many marine species need live feeds for 

the first few days of exogenous feeding (Watanabe et al. 1978; Watanabe et al. 1983; Næss et 

al. 1995; Schipp et al. 1999).  Most common live feeds in mass production, brine shrimp and 

rotifers, are not necessarily the natural prey of marine finfish and are often deficient in 

certain essential fatty acids (Lubzens et al. 1985; Dhert et al. 2001; Sorgeloos et al. 2001; 

Smith et al. 2002).  

Harpacticoid copepods are a good source of the essential fatty acids EPA and DHA 

(Støttrup and Jensen 1990; Norsker and Støttrup 1994; Støttrup 2000). They also comprise a 

large percentage of the diet of marine finfish in the natural environment (Watanabe et al. 

1978; Næss et al. 1995; Aarnio 2000; Prisco et al. 2001). Copepods, however, are more 

difficult to cultivate at the scale of production involved in hatchery finfish rearing (Schipp et 

al. 1999; Støttrup 2000; Payne and Rippingale 2001). One factor that increases the time and 

money involved in rearing copepods is the expense of growing live algae to feed them. The 

economic and labor costs of producing copepods may be reduced by using a formulated feed 

instead of cultured algae, especially when marine fish oil does not need to be added as 

enrichment.  

This study examines the value of a formulated feed as a replacement for live feed by 

examining its effects on the population growth rate and lipid composition of the marine 

harpacticoid copepod Nitokra lacustris. The epibenthic harpacticoid copepod N. lacustris is 
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highly adaptable to existing live feed culture technologies because it has a short generation 

time (12-14 d), produces large numbers of nauplii (>100/female/week), and ranges in size 

from 40 to 620 µm, which is ideal for most early marine fish larvae. The fatty acid profile 

also contains docosahexaenoic acid 22:6n3 (DHA), eicosapentaenoic acid 20:5n3 (EPA) and 

arachidonic acid 20:4n6 (ARA), three important essential fatty acids for larval marine fish.  

It has not been established previously whether N. lacustris, like other harpacticoid 

copepods, can bioconvert linolenic acid (18:3n-3) and linoleic acid (18:2n-6) into the highly 

unsaturated fatty acids (HUFAs) eicosapentaenoic acid 20:5n3 (EPA), docosahexaenoic acid 

22:6n3 (DHA), and arachidonic acid 20:4n6 (ARA).  This study examined whether 

harpacticoid copepods fed a formulated feed that contained flax seed oil as the lipid source 

instead of a direct enrichment of omega-3 fatty acids (FA) from fish oil would be able to 

maintain the population growth rates observed in copepods fed live algae.  The formulated 

feed included flax seed oil, a terrestrial source of omega-6 and omega-3 fatty acids, instead 

of a direct enrichment of omega-3 fatty acids (FA) from fish oil (Rhodes 2003).  Flax seed 

contains omega-3 and omega-6 fatty acids which serve as precursors to the more essential 

omega-3 and omega-6 fatty acids EPA, DHA and ARA. 

METHODS 

Cultivation of Copepods 

Six N. lacustris populations were simultaneously reared in 10- L batch cultures for 31 

days. All treatments were started with approximately 2,300 copepods L-1, with equal 

abundances of individuals in each life stage.  The average culture temperature was 20 oC (+/- 

0.5 oC) and the average salinity was 30 ppt (+/- 0.5 ppt). Three replicate populations were fed 
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formulated feed (Table 1), and three populations were fed a continuous supply of the live 

algae Tetraselmis suecica.   

The feeding rate on the first day was calculated to be approximately 10 times the 

requirement of 10,000 adult copepods L-1 of similar species.  Exact grazing rates are not 

known for this species, and are difficult to determine due to the recycling of fecal pellets and 

potential ingestion of bacteria and detritus by the nauplii (Decho and Fleeger 1988).  The 

copepods in the formulated feed treatments were fed 1 mL formulated feed L-1 

(approximately 50,000 cells mL–1) on days 0, 10 and 20.  Only particles greater than 8 

microns in diameter were included when estimating the density of particles using a 

haemocytometer.  Tetraselmis was added to live algae treatments on day 0 (50,000 cells mL-1) 

and allowed to grow for the duration of the experiment. The abundance of N. lacustris in 

each population was estimated on days 10, 24 and 31 by stirring the culture and counting the 

number of copepods per volume of four equal aliquots taken from the middle of the water 

column using a 1 ml pipet.  

Statistical Comparison of Copepod Populations 

The instantaneous daily rate of increase, r, was calculated by dividing the difference 

between the natural logarithm of population counts at the beginning (No) and the end (Nt) by 

the number of days that had passed since the beginning of the experiment (t): 

(1)   r = [ln(No) – ln (Nt)]* t-1     
 

r    = instantaneous rate of increase 
No = starting population size 
Nt = population size at time t 
t    = time since beginning of experiment 
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Table 1:  Formulated Feed 
 
Ingredients Amount Source 
Tomato or vegetable juice 240 ml 

 
V-8, Campbell’s Soup Co., 
Ohio 

Enriched Brewer’s yeast 10 grams GNC Brand, Pennsylvania  

Liquid Vitamin C 1 ml GNC Brand, Pennsylvania 
  

Liquid Vitamin B 
complex 

2 ml GNC Brand, Pennsylvania  

Flax Seed Oil   5 ml GNC Brand, Pennsylvania 

These ingredients are combined and mixed in a blender for 2 minutes on the “blend” 
setting (Osterizer, Florida). Artificial seawater (30 ppt) is added until the total 
volume of the mixture is one liter. This volume of feed is blended for two more 
minutes, and 1 mL L-1 of the homogenized mixture is fed to the copepods. 
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The population density and r values given for the population were measured on each 

sampling day.  Population estimates include all life stages.  The r values calculated in the 

experiments assumed that the populations were growing in a constant environment.  The 

finite rate of population growth lambda (λ) for each time interval was calculated from the 

instantaneous rate of increase using equation (2).  The percentage daily increase or decrease 

in a population was calculated by subtracting one from lambda. 

(2)    λ = er  

   r    =  instantaneous rate of increase 
  λ   =  population growth rate 
 

Separate tanks under the same conditions were considered replicates.  The natural log of final 

population counts and the r values of treatments run concurrently were compared using a one 

way analysis of variance (ANOVA) on the three replicates from each treatment. 

Fatty Acid Compositional Analyses  

After 31 days, all copepods were collected by passing the entire culture through a 35 

micron sieve three times. A representative sample of adults was measured for length and 

width under a stereomicroscope using an optical micrometer. The largest specimens were 

retained on a 105 micron sieve, rinsed and frozen (-20 oC).  

Duplicate lipid extractions and fatty acid compositional analysis were performed on 

each copepod replicate using ultrasonification of the copepods in a mixture of chloroform-

methanol (1:2, v/v) and a modified Christie procedure (1989) as described by Boyd, et al 

(1999).  In brief, this involved the addition of 0.005% BHT (butylated hydroxyl toluene) to 

methanol followed by washing of crude lipid extracts using 0.88% potassium chloride, 

drying over anhydrous sodium sulfate and removal of solvent under a nitrogen flush.  After 
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addition of an internal standard (C21:0), fatty acid methyl esters (FAME) were prepared 

using methanolic HCl followed by purification on Fluorosil-packed Pasteur pipette columns 

using hexane-ethyl ether.  Purified FAME were dried under nitrogen flush and redissolved in 

iso-octane for gas liquid chromatographic (GLC) analysis of fatty acids. 

The FAME were analyzed on a Model 5890A GLC (Hewlett Packard, Avondale, PA) 

equipped with a flame-ionization detector.  A fused silica Omegawax 320 column (30 m x 

0.32 mm i.d. with 0.25 mm thickness) was used for separation (Supelco, Bellefonte, 

Pennsylvania).  The injector and detector temperatures were set at 260o C.  Helium was used 

as the carrier gas at an inlet pressure of 11 psi and a flow rate of 0.75 ml/min.  The initial 

oven temperature was set at 170 o C and raised  4 o C per minute to a final temperature of 240 

o C and held for five minutes.  Fatty acids were identified by comparison of their relative 

retention times to authentic standards (Nu-Chek Prep, Elysian, MN). The same extraction 

and analysis procedure was repeated on two samples taken from each feed type. 

Individual fatty acid concentrations were expressed as weight percentage of the total 

FAME identified and were used to determine the differences in fatty acid composition of 

copepods fed formulated feed vs. live algae feed.  The normalization technique was used to 

calculate absolute response factors for all identified fatty acids using standards obtained from 

Nu-Chek Prep.   

Statistical Analysis of Fatty Acid Methyl Esters 

The weight percentages of individual fatty acids were arcsin transformed and the 

treatments were compared for statistical difference using one way analysis of variance 

(ANOVA) when three replicates were available (copepods treatments vs. copepod treatments) 

and Student’s t-test when only two replicates were available from one set of samples (food vs. 
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copepod treatments).  Results were considered to be significant if the p value was less than 

0.05 and marginally significant if the p value was greater than 0.05 and less than 0.10. 

RESULTS 

Fatty Acid Composition 

The harpacticoid copepod Nitokra lacustris contained significant amounts of 

docosahexaenoic acid 22:6n3 (DHA), eicosapentaenoic acid 20:5n3 (EPA) and arachidonic 

acid 20:4n6 (ARA), even when the feeds were deficient in these HUFA’s (Table 2).  The 

harpacticoid copepod Nitokra lacustris did not differ in population growth rate (Figure 1) or 

size of adults (Figure 2) when fed formulated feed instead of live algae.  The presence of the 

HUFA’s and the continued reproduction of the animal when fed a diet deficient in HUFA’s 

suggested that Nitokra lacustris was able to bioconvert the shorter chain 18:3n3 and 18:2n6 

into EPA, DHA and ARA to meet its physiological requirements for these fatty acids. 

The dominant fatty acids in Tetraselmis suecica were linolenic acid 18:3n3 (LNA), 

linoleic acid 18:2n6 (LA), oleic acid 18:1n9 and palmitic acid 16:0. These fatty acids 

represented more than 60% of the total fatty acids.  The fatty acid composition of this strain 

of Tetraselmis suecica was found to be similar to literature values (Volkman et al. 1989; 

Zhukova and Aizdaicher 1995; Fábregas et al. 2001). Tetraselmis suecica samples tested also 

contained arachidonic acid 20:4n6 (ARA) and eicosapentaenoic acid 20:5n3 (EPA), but did 

not contain docosahexaenoic acid 22:6n3 (DHA).  

The dominant fatty acids in the formulated feed were the same as the live Tetraselmis. 

The main differences were the much higher proportions of 18:3n3 in the formulated feed 

(55%) in comparison to the live feed (20.6%). The higher amounts of 18:3n3 were 

responsible for the higher overall highly unsaturated fatty acids (HUFA’s) and omega-3  
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Table 2a:   Summary of Changes in Individual Fatty Acid Composition of Copepods Fed 
Formulated Feed and Tetraselmis.   

 
     Tetraselmis Treatments 

% of Total FA 
 

Formulated Feed Treatments 
% of Total FA 

Fatty Acid Tetraselmis Copepods Formulated Feed Copepods 

13:0 3.0 0.2C,F 0.2 1.0C 
14:0 0.9 0.5 0.5 1.5 
16:0 16.1 13.8 6.9 15.1F 
16:1n7 1.7 0.9 - 1.3 
16:1n13 T 1.2 1.7 0.8 3.8 
16:2n4 2.3 1.2 - 1.0 
16:4n3 2.4 0.1 0.1 0.1 
18:0 2.9 8.5F 4.1 9.2F 
18:1n9 10.6 14.8 16.9 15.5 
18:1n7 3.4 2.7 0.5 2.9F 
18:2n6 13.0 22.4 F 15.4 16.8 
18:3n3 20.6 6.2C,F 55.0 3.5C,F 
20:1n9 1.4 1.0 - 1.2 
20:2n6 0.1 0.5C - 1.4C 
20:4n6 0.6 0.7C 0.2 1.0C,F 
20:4n3 1.7 0.6 - 1.1 
20:5n3 4.5 2.1F 0.1 3.0F 
22:2n6 - 1.2 - 3.0 
22:4n6 1.0 0.4 - 1.1 
22:5n6 - 2.0 - 1.7 
22:5n3 0.9 0.7 - 1.0 
24:0 - 2.2 - 2.2 
22:6n3 - 8.2F 0.1 8.1F 
24:1n9 0.8 0.8 - 0.8 

 
For copepods, the percentages represent an average of the three replicates in each treatment. 
Each replicate was tested in duplicate. The food percentages are representative of two 
independently prepared samples in duplicate. Only those fatty acids that reached greater than 
1 % in either the feed or copepod compositions are shown.  
C – indicates a significant difference between the copepod populations (p<0.05, ANOVA). 
F – indicates a significant difference between the copepod populations and the corresponding 
feed (p<0.05, Student’s t-test).  
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Table 2b:   Summary of Changes in Combined Fatty Acid Composition of Copepods Fed 

Formulated Feed and Tetraselmis 
 
     Tetraselmis Treatments 

 
Formulated Feed Treatments 

 

FA Categories % of Total FA % of Total FA 

 Tetraselmis Copepods Formulated 
Feed Copepods 

Saturated FA 22.9 25.3 11.7 28.9 F 

Monoenic FA 19.0 21.9 18.2 25.6 F 

Dienic FA 15.6 25.2 F 15.4 22.2 F 

HUFA 31.6 21.1 F 55.5 20.5 F 

Omega 3 30.0 18.0 F 55.3 16.7 F 

Omega 6 14.7 27.2 F 15.6 25.0 F 
Omega 3  
without 18:3 

 
9.4 

 
11.7 

 
0.3 

 
13.2 F 

Omega 6 
without 18:2n6 

 
1.7 

 
4.8 F 

 
0.2 

 
8.2 C,F 

Ratios     

 Tetraselmis Copepods Formulated 
Feed Copepods 

Omega 3 to 18:3n3 0.5 1.9 0.01 3.8 

Omega 6 to 18:2n6 0.1 0.2 0.01 0.5 

Omega 3 to Omega 6 2.0 0.7 3.5 0.7 

DHA to EPA no DHA 3.9 1.0 2.7 
 
For copepods, the percentages represent an average of the three replicates in each treatment. 
Each replicate was tested in duplicate. The food percentages are representative of two 
independently prepared samples in duplicate. Only those fatty acids that reached greater than 
1 % in either the feed or copepod compositions are shown.  
C – indicates a significant difference between the copepod populations (p<0.05, ANOVA). 
F – indicates a significant difference between the copepod populations and the corresponding 
feed (p<0.05, Student’s t-test).  
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Figure 1: Natural log of population estimates made on Days 10, 24 and 31 for the copepods 
fed formulated feed (∆) and the copepods fed live Tetraselmis(○). Values represent an 
average of three replicates.  Error bars represent standard error. 
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Figure 2: A.) Length and (B.) width estimates for 30 adult copepods fed live Tetraselmis and 
formulated feed. Error bars represent variance.  
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content of the formulated feed in comparison to the live feed. The formulated feed also had 

higher amounts of 18:2n6 (15.4% vs. 13.0%) and oleic acid 18:1n9 (16.9% vs. 10.6%). The 

formulated feed had a lower proportion of saturated fatty acids than Tetraselmis. The 

formulated feed contained trace amounts of ARA (0.2%), EPA (0.1%) and DHA (0.1%), 

probably due to the fortified brewer’s yeast. Small amounts of these HUFA’s were found in a 

compositional analysis of the yeast alone (this study). Seventy-five percent of the yeast fatty 

acid composition consisted of saturated fatty acids (14:0, 16:0, and 18:0) and 

monounsaturated fatty acids (16:1n-13 trans, 18:1n9 and 20:1n9) (this study). 

The five dominant fatty acids in N. lacustris fed Tetraselmis and fed the formulated 

feed were the same: 18:2n-6, 18:1n-9, 16:0, 18:0, and 22:6n3. Copepods had much less 

18:3n-3 than the feeds provided. In contrast, copepods contained more 18:2 n-6 than the 

feeds provided. The amount of the most abundant saturated fatty acids (16:0 and 18:0) 

increased in both treatments in comparison to the feed. The EPA composition in the 

copepods fed the live algae was less than half of the composition of the algae. The EPA 

proportion of the copepods fed the formulated feed was more than thirty times greater than 

the feed. DHA, which was not detected in the Tetraselmis and was found only in trace 

amounts in the formulated feed (0.1%), was found in significantly higher amounts in the 

copepods fed Tetraselmis (8.2%) and the copepods fed the formulated feed (8.1%). 

Fatty acid composition by category varied little between copepod populations (Table 

2b and Figure 3a). Results for omega-3 FA’s without 18:3n3 and the omega-6 FA’s without 

18:2n6 were analyzed because linolenic acid 18:3n3 and linoleic acid 18:2n6 were such a 

large component of the omega-3 fatty acids and omega-6 fatty acids respectively (Table 2b 

and Figure 3a). Without linolenic acid, the proportion of the omega-3 fatty acids increased  
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omparison of fatty acid composition of feeds and copepod populations A.) 
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tty acids and omega-6 fatty acids without 18:2n6; B.) linoleic acid (LA, 18:2n6), 
id (LNA, 18:3n6), arachidonic acid (ARA, 20:4n6), eicosapentaenoic acid (EPA, 
 docosahexaenoic acid (DHA, 22:6n3).  Values assigned the same letter (a,b,c) 
nificantly different within that category. 
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significantly in copepods fed the formulated feed, while the proportions remained similar to 

the algae in copepods fed live Tetraselmis. The proportions of omega-6 fatty acids other than 

18:2n6 increased significantly from the feed levels to the tissue levels for both populations of 

copepods. 

The fatty acid composition of linoleic acid (18:2n6), linolenic acid (18:3n3), 

arachidonic acid (ARA, 20:4n6), eicosapentaenoic acid (EPA, 20:5n3) and docosahexaenoic 

acid (DHA, 22:6n3) differed between the copepods and the feeds (Figure 3b). The proportion 

of linoleic acid (LA) increased significantly from the live algae to the copepods fed the live 

algae. Copepods in both groups contain had significantly lower proportions of linolenic acid 

(LNA) than the feeds. 

Copepods fed the live algae had a marginally higher proportion of arachidonic acid 

(ARA) and a significantly lower proportion of eicosapentaenoic acid (EPA). In contrast, 

copepods fed formulated feed had significantly higher ARA and EPA. Both groups of 

copepods had significantly higher levels of docosahexaenoic acid (DHA) than their 

respective feeds. 

Comparisons between copepod populations and their diets yielded more significant 

differences in individual fatty acids than the comparison between the copepod populations. 

Three individual fatty acids were found to be significantly higher in copepods fed formulated 

feed than copepods fed live algae: 13:0, 20:2n6, and 20:4n6.  Copepods fed Tetraselmis had 

significantly higher amounts of 18:3n3.  

  Some lipids were not detected in feeds, but were detected in N. lacustris. In 

populations fed live Tetraselmis, copepods contained 22:2n6, 22:5n6, 22:6n3 and 24:0, while 

Tetraselmis did not. In the group fed formulated feed, copepods contained 16:1n7, 16:2n4, 
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20:1n9, 20:2n6, 20:4n3, 22:2n6, 22:4n6, 22:5n6, 22:5n3, 24:0 and 24:1n9 while formulated 

feed did not.  

Copepod compositions were significantly different from their feeds for almost all 

categories of fatty acids (Table 2a). The copepods fed the Tetraselmis had significantly less 

13:0, 18:3n3 and 20:5n3 and significantly more 18:0 and 18:2n6 than the Tetraselmis. The 

copepods fed the formulated feed had significantly less 18:3n3 and significantly more 16:0, 

18:0, 18:1n7, 20:4n6, 20:5n3 and 22:6n3 than the formulated feed.  

When the individual fatty acids were combined into general classifications, copepods 

fed Tetraselmis were significantly different than the feed except for saturated fatty acids, 

monounsaturated fatty acids and omega-3 fatty acids other than 18:3n3. Copepods fed 

formulated feed were significantly different in all categories.  As in the comparison of 

individual fatty acids, the composition of fatty acid classes was very similar for the two sets 

of copepods.  Between copepod populations, the only significant difference was that 

copepods fed formulated feed had a higher amount of omega-6 fatty acids when 18:2n6 is not 

included. 

Population Growth and Size Results 

No significant difference was detected between treatments for the natural log of the 

population or the intrinsic growth rates on Days 10, 24 and 31 (Figure 1, Table 3). Copepods 

fed formulated feed had a final growth rate of 7.5 % and copepods fed live algae had a final 

growth rate of 6.3 %. Copepod density at the end of the experiment reached an average value 

of 21,600 copepods L-1 for the formulated feed treatments and 15,400 copepods L-1 for the 

live algae treatments.  No significant difference was detected between treatment in the length 

(527 µm) or width (154 µm) of nonovigerous adult copepods (Figure 2).  
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Table 3: Population Estimates and Intrinsic Growth Rates. Intrinsic growth rates were 
calculated using equation (1).  No significant difference was found between 
treatments on any sampling days for the natural log of the population estimate or 
intrinsic growth rate. 
 
 
Feed Day Population Estimate 

(All Life Stages) 
Natural Log (Ln) 

of Population 
Estimate 

Intrinsic 
Growth Rate 

(r) 
    
0 23317 10.057 - 
10 109404 11.603 0.1546 
24 90240 11.410 0.0564 

Tetraselmis 
suecica 

31 154228 11.946 0.0609 
    
0 23046 10.045 - 
10 66533 11.105 0.1060 
24 97655 11.489 0.0602 

Formulated 
Feed 

31 215529 12.281 0.0721 
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DISCUSSION 

The harpacticoid copepod Nitokra lacustris did not differ in population growth rate, 

size of adults, or fatty acid composition when fed formulated feed instead of live algae. Other 

harpacticoid copepod species have demonstrated a similar adaptability to algal and yeast 

diets that contain little or no eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

(Watanabe et al. 1978, Miliou and Moraitou-Apostolopoulou 1991, Norsker and Støttrup 

1994, Carli et al. 1995,  Nanton and Castell 1998). This suggests that N. lacustris and the 

other harpacticoid copepods contain the ∆-5, ∆-6 desaturase and elongase enzymes necessary 

for the conversion of the shorter chain linolenic acid (18:3n3) to the essential fatty acids EPA 

(20:5n3) and DHA (22:6n3) (Norsker and Støttrup 1994; Støttrup 2000). The same enzymes 

are used in the conversion of linoleic acid (18:2n6) to arachidonic acid (ARA, 20:4n6) 

(O’Keefe 2002).   

Evidence of this bioconversion capability in Nitokra lacustris can be found in the 

difference between the relative fatty acid profiles of the feeds and copepod tissues. In both 

treatments, copepods fed diets high in 18:3n3 (20.6% in Tetraselmis and 55.0% in the 

formulated feed) had low 18:3n3 compositions; 6.2% for copepods Tetraselmis and 3.5% for 

copepods fed formulated feed. However, both sets of copepods had a higher ratio of other 

omega-3 fatty acids to 18:3n3 than their diets.  Copepod populations fed Tetraselmis, which 

has a 0.5:1 ratio of other omega-3’s to 18:3n3, had a final ratio of 1.9:1. Likewise, copepods 

fed formulated feed, which contained more than 99% of its omega-3 fatty acids in the form 

of 18:3n3, had a final lipid composition ratio of other omega-3 fatty acids to 18:3n3 of 3.8:1.  

The concurrent reduction in dietary 18:3n3 fatty acid proportion and increase in the 

proportion of other omega-3 fatty acids suggested a conversion from 18:3n3 to other omega-
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3 fatty acids. However, adding excessive amounts of 18:3n3, as in the formulated diet, did 

not appear to dramatically increase the overall conversion of omega-3’s as reflected by the 

similarity of the copepod populations’ final composition of omega-3’s other than 18:3n3; 

11.7 % for copepods fed Tetraselmis and 13.2% for copepods fed formulated feed. 

Additional 18:3n3 in the diet may have increased the accumulation of EPA. The amount of 

EPA in copepods fed formulated feed represented a thirty-fold increase from the proportion 

in the feed, while EPA in copepods fed the live Tetraselmis was reduced by more than half 

from the proportion in the feed. It may also be possible that the excess dietary 18:3n3 in the 

formulated feed may be channeled into saturated fatty acids and monoenes, which increased 

more in the case of copepods fed formulated feed than in copepods fed live Tetraselmis.  The 

excess amounts of saturated fatty acids and monoenes may reduce the nutritional value of the 

copepods for fish that require higher percentages of HUFA’s. 

The relative proportions of linoleic acid (18:2n6) and the other omega-6 fatty acids 

increased in relation to diet for both treatments. However, this increase in omega-6 was not 

accompanied by a dramatic reduction in linoleic acid as was seen in the case of linolenic acid. 

The five-fold increase of arachidonic acid (20:4n6) in copepods fed formulated feed, which 

had very low amounts of this particular omega-6 FA (0.2%), may be evidence for the 

conversion of linoleic acid into other omega-6 fatty acids. The chain of conversion from 

linoleic to arachidonic acid shares the same enzymes as the conversion pathway from 

linolenic acid to docosahexaenoic acid (O’Keefe 2002). Based on the small increase in the 

ratio of other omega-6 fatty acids to linoleic acid from feed to copepod, this conversion 

pathway may not be as active as the omega-3 conversion. Because both conversion pathways 

share the same pathways, competitive inhibition from the omega-3 conversion may limit the 
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amount of omega-6 conversion (Okuyama et al. 1996). The effect of formulated feed on 

population growth and size of N. lacustris also indicated that a similar quantity and quality of 

copepods can be produced in the same amount of time as traditional methods using live algae. 

The intrinsic rate of growth of N. lacustris populations fed formulated feed consistently met 

or exceeded populations fed live T. suecica. Supporting this result was the observation that N. 

lacustris cultures in our laboratory have been maintained solely on formulated feed for the 

last two years.  The size of the animals, which needs to be small enough to be captured by the 

fish larvae, was not altered by the formulated diet.  

The ability to convert shorter chain omega-3 and omega-6 FA’s into HUFA’s has 

been found in other harpacticoid copepods fed algal diets and yeast deficient in HUFA’s. 

Tisbe holothuriae and another Tisbe from Nova Scotia have been shown to synthesize 

significant amounts of 20:5n-3 (6%) and 22:6n-3 (12%) when fed D. tertiolecta, which is 

HUFA limited, but contains large amounts of the precursor 18:3n-3 (Norsker and Støttrup 

1994; Nanton and Castell 1998). This suggest that Tisbe sp. contains the ∆-5, ∆-6 desaturase 

and elongase enzymes necessary for the conversion of shorter chain n-3 polyunsaturated fatty 

acids to the essential fatty acids DHA and EPA (Norsker and Støttrup 1994; Nanton and 

Castell 1998). No significant difference in egg production was found when Tisbe sp. was 

switched to a diet of HUFA-rich Rhodomonas baltica (Nanton and Castell 1998). Watanabe 

et al. (1978) found that Tigriopus sp. , another harpacticoid species, contained high levels of 

n-3 HUFA (12% DHA and 7% EPA) in its lipids even when fed with baker’s yeast, a diet 

deficient in HUFA’s.  Based on the results of this experiment, Nitokra lacustris exhibits the 

same bioconversion capability as other species of marine harpacticoid copepod. 
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Fish larvae require live feeds that contain high levels of essential fatty acids such as 

EPA and DHA (Watanabe 1982). The yolks of wild marine larvae contain a DHA:EPA ratio 

of about 2.0, which may suggest a requirement for high levels of DHA:EPA in first-feeding 

larvae. (Parrish et al. 1994).  Increasing the ratio of DHA to EPA improves the survival of 

marine fish larvae (Bell et al. 1985). Watanabe (1993) found that increasing the ratio of 

DHA:EPA increased the survival of marine fish larvae for yellowtail Seriola quinqueradiata, 

striped jack Pseudocaranx dentex, striped knifejaw Oplegnathus fasciatus, red sea bream 

Pagrus major and Japanese flounder Paralichthys olivaceous. Increasing the ratio of DHA to 

EPA from 0.1 to 0.5 in enriched Artemia fed to turbot larvae significantly increased their 

survival (Bell et al. 1985).  

Nitokra lacustris exceeded the target DHA:EPA ratio of 2:0 on both diets. Copepods 

fed live algae had a DHA:EPA ratio of 3.9:1 while copepods fed formulated feed had a ratio 

of 2.7:1. The higher ratio in copepods fed live algae was most likely due to the reduced 

amount of EPA. If a ratio of DHA to EPA greater than 2.0 and an absolute amount of EPA 

greater than 3% of the total fatty acids were the determining factors for a successful live fish 

food, copepods fed formulated feed would be a slight improvement over copepods fed live 

algae. More importantly, there was no loss of fatty acid quality when N. lacustris were 

switched from live algae to formulated feed. 

Artemia and rotifers, which are the more common live food organisms for marine fish 

culture, have little or no ability to bioconvert shorter chain n-3 polyunsaturated fatty acids 

(PUFA) into longer chain highly unsaturated fatty acids (HUFA) 20:5n-3 (EPA) and 22:6n-3 

(DHA)  (Lubzens et al. 1985; Howell and Tzoumas 1991; Smith et al. 2002). Artemia may 

even retroconvert DHA obtained through enrichment into EPA (Navarro et al. 1999). 
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Copepods have higher amounts of HUFA and DHA than enriched Artemia (Norsker and 

Støttrup 1994; Støttrup et al. 1998; Shields et al. 1999).  

Calanoid copepods, another live food alternative for marine fish larvae, may have 

limited bioconversion capabilities when fed algae deficient in HUFA’s (Sargent and 

Henderson 1986; Fraser et al. 1989).  Calanoid copepods may contain the ∆-5 desaturase and 

elongase enzymes necessary for the conversion of 18:3n3 to 20:5n3, but not the ∆-6 

desaturase enzyme necessary for the final conversion of 20:5n3 to 22:6n3 (Sargent and 

Henderson 1986; Fraser et al. 1989). The population growth rate of calanoid copepods may 

also be affected by a diet deficient in HUFAs, via impacts on reproduction (Støttrup and 

Jensen 1990; Jonasdottir et al. 1995). Calanoid copepods may have to incorporate the n-3 

HUFA directly from their phytopolankton diet (Fraser et al. 1989; Støttrup and Jensen 1990). 

Benthic harpacticoid copepods do not require microalgae with HUFA to maintain a normal 

reproduction rate or a high DHA:EPA ratio (Norsker and Støttrup 1994; Nanton and Castell 

1998). Therefore, the use of harpacticoid copepods for culture may be more efficient that 

calanoid copepods, Artemia and rotifers, which all require DHA enrichment to maintain a 

favorable DHA:EPA ratio for marine fish larvae.  

The methods presented in this paper may provide the framework for further 

investigations into other harpacticoid copepod species. In order to adapt any copepod species 

to aquaculture, it will be necessary to understand the intrinsic growth rate of the populations 

and the conditions under which the species will thrive. This will allow for adequate planning 

of time and resources to reach the desired yield of copepods in the hatchery. It has been 

shown that even a short-term replacement or supplementation with copepods can have a 

beneficial effect on fish development. For example, typical defects in Atlantic halibut can be 
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avoided by feeding copepods during a critical window of time from two to three weeks after 

first feeding (Næss and Lie 1998).  

The use of formulated feed to grow Nitokra lacustris is an excellent model of 

production for harpacticoid copepods in hatcheries. The flatfish aquaculture industry has 

made the most use of harpacticoid copepods to date, in the culture of turbot and halibut and 

other similar species (Heath and Moore 1997; Nanton and Castell 1998; Støttrup 2000; Cutts 

2003). However, other fish species may benefit from the use of harpacticoid copepods that 

have these favorable ratios of DHA to EPA. In order to improve the ability to use any live 

feed, it must be predictable and provide a consistent nutritional quality of food.  

Many of the problems with rotifers and Artemia relate to the difficulty in transferring 

these essential fatty acids to the fish through the enrichment of the live feeds (Sorgeloos et al. 

2001; Dhert et al. 2001; Smith et al. 2002). These enrichments are costly, have a short shelf-

life, and often use marine fish oil as a main ingredient. In overall aquaculture production, not 

just larval rearing, aquafeeds may utilize more than 40% of the current supply of fish oil 

(New and Wijkstrom 2002). As fisheries stocks decline, and the price for marine fish oil 

increases, alternative HUFA resources will be needed.   The use of harpacticoid copepods, 

which produce a consistent lipid profile whether fed vegetable oil or live algae, may help 

obviate the use of marine fish oil in the aquaculture industry by providing a predictable and 

high quality supply of live feeds which already contain the highly unsaturated fatty acids 

EPA and DHA. 
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CHAPTER V:  DIETARY EFFECTS ON CAROTENOID COMPOSITION IN 
NITOKRA LACUSTRIS 

 
ABSTRACT 

Nitokra lacustris, a euryhaline harpacticoid copepod, can be reared to high densities 

using algae or formulated feeds.  Using reverse phase high performance liquid 

chromatography (HPLC), a detailed analysis of Nitokra lacustris fed two diets; live algae 

Tetraselmis suecida or a formulated feed containing vegetable sources of carotenoids 

revealed that adult copepods fed the formulated feed contained significantly higher levels of 

free astaxanthin.  Astaxanthin content for adult copepods varied with the feed and ranged 

from 46 to 708 µg astaxanthin gm-1 dry weight.  Overall copepod carotenoid composition 

also varied with diet.  The presence of certain carotenoid pigments and the absence of others 

suggest that the β-carotene→ zeaxanthin→ β-doradexanthin (adonixanthin) → astaxanthin 

pathway of conversion is more likely to be utilized than the β-carotene→ echninenone→ 

canthaxanthin→ astaxanthin pathway elucidated for other crustaceans.  This implies that 

copepod feeds containing higher amounts of β-carotene and zeaxanthin would be more likely 

to produce high levels of astaxanthin in the copepods. 
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INTRODUCTION 

Nitokra lacustris, a euryhaline harpacticoid copepod, is a potential new live feed 

organism for marine fish larvae.  N. lacustris has a striking orange coloration which can be 

observed easily through a microscope, suggesting that it contains the orange and yellow 

ketocarotenoids astaxanthin and canthaxanthin that are found in other crustaceans and 

copepods.  Some commercially valuable marine fish (e.g. sea bream) cannot synthesize these 

essential ketocarotenoids from other carotenoids, so they must acquire them directly from 

their diet (Katayama et al. 1972c, Torrissen and Christiansen 1995).  Current sources of 

dietary astaxanthin and canthaxanthin for the aquaculture industry are shrimp and crab shell 

waste (Healy 1994), algal cultures (Lorentz and Cyseweski 2000), yeast fermentation 

(Jacobson et al. 2000) and chemical synthesis (Ernst 2002).  N. lacustris is a promising new 

source of ketocarotenoids for aquaculture feeds.   

An evaluation of the natural carotenoid content of this live feed will determine 

whether it will meet the nutritional demands of fish and shrimp without further 

supplementation.  Crustaceans cannot synthesize astaxanthin de novo.  However, dietary 

carotenoids from algal sources are converted to astaxanthin and are deposited in several parts 

of the body (Ghidalia et al. 1985). Carotenoids may be stored in the free form, esterified, or 

attached to carotenoproteins such as those responsible for the bluish color of some crabs and 

lobsters.  The astaxanthin associated with the carotenoprotein crustacyanin in lobster 

carapaces is released by the heat of boiling and turns lobsters from their bluish hue to a 

distinctive reddish color (Cianci et al. 2002).  Copepods also contain astaxanthin as a 

dominant pigment in their body tissues (Hairston 1976; Goodwin 1984; Juhl et al. 1996).   
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Several pathways of astaxanthin synthesis have been suggested for crustaceans 

(Bandaranayake and Gentien 1982, Goodwin 1984, Berticat et al. 2000) and fish (Katayama 

et al. 1970, Hsu et al. 1972, Hata and Hata 1972).  The metabolic pathway for the conversion 

of β-carotene to astaxanthin that is found in most crustaceans relies on the intermediates 

echininone and canthaxanthin (Goodwin 1984).  However, these intermediates are rarely 

observed in copepods (Goodwin 1984).  Bandaranayake and Gentien (1982) found 

canthaxanthin in the tropical reef copepod Euchaeta russelli.  More recently, canthaxanthin 

and the intermediate 4’-hydroxyechinenone have been reported in the cylopoid copepod 

Cyclops kolensis Lilljeborg (Czeczuga et al. 2000).  Canthaxanthin has been found in the 

calanoid copepod Acartia bifilosa (Lotocka and Styczynska-Jurewicz 2001).  The analysis of 

pigments undertaken in this study allows for further examination of pathways utilized by the 

copepod N. lacustris for the biosynthesis of astaxanthin from dietary carotenoids. 

 This study determines the general pigment composition of the harpacticoid copepod 

Nitokra lacustris fed a natural algal diet versus copepods fed a formulated diet composed of 

flax seed oil, yeast, vitamin C, vitamin B complex and a vegetable juice.  This diet has been 

successfully used to rear N. lacustris in captivity for extended periods (Rhodes 2003).  Both 

diets are known to contain the carotenoids that can be converted to astaxanthin (e.g. 

zeaxanthin and β- carotene).  The study utilized two different methods of reverse phase high 

performance liquid chromatography (HPLC) to conduct the qualitative and quantitative 

analyses or the pigments contained in copepods fed live feed and formulated feed.  

MATERIALS AND METHODS 

N. lacustris has been reared in the laboratory for three years on two main diets: 

Tetraselmis suecica or a formulated feed (Chapter IV this study).  Tetraselmis suecica in 
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culture with the copepod appears to regenerate faster than the grazing rate of the copepods, 

so it is a useful algal species to use with this particular copepod.  No significant differences 

in population growth rates, size of animals, or fatty acid composition have been documented 

between the populations fed the two different feeds.  Further details on the culture techniques 

for this particular copepod can be found in Rhodes (2003).  

  The difference in the quantity of astaxanthin between copepod populations fed the 

two diets was measured using an isocratic HPLC procedure.  Copepods were reared in six 

trays under identical conditions (27 ppt, 20 degrees C, 12 hours fluorescent light:12 hours 

dark).  Three trays were fed the algae and three were fed the formulated fed.  The cultures 

were reared for 10 days and terminated by harvesting all adult copepods through a 105 um 

mesh and starved for 24 hours in fresh seawater to allow them to void enteric contents.  

Duplicate samples for each replicate were counted and rinsed with deionized water to remove 

excess salt before filtration onto a glass fiber filter (GF/C, Fisherbrand). As the copepods 

were killed by the filtration process, all procedures from this point forward were conducted 

under yellow light to prevent pigment destruction.  Filtered samples were lyophilized at -70o 

C for 36 hours (Model # 6201-3218; The Virtis Company, Inc., Gardiner, NY).   

Lyophilized samples were extracted in 10 ml of 100% HPLC-grade acetone in a glass 

tissue homogenizer tube kept on ice, flushed with nitrogen and set aside for 0.5 hour in the 

dark at -20 degrees C.  Samples were centrifuged for 5 minutes at 1000 rpm.  All supernatant 

was collected and the pellet was extracted two more times.  Collected supernatant was 

evaporated under a nitrogen flush in the dark, weighed and reconstituted in the injection 

solvent (60% THF, 40% methanol).  Samples were injected with a Waters U6K loop injector 

(Waters, Massachusetts) into a 3.5 um Waters Symmetry C18 ( 4.6 x 150 mm) column with a 
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flow rate of 1.4 ml/minute controlled by a Waters Model 510 pump. The isocratic mobile 

phase was made up of acetonitrile-methanol-chloroform (100:20:5, v/v/v) and the ultraviolet 

visible detector (Spectroflow 757; Kratos Instruments, New York) was set at 474 nm.  

Astaxanthin peaks were identified by comparison to an astaxanthin standard (Sigma A9335).  

The standard was prepared under yellow fluorescent lighting and injected on the same day as 

the samples.  All samples were run on the same day. 

Astaxanthin was quantified using an external standard curve plotting astaxanthin peak 

area versus micrograms mL-1 of astaxanthin injected into the HPLC.  Peak areas for each the 

cis- and trans- astaxanthin isomers were compared to a standard curve developed using an 

astaxanthin standard prepared from crystallized astaxanthin (Sigma A 9335).  The standard 

curve was prepared by serial dilution of the stock solution (500 µg ml-1) to final 

concentrations of 100 µg mL-1, 50 µg mL-1, 25 µg mL-1, 10 µg mL-1 and 5 µg mL-1.  Areas 

under the peaks that correlated to cis-astaxanthin and trans-astaxanthin were compared to the 

standard curve to determine the concentration of astaxanthin in µg mL-1. Relative amounts of 

carotenoid to lipid were compared between treatments by analysis of variance (ANOVA).  

Proportions of trans-astaxanthin to total free astaxanthin were arcsin transformed before 

comparison by ANOVA.  

Peaks identities from the first HPLC analysis were confirmed using the proprietary 

techniques of Craft Technologies.  In brief, this technique involved HPLC on a 5 um C30 

Column (YMC carotenoid column 25cm x 4.6 mm, 5 um diameter; YMC, Wilmington, NC) 

using HPLC-grade solvents and a linear tertiary gradient system (100% isopropyl alcohol: 

1N Methanol with 0.15 mM ammonium acetate: 100 % tetrahydrofurene (THF)) at a flow 

rate of 1 ml/minute.  Pigments were quantified at 450 nm and spectrally characterized on a 
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Waters 991 M photodiode array detector system (Waters; Milford, MA) which recorded 

spectra at 5 nm intervals (Millenium Software) at a rate of 300 spectra per minute.  Data were 

downloaded and analyzed using Microsoft Excel 97 software (Microsoft, Redmond, WA).   

For the second HPLC process, a representative sample of approximately five 

thousand N. lacustris adults each from a culture fed live Tetraselmis and a culture fed the 

formulated feed were collected, filtered and lyophilized in the same manner as described 

previously.   Pigments were collected from lyophilized samples by placing the filters 

containing the animals in 5 ml tetrahydrofuran (THF) and sonicating for 5 minutes (Machine, 

Location).  After centrifugation at 1000 RPM for 5 minutes at 4 degrees C, the supernatant 

was drawn off.  One mL of supernatant was evaporated under a nitrogen flush in the dark and 

reconstituted in a 200 µl mixture of 1:4 ethyl acetate: ethanol for HPLC injection. 

Peaks were identified at Craft Technologies by comparison to the spectra and 

retention times of other trials for carotenoids run under the same conditions using a standard 

mix containing lutein, lycopene, β-cryptoxanthin, α-carotene and β-carotene, β-carotene 

isomers, as well as a control mixture prepared from sea cucumber.  These peak 

identifications were confirmed by comparison to published absorption spectra from various 

sources (Britton 1995, Canjura 1990, Ston and Kosakowska 2002, Berticat et al 2000, 

Hyvarinen and Hynninen 1999, Nelis and De Leenheer 1988,Yuan and Chen 1997).  Most 

peaks could be identified with confidence to specific classes of compounds (e.g. 

ketocarotenoid, carotenoid and chlorophyll a or b).  Relative amounts of carotenoids were 

quantified by dividing peak area at 450 nm by the relative response factors for each type of 

carotenoid (Britton 1995).  The response factors were provided by Craft Technology for their 

system. 
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The variation in peak sizes corresponds with the separation of carotenoids and 

chlorophylls (Figures 1 through 4).  Peaks that are larger at 470 nm tend to be the carotenoids 

and peaks that are larger at 440 nm tend to be the chlorophylls.  Peaks that were definitively 

identified based on retention time and absorbance spectra as carotenoids are numbered.  

Peaks that are identified as chlorophylls are lettered.  Peaks that represent the same 

compound are given the same number or letter on all chromatograms. 

RESULTS 

The separation peaks at 440 nm and 470 nm for copepods fed the live alga 

Tetraselmis (Figures 1 and 2) differed from the separation peaks at 440 nm and 470 nm for 

copepods fed the formulated feed (Figures 3 and 4).  Both copepod populations contained 

astaxanthin as well as several carotenoid and chlorophyll pigments (Figures 1 to 4, Table 1).  

Copepods fed the two diets had pigment compositions that reflected the diet (Table 2).  Both 

sets of copepods contained antheraxanthin, β -carotene and chlorophylls A and B. Copepods 

fed the live alga contained the unique pigments violaxanthin, lutein, zeaxanthin, 

chlorophyllide B, and pheophytin B (Figures 1 and 2).  Only copepods fed the formulated 

diet which contained vegetable juice processed from tomatoes, carrots, and spinach among 

others contained lycopene, cis-lycopene, chlorophyllide A and chlorophyll B (Figure 3 and 4).   

A single peak was identified as unesterified astaxanthin (Peak 5) in both sets of 

animals based on its retention time and absorption spectra (Figures 1-4).  Two distinct 

spectra corresponding to cis- and trans- astaxanthin co-eluted in this single peak.  Other 

peaks were found at other times with similar absorption spectra, which correspond to 

astaxanthin esters and isomers (Yuan and Chen 1998).  One spectrum (Peak 2) was similar to 

the intermediate compound β-doradexanthin (adonixanthin) found when zeaxanthin is  
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Fig
ure 1.  Retention time and absorbance at 440 nm for copepods fed the live alga Tetraselmis 
suecica.  All peak identifications are provided in Table 1.  Peaks identified as carotenoids are 
numbered.  Peaks identified as chlorophylls are lettered.  Peaks that represent the same 
compounds are given the same number or letter on all figures.  
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Figure 2.  Retention time and absorbance at 470 nm for copepods fed the live alga 
Tetraselmis suecica.  All peak identifications are provided in Table 1.  Peaks identified as 
carotenoids are numbered.  Peaks identified as chlorophylls are lettered.  Peaks that represent 
the same compounds are given the same number or letter on all figures. 
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Figure 3.  Retention time and absorbance at 440 nm for copepods fed the formulated feed.  
All peak identifications are provided in Table 1.  Peaks identified as carotenoids are 
numbered.  Peaks identified as chlorophylls are lettered.  Peaks that represent the same 
compounds are given the same number or letter on all figures.  Inset provided to scale peaks 
2 and k. 
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Figure 4.  Retention time and absorbance at 470 nm for copepods fed the formulated feed.  
All peak identifications are provided in Table 1.  Peaks identified as carotenoids are 
numbered.  Peaks identified as chlorophylls are lettered.  Peaks that represent the same 
compounds are given the same number or letter on all figures.  Inset provided to scale peak 2. 
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Table 1:  Retention Times, Absorption Maxima and Absorption Spectra of N. lacustris 
Populations Fed Live Tetraselmis and Formulated Feed 
 

 
Peak ID 

Retention Time 
 

Absorption Maxima 

 
Absorption Spectra 

 
 
a 

3.21 
 

340 
Unknown 

 
340

300 375 450 525 600 675

Live Alga

 
 
 

b 

3.28 
 

400  660 
Unknown chlorophyll 

400

660

300 375 450 525 600 675

Formulated Feed

 
 
 
c 

3.85 
 

325  430  665 
Unknown chlorophyll 

430
665

325

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 
 
1 

4.49 
 

450 (470) 
 

Unknown ketocarotenoid

470450

300 375 450 525 600 675

Live Alga

 
 
 

d 

4.54 
 

330 440 630 
 

Unknown chlorophyll 630330

440

300 375 450 525 600 675

Formulated Feed

 
 
 
2 

5.19 
 

450  475 
 

ββββ-doradexanthin 
(adonixanthin)? 4 

450
470

300 375 450 525 600 675

Formulated Feed
Live Alga
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Table 1 (continued) 
 

Peak ID 
Retention Time 

 
Absorption Maxima 

 
Absorption Spectra 

 
 
3 

5.50 
 

430  455  485 
 

Violaxanthin 1 

455

430

485

300 375 450 525 600 675

Live Alga

 
 
4 

5.91 
 

425  450  475 
 

Lutein-like 1 

475
425

450

300 375 450 525 600 675

Live Alga

 
 
 
5 

5.91 
 

330 440  465 
 

Cis-ketocartonoid 

465
440

330

300 375 450 525 600 675

Formulated Feed

 
 
 
6 

6.39 
 

Unknown Carotenoid 
 

440

475

300 375 450 525 600 675

Formulated Feed

 
 
 
7 

6.85 
 

Unknown Cis-
Carotenoid 400

500

300 375 450 525 600 675

Live Alga

 
 
8 

7.09 
 

445  465 
 

Unknown ketocarotenoid

465445

300 375 450 525 600 675

Formulated Feed
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Table 1 (continued) 
 

Peak ID 
Retention Time 

 
Absorption Maxima 

 
Absorption Spectra 

 
 
e 

7.92 
 

410 (495) (535) (610) 660 
 

Pheophorbide a 2 
495

410

660

610535

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 
 
9 

8.43 
 

450  475 
 

Unknown carotenoid 

475450

300 375 450 525 600 675

Live Alga

 
 

10 

8.8 
 

475 
 

Cis-Astaxanthin  7 

475

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 

11 

8.92 
 

475 
 

Trans-Astaxanthin  1,7 

475

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 

12 

9.62 
 

415 445  475 
 

Antheraxanthin 1 

475445

415

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 
 
f 

9.95 
 

430  (610)  660 
 

Chlorophyllide a 2 610

660
430

300 375 450 525 600 675

Formulated Feed
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Table 1 (Continued) 
 

Peak ID 
Retention Time 

 
Absorption Maxima 

 
Absorption Spectra 

 
 

13 

10.11 
 

420  445  475 
 

Lutein 1 

420

445 475

300 375 450 525 600 675

Live Alga

 
 
 
g 

10.42 
 

470  650 
 

Chlorophyllide b 2 650

475

300 375 450 525 600 675

Live Alga

 
 
 

h 

10.53 
 

445 (580)  630 
 

Chlorophyll b allomer? 5 580
630

445

300 375 450 525 600 675

Formulated Feed

 
 
 

14 

10.88 
 

420 445  475 
 

Unknown carotenoid 

420
445 475

300 375 450 525 600 675

Live Alga

 
 
 
i 

11.3 
 

470  650 
Unknown chlorophyll  

470

650

300 375 450 525 600 675

Live Alga

 
 
 

15 

12.62 
 

420  450  470 
 

Zeaxanthin 1 

450

420

470

300 375 450 525 600 675

Live Alga
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Table 1 (Continued) 
 

Peak ID 
Retention Time 

 
Absorption Maxima 

 
Absorption Spectra 

 
 
j 

13.33 
 

450  585  635 
 

Chlorophyll b 3  

450

635585

300 375 450 525 600 675

Formulated Feed

 
 
 

k 

14.06 
 

430  (615)  660 
 

Chlorophyll a 2 
 

660430

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 
 
l 

15.51 
 

430  (615)  660 
 

Chlorophyll a allomer?  

430 660

615

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 
 

16 

17.51 
 

475 
 

Unknown carotenoid 
 

475

300 375 450 525 600 675

Live Alga

 
 

m 

20.94 
 

415 (480) (520) (610) 660 
 

Pyropheophorbide a 2 530 610

660
480

415

300 375 450 525 600 675

Formulated Feed

 
 
 

n 

21.06 
 

475  665 
 

Coelution of chlorophyll 
and astaxanthin ester 

665

475

300 375 450 525 600 675

Live Alga

 
 



 122

Table 1 (Continued) 
 

Peak ID 
Retention Time 

 
Absorption Maxima 

 
Absorption Spectra 

 
 

17 

21.92 
 

475 
 

Astaxanthin ester 7 

475

300 375 450 525 600 675

Live Alga

 
 
 

18 

23.63 
 

415  440  470 
 

ε,ε carotene? 1 

415

440 470

665

300 375 450 525 600 675

Formulated Feed

 
 
 
o 

25.84 
 

435  (525)  (600)  650 
 

Pheophorbide b 2 525 600
650

435

300 375 450 525 600 675

Live Alga

 
 

19 

26.39 
 

445  475 
β,ε carotene 1 
(α carotene) 

475
445

300 375 450 525 600 675

Live Alga

 
 
 

p 
 
 

 

27.95 
 

410 (495) (535) (610) 660 
 

Pheophytin a 2 495

410

660

610535

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 
 

20 

29.12 
 

430,455,480 
 

β,β carotene 1 
(β carotene) 

425
480455

300 375 450 525 600 675

Formulated Feed
Live Alga
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Table 1 (continued) 
 

Peak ID 
Retention Time 

 
Absorption Maxima 

 
Absorption Spectra 

 
 

21 

29.88 
 

425  445  475 
 

9-cis β carotene? 

420

445
475

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 

22 

31.47 
 

470 
 

Astaxanthin ester 7 

475

300 375 450 525 600 675

Live Alga

 
 

q 
 

33.16 
 

440  655 
 

Phaeophytin b 2  655

440

300 375 450 525 600 675

Live Alga

 
 
r 

34.60 
 

410 (505) (535) (610) 665 
 

Pyropheophytin a 2 
 

535 610505

665

410

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 

23 

36.95 
 

475 
 

Astaxanthin ester? 7 
 

475

300 375 450 525 600 675

Live Alga

 
 
 

24 

38.82 
 

(365)   445  470  500 
 

Cis-Lycopene 1 365

500470

445

300 375 450 525 600 675

Formulated Feed
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Table 1 (continued) 
 

Peak ID 
Retention Time 

 
Absorption Maxima 

 
Absorption Spectra 

 
 

25 

40.15 
 

485 
 

Astacene? 6 

485

300 375 450 525 600 675

Formulated Feed
Live Alga

 
 

26 

41.88 
 

450  475  505 
 

Lycopene 1 

475
505

450

300 375 450 525 600 675

Formulated Feed

 
Absorption spectra were compared to values reported by the literature to confirm identity:  1.) 
Britton 1995, 2.) Canjura 1990, 3.) Ston and Kosakowska 2002,4.) Berticat et al 2000, 5.) 
Hyvarinen and Hynninen 1999, 6.) Nelis and De Leenheer 1988, 7.) Yuan and Chen 1997 
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Table 2:  Carotenoid Content of Two Populations of Copepods As Percentage of Total 
Carotenoid Content 

Peak 
Number 

Retention 
Time 

Identification Copepods Fed 
Live Tetraselmis 
(% of Identified 

Carotenoids) 

Copepods Fed 
Formulated Feed 
(% of Identified 

Carotenoids) 
1 4.49 Unknown ketocarotenoid 2.82 - 
2 5.19 β-doradexanthin 

(adonixanthin)? 
13.47 66.94 

3 5.5 Violaxanthin 0.35 - 
4 5.91 Lutein-like 2.32 - 
5 5.91 Cis-ketocarotenoid - 10.23 
6 6.39 Unknown carotenoid - 0.47 
7 6.85 Unknown cis-carotenoid 7.25 - 
8 7.09 Unknown ketocarotenoid - 4.28 
9 8.43 Unknown carotenoid 1.70 - 

10 and 11 8.8, 8.92 Cis- and Trans- 
Astaxanthin (coeluted) 

24.82 2.65 

12 9.62 Antheraxanthin 1.19 6.30 
13 10.11 Lutein 7.80 - 
14 10.88 Unknown carotenoid 2.81 - 
15 12.62 Zeaxanthin 0.65 - 
16 17.51 Unknown carotenoid 5.32 - 
17 21.92 Astaxanthin ester? 3.61 - 
18 23.63 ε,ε-carotene? - 0.27 
19 26.39 β,ε-carotene (α carotene) 4.78 - 
20 29.12 β,β-carotene (β carotene) 2.26 4.14 
21 29.88 9-cis β-carotene? 2.10 1.11 
22 31.47 Astaxanthin ester? 2.82 - 
23 36.95 Astaxanthin ester? 2.90 - 
24 38.82 Cis-Lycopene - 1.09 
25 40.15 Astacene-like? 11.03 0.50 
26 41.88 Lycopene - 2.01 
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converted to astaxanthin in the crayfish Astacus leptodactylus (Berticat et al. 2000).  

Canthaxanthin or echinenone were not detected, based on elution time and absorption spectra. 

Quantification of Astaxanthin in Six Copepod Populations Fed Live or Formulated Feed 

Cis-astaxanthin and trans-astaxanthin could be separated using the C18 column from 

the isocratic HPLC process.  All sample concentrations fell within this standard curve (Figure 

5).  Because the concentration of lipid was known for all samples, these amounts were 

converted into astaxanthin (µg) per amount of lipid (mg -1).  In all cases, the tanks fed the 

formulated feed had a significantly higher level of trans- and cis- astaxanthin, as well as a 

higher percentage of trans-astaxanthin (p<0.05) (Figure 6). 

Given that the estimated amount of lipid per adult copepod was 0.44 µg lipid 

individual -1 (n= 29 extractions of adult copepods) and that the dry weight was approximately 

4.9 µg individual -1 (n= 51 lyophylizations of adult copepods), the relative amounts of 

astaxanthin the copepods ranged from 0.23 to 3.5 ng astaxanthin individual -1 and 46 to 708 

µg astaxanthin g -1 dry weight.   

DISCUSSION 

N. lacustris contained many of the same pigments as other copepods (Buffan-Dubau 

et al. 1996; Andersson et al. 2003; Czeczuga et al. 2000; Goodwin 1984; Bandaranayake and 

Gentien 1982; Juhl et al. 1996; Hairston 1976, 1979) and similar to other copepods, the 

composition varied with diet (Buffan-Dubau et al. 1996, Andersson et al., 2003, Juhl et al. 

1996, Kleppel 1998, McLeroy-Etheridge and McManus1999).  The amounts of cis-, trans- 

and total astaxanthin were significantly greater in the copepods fed the formulated feed.  The 

amount of trans-astaxanthin per total astaxanthin was also significantly higher for the 

copepods fed the formulated feed.  Quantification of pigments other than astaxanthin in N. 
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Figure 5:  Standard curve calculated from a serial dilution of the stock 0.5 mg 
ml-1 astaxanthin (0.1 mg ml-1, 0.05 mg ml-1, 0.025 mg ml-1, 0.01 mg ml-1 and 
0.005 mg ml-1). 
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Figure 6:  Quantity of Astaxanthin mg -1 lipid for trans-astaxanthin, cis-
astaxanthin and total astaxanthin 
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 lacustris was not possible because of the lack of authentic external standard curves for the 

other compounds.   

N. lacustris contained 0.23 to 3.5 ng astaxanthin individual -1 and 46 to 708 µg 

astaxanthin g -1 dry weight. This falls within the middle of the range of values reported for 

other copepods.  The amount of astaxanthin reported for Calanus pacificus by Juhl et al. 

(1996) (11 to92 µg astaxanthin individual female -1) equals approximately 65 to 541 µg 

astaxanthin g -1 dry weight since C. pacificus adult females weigh 170 µg on average (Frost 

1972), which is 40 times heavier than N. lacustris.  Hairston (1980) found 5 mg pigment g -1 

dry weight for Diaptomus nevadensis, or about 250 ng individual -1, which is an order of 

magnitude larger than what is found in N. lacustris. However, Diaptomous nevadensis 

inhabits high alpine lakes which are exposed to more ultraviolet radiation which correlates 

with astaxanthin content (Hairston 1976).  Canuella perplexa, a harpacticoid copepod which 

lives in the sediments of salt marshes, was reported to contain .0044 to .012 ng  astaxanthin 

individual  -1 (Buffan-Dubau et al. 1996), which is two order of magnitudes less than what is 

found in N. lacustris.   

Transfer of Pigments From Food to Copepods 

Tetraselmis 

Bustillos-Guzman et al. (2002) analyzed the chlorophyll composition of Tetraselmis 

suecica before ingestion, as well as the fecal pellets after digestion by the copepod 

Pseudodiaptomous euryhalinus.  The pigments identified for Tetraselmis were trans-

neoxanthin, violaxanthin, lutein, chlorophyll b, chlorophyll a and α-carotene.   Egeland (1995) 

also found β-carotene in his analysis of Tetraselmis suecica.  Tetraselmis suecica is in the 
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category of prasinophytes that only produces the common green algal pigments and not the 

taxon specific pigment prasinoxanthin (Egeland et al. 1995).   

All of the pigments identified by Bustillos-Guzman (2002) and Egeland (1995) were 

found in the copepods fed Tetraselmis in this experiment except trans-neoxanthin.  Many of 

the same chlorophyll degradation products found in the copepod tissues and fecal pellets of 

the Pseudodiaptomous euryhalinus in Bustillo-Guzman et al.’s (2002) study were also found 

in the copepod tissues of Nitokra lacustris: chlorophyllide a, pheophytin b, pheophytin a and 

pyropheophytin a.  Juhl et al.(1996) found pheophorbides and pheophytins in C. pacificus 

that were reported to be derived from the digestive breakdown of chlorophyll from algae in 

the diet.  McLeroy-Etheridge and McManus (1999) also reported the rapid breakdown of 

chlorophyll into pheopigments by copepods when food was limiting. 

Formulated Feed 

The carotenoid content of the formulated feed was assumed to be composed mainly 

of the pigments found in the vegetable juice V-8 (Campbell’s Soup, Ohio).  If we assume that 

V-8 juice is similar in composition to the vegetable juice analyzed as part of a survey of 

tomato-based food products (Tonucci et al. 1995), the potential carotenoid content of the 

formulated feed would contain mostly lycopene, α-carotene, β-carotene, lutein, phytoene and 

phytofluene. The Campbell’s Soup corporation could not disclose the recipe of their 

vegetable juice, but did disclose that the carotenoids are 88% lycopene, which corresponds to 

17 mg per 240 ml serving.  During preparation of the formulated feed, 240 ml (1 small can) 

of V-8 juice were diluted in 1500 ml total volume.  The copepods were fed 1 ml L -1 of this 

dilute solution once, corresponding to 11 µg lycopene L -1 which was available to the 

copepods.  About 2,000 adult copepods were harvested from each liter of media, which 
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meant that about 5.5 ng lycopene was available to each copepod.  Lycopene was found in the 

copepods, but it is difficult to determine the absolute quantity for individual without an 

authentic standard.  Based on the relative amount of lycopene to astaxanthin determined from 

the pigment analysis (0.75:1), the copepods may contain about 2.6 ng lycopene individual -1 

after 10 days in cultures, which suggests that the copepods may be bioaccumulating this 

compound. 

It has been observed previously that the diet of a copepod affects the final carotenoid 

composition of the copepod (Buffan-Dubau 1996, Kleppel 1998, Juhl et al. 1996, Andersson 

et al. 2003).  The quantities of astaxanthin present in a marine copepod, Calanus pacificus 

can vary markedly depending on the diet of the copepod and the length of starvation (Juhl et 

al. 1996).  Astaxanthin levels will drop significantly within 24 hours for starved Calanus 

pacificus (Juhl et al. 1996).  Likewise, astaxanthin can increase by 50% in 24 hours when fed 

a suitable diet, such as the carotenoid-containing alga Rhodomonas sp.  If N. lacustris is 

affected by starvation in a similar fashion, quantities of astaxanthin determined by this study 

are underestimates, because the animals were starved for 24 hours before lyophilization to 

prevent interference from gut contents.  It is assumed that the loss of astaxanthin is similar 

for all treatments in the statistical analysis. 

In contrast, Hairston (1979) found only a 5 to 23% decrease in the astaxanthin content 

of the freshwater copepod D. nevadensis after a whole week of starvation.  This is different 

than the rapid change observed in other copepod species, which decrease their pigmentation 

by one half to one third within 6 hours of starvation (Hallegraeff et al. 1978; Kleppel et al. 

1985; Juhl et al. 1996).  Juhl et al. (1996) suggests that this discrepancy is due the fact that 

astaxanthin has a different function in copepods with different lifestyles.  Diaptomus may use 
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astaxanthin as a photoprotectant because it occupies alpine lakes where it experiences higher 

light levels (Hairston 1980).  This function may not be as unnecessary for a vertically 

migrating oceanic copepod such as Calanus sp. or an epibenthic harpacticoid copepod such 

as N. lacustris.   

Astaxanthin may have other roles than photoprotection for marine crustaceans.  One 

role of astaxanthin suggested for marine planktonic copepods that can escape the photic zone 

has been the role of antioxidant protection for unsaturated storage lipids (Juhl et al. 1996). 

The rapid oxidation of carotenoids reduces the availability of free radicals to react with 

molecules such as unsaturated fatty acids and in turn prevents damage to membranes 

(Woodall et al. 1997).  Astaxanthin and canthaxanthin have been found to have greater free 

radical quenching ability than zeaxanthin or β-carotene in vitro (Terão 1989).  It has been 

suggested that it is the structure of astaxanthin and canthaxanthin which makes them more 

effective as antioxidants (Terão 1989), hence other carotenoids with similar structures should 

share some of the same properties.  β-doradexanthin (adonixanthin), an intermediate between 

zeaxanthin and astaxanthin has a substituent group at the C-4, which β-carotene and 

zeaxanthin do not (Katayama et al. 1969).  This position of this group may have an effect on 

the antioxidant capacity of carotenoids (Woodall et al. 1997).   The antioxidant properties of 

β-doradexanthin (adonixanthin) have not been tested.  It is usually a minor carotenoid in 

relation to astaxanthin and canthaxanthin (Linan-Cabello et al. 2002).  The large proportions 

of β-doradexanthin in the copepods fed the formulated feed suggests that astaxanthin may not 

be the only ketocarotenoid that serves as an antioxidant for N. lacustris. 

Linan-Cabello et al (2002) and Goodwin (1984; Chapter 6, Crustacea, pg. 90) have 

reviewed the bioactive roles of carotenoids in crustaceans (Table 3).  Astaxanthin, as the 
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most commonly detected carotenoid in crustacean organs, has been associated with 

reproductive and visual physiology as well as the stabilization of membranes and proteins. 

Pathway of Conversion 

Astaxanthin cannot be synthesized de novo in copepods (Matsuno 1989, Andersson et 

al. 2003).  The conversion from dietary carotenoids to astaxanthin can follow many different 

pathways (Figure 7) (Linan-Cabello 2002).  For example, the conversion of β-carotene and 

zeaxanthin into astaxanthin has been demonstrated in several animals such as birds and 

invertebrates (Katayama et al., 1973).   The animals which are not able to biosynthesize the 

ketocarotenoids (e.g. canthaxanthin and astaxanthin) from other carotenoids must acquire 

them directly from their diets.  Flamingoes are an example of this phenomenon, because they 

will lose their pink coloration if they become deficient in the ketocarotenoids they consume 

from the small crustaceans in their diet (Goodwin 1984). 

Marine crustaceans, like other animals, must convert dietary sources of carotenoids, 

usually β-carotene, into the ketocarotenoids astaxanthin and canthaxanthin (Paanakker and 

Hallegraef 1978).  The ability of the marine crustaceans to perform this bioconversion is 

essential to the marine food web, as many fish species cannot convert dietary carotenoids to 

ketocarotenoids.  Katayama et al. (1973) classified aquatic animals into three categories 

based of astaxanthin biosynthesis: 

1.   Fish, such as red carp and goldfish, that can bioconvert astaxanthin from lutein 
(Katayama et al. 1970, Hsu et al, 1972) or zeaxanthin (Hata and Hata 1972), but 
not β-carotene (Katayame et al., 1972a). They can also transfer astaxanthin in the 
diet to body astaxanthin (Katayama et al., 1972b).   

2.   Fish that cannot biosynthesize astaxanthin from β-carotene, lutein or zeaxanthin, 
but which can transfer dietary astaxanthin to body astaxanthin (Katayma et al., 
1972c).  These fish are usually carnivorous, such as sea bream species 
Chrysophrys major. 

3.   Crustaceans (e.g. prawns) that can bioconvert β-carotene into astaxanthin 
(Katayama et al., 1972a).  Almost all crustaceans belong to this group. 
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Table 3:  Proposed Carotenoid Functions in Crustacea 

Function       Reference 
 
Light perception     Chiang et al., 2003 
       Martin et al. 2000    
Electron acceptor     Katayama et al. 1973 
 
Protective 
 Chromatic adaptation    Hairston 1970, Cianci et al. 2002 
 
 Eggs from radiation    Aarseth and Schram 2002;  

Ribeiro et al. 2001 
 
 High temperature    Nègre-Sadargues et al.  
 
 Masking luminescence of prey in stomach Cheesman et al. 1967 
 
 Gut wall against digestive enzymes  Cheesman et al. 1967 
 
Stabilization of proteins    Cheesman et al. 1967 
 
Transfer of pigments (carotenoprotein)  Zagalsky 1976 
 
Reproductive      Zagalski et al. 1967 
 
Oocyte and gonad development   Linan-Cabello 2002 
 
Adaptation to extreme eutrophic conditions  Czeczuga et al. 2000 
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The exact pathway of bioconversion has not been determined for most aquatic 

animals.  Thommen and Wackernagel (1964) first suggested the pathway β-carotene→ 

echninenone→ canthaxanthin→ astaxanthin (Figure 7).  This pathway has been found to be 

the most probable one for conversion of dietary carotenoids to canthaxanthin in the brine 

shrimp Artemia salina (Hsu and Chichester 1970).  However, Artemia are not able to 

continue the conversion process to astaxanthin (Hsu and Chichester 1970). 

Two alternative pathways which do not rely on canthaxanthin and echinenone for the 

conversion of the plant carotenoids β-carotene and lutein to astaxanthin use β-doradexanthin 

(adonixanthin) as an intermediate.  The complete conversion of lutein to astaxanthin has not 

been definitively proven for any animal, because the bioconversion of α-doradexanthin into 

its isomer β-doradexanthin has not been demonstrated (Ohkubo et al. 1999).  However, it  

has been demonstrated that zeaxanthin is metabolised into astaxanthin via β-doradexanthin 

(adonixanthin) in goldfish (Hata and Hata 1972, Ohkubo et al. 1999),  the deep sea red crab 

Geryon quinquedens (Kuo et al. 1976) and the crayfish Astacus leptodactylus Eschscholtz 

(Berticat et al. 2000).  One occurrence of β-doradexanthin (adonixanthin) has been reported 

in a species of copepod surveyed from the Great Barrier Reef (Bandaranayake and Genien 

1982).  However, this copepod also contained the intermediate canthaxanthin, which makes it 

difficult to determine which, if any, pathway is being used to produce astaxanthin.  

The bioconversion of astaxanthin from β-carotene and zeaxanthin can not be 

specifically elucidated from the information presented in this paper.  However, some 

evidence for a conversion pathway involving β-doradexanthin (adonixanthin) is found in the 

extremely large peaks (Peaks 2 and 5) found preceding the free astaxanthin (Figures 1 –4).  

These peaks have absorption spectra very close to spectra observed in the 
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ββ ββ ββ ββ Carotene 
 

 
 

Zeaxanthin    Isocryptoxanthin  Isozeaxanthin 
       

       Lutein 
 

           Echinenone  
 

α-Doradexanthin        4-Keto-4’hydroxy-ββββ-carotene
    
  
          ?? 
      4’-Hydroxyechinenone 
ββββ-Doradexanthin   
 
 
 
            Canthaxanthin  Phoenicoxanthin  
          (Adonirubin) 
 
 
 
    Astaxanthin  

 

Figure 7:  Suggested pathways for β-carotene conversion to astaxanthin (Thommen and 
Wackernagel 1964, Goodwin 1984, Katayama et al. 1970, Bandaranayake and Gentien 1982, 
Berticat et al. 2000, Linan-Cabello 2002).  Black arrows indicate the pathway found for most 
crustaceans.  White arrows indicate variations from this main pathway found in other 
crustaceans (Goodwin 1984).  The arrow with a dotted line is an unproven pathway for lutein 
to astaxanthin.  The arrows that are shaded gray indicate an alternative conversion pathway 
found in goldfish and some crustaceans that does not rely on echinenone and canthaxanthin 
as intermediates. 
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freshwater crayfish for β-doradexanthin (Katayama et al. 1970, Berticat et al. 2000).   β-

doradexanthin has also been found to be more polar than astaxanthin in other HPLC analyses, 

which matches the observation from this study that the putative β-doradexanthin elutes 

before astaxanthin.  Furthermore, no absorption spectra found in the survey corresponded 

with the intermediates canthaxanthin and echinenone, which means that astaxanthin 

conversion from dietary carotenoids must be following an alternative pathway to the majority 

of crustaceans. 

Effects of Biotic Contaminants on Pigment Composition 

 All animals contained chlorophyll pigments, which may have originated from 

ingested algal cells (Juhl et al. 1996, Kleppel 1998, Andersson et al. 2003), ingested 

vegetable matter (Partali et al. 1985) or symbiotic organisms living on the copepod carapace.  

Even though a few yeast species do produce astaxanthin (Jacobsen et al. 2000),  the brewer’s 

yeast used in the formulated feed was assumed not to contain these carotenoids.  All efforts 

were made to separate the feed and small organisms (e.g. ciliates, nematodes, bacteria, and 

diatoms) living in the culture from the copepods before analysis. Free-swimming ciliates and 

nematodes were effectively removed by sieving.  It is possible that some ciliates and some 

diatoms that live on the copepod carapace were analyzed in conjunction with the copepods.  

In Juhl et al.’s(1996) analysis of 7 heterotrophic protists, none of the  species tested had 

astaxanthin or canthaxanthin pigments.  Kleppel and Lessard (1992) did observe 

canthaxanthin and astaxanthin in heterotrophic dinoflagellates and choreotrichous ciliates.  

However, these two taxa were never observed in the cultures during the three years of rearing.  

Another symbiotic organism similar in shape to a diatom has been observed to live on 

the carapace of N. lacustris (Figure 8).  It is possible that this organism is contributing to the 
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overall carotenoid composition of the copepods.  However, this effect would be expected to 

be equal for both treatments, because no difference in colonization has been detected.  

Furthermore, the characteristic pigments of diatoms (e.g. fucoxanthin, diatoxanthin) were not 

found in the absorption spectra of the present study.  Finally, while the diatoms may 

contribute to the general copepod carotenoid composition, diatoms do not contain astaxanthin 

and canthaxanthin, even though some green algal species do (Young 1993).   

Summary 

N. lacustris can convert dietary carotenoids to astaxanthin.  The amount of 

astaxanthin conversion depends on the diet.  Even though the copepods fed the formulated 

feed had a lower compositional ratio of astaxanthin, copepods fed the formulated feed had 

higher amounts of free astaxanthin than copepods fed the live alga Tetraselmis due to the 

high overall quantities of carotenoid.  No absorption spectra were found to correspond to the  

intermediates canthaxanthin and echinenone utilized by other crustaceans (e.g. shrimp, 

lobster and crabs) to convert β-carotene to astaxanthin (Goodwin, 1984, Linan-Cabello 2002).  

A spectral absorbance peak characteristic of β-doradexanthin (adonixanthin) found in both 

treatments suggests that N. lacustris converts β-carotene to astaxanthin using an alternative 

pathway that has been found in crayfish and deep sea crabs.  Astaxanthin may have an 

antioxidant role in relation to the unsaturated fatty acids also found in N. lacustris.  Because 

the amount and type of astaxanthin depended on the feed, formulated feeds for N. lacustris 

should provide carotenoids that will allow for the conversion to astaxanthin (e.g. β-carotene 

and zeaxanthin).  
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CHAPTER VI:  DISCUSSION 
 

Copepods are a source of essential fatty acids and carotenoid pigments for larval fish 

in the natural environment  (Chapters II, IV, V, Watanabe et al. 1978; Næss et al. 1995; 

Aarnio 2000; Prisco et al. 2001).  Cultivation of most marine fishes requires live prey for 

larval rearing (Kuhlmann et al. 1981, Watanabe and Kiron 1994).  Currently available 

varieties of live prey require enrichment with marine fish oil to be nutritionally suitable to the 

fish (Chapter III, Kuhlmann et al. 1981, Watanabe and Kiron 1994, Støttrup 2000).  

Harpacticoid copepods are able to synthesize these essential fatty acids and do not require 

enrichment (Chapter IV, Støttrup 2000, Cutts 2003).  The success of a copepod-rearing 

method is determined by the ease of cultivation and nutritional quality of the copepods.  One 

objective of this project was to develop a reliable culture system for the large-scale 

production of the harpacticoid copepod Nitokra lacustris, which does not rely on marine fish 

oil enrichment.    

Advantages of N. lacustris over other live feeds  

Rotifers and Artemia are simple to culture, easily enriched with nutritional 

supplements and are readily eaten by fish larvae because of their slow swimming motion.  

But even the smallest strains of rotifers can be too large for first-feeding marine larvae – 

especially some ornamental species. Many marine fish, such snappers (Lutjanus sp.), can 

only be cultured using copepod nauplii (Schipp et al. 1999).  However, copepods have been 

difficult to culture at sufficient densities to be economical on a commercial scale.  (Støttrup 

2000).  The development of these difficult-to-culture marine fish is hampered by the lack of 

availability of copepods during larviculture. Unpredictable and highly variable production 
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has meant that copepods cannot be relied upon for feeding larval fish during critical 

developmental stages, such as first-feeding. 

Wild copepods taken either from managed ponds or from near shore plankton tows 

have been successfully used to feed fish larvae, such as turbot (van der Meeren 1991), but are 

subject to wide fluctuations in production and contamination.   The composition and 

abundance of desirable copepods within wild-harvested zooplankton can vary greatly from 

season to season.  Parasitic copepods are often mixed in the population, cannot be entirely 

removed, and prey on larval fish.  A reliable supply of cultured copepods would improve the 

consistency of food supply and eliminate the uncertainty of availability and contamination 

inherent with the use of wild zooplankton.  The development of methods to culture copepods 

in an intensive system would be a significant step toward the successful culture of many 

species of marine ornamentals and foodfish. 

Research on intensive culture of copepods has focused on two suborders; Calanoida 

and Harpacticoida (Støttrup 2000).  Most of the other suborders are exclusively parasitic, or 

prey on fish (e.g. Cyclopoida), so they are not suitable food organisms.  Calanoid and 

harpacticoid copepods differ considerably in food preference, position in the water column 

(e.g. pelagic or benthic) and tolerance to crowding or environmental changes.   

Only a few species of copepods have been successfully reared at near commercial 

scale production levels in extensive systems (reviewed by Støttrup 2000 and Cutts 2003).  

Most of these rearing trials have been small scale, and only lasted a few weeks or months 

(Sun and Fleeger 1995).  The lack of water exchange in cultures can lead to ciliate blooms 

and reduced production, so the most successful methods to date have involved extensive 

pond or bag culture using large inputs of natural seawater or the placement of bags of various 
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mesh sizes in open sea water (van der Meeren and Naas 1997).  A reliable system for the 

large-scale indoor intensive culture of calanoid or harpacticoid copepods has not yet been 

developed (Støttrup 2000).  Payne and Rippingale (2001) did have some success with 

Gladioferens imparipes, sustaining a production of 800 L-1 for over 400 days.  However, this 

species is endemic to one region of Western Australia and has unique behavioral 

characteristics that may not be found in the more ubiquitous species of calanoid copepods.  

Of the small-scale systems used for research, most are designed for either continuous or 

batch harvesting.  Systems are configured using either tall round cylinders with a low surface 

to volume ratio, or flat trays with a large surface to volume ratio. 

 Harpacticoid copepods have some advantages over calanoid copepods, which are 

naturally planktonic filter feeders.  Harpacticoid copepods can be raised to higher densities (> 

100,000 L-1) and can adapt to inert artificial feeds as well as algal monocultures (Uhlig 1984, 

Norsker and Støttrup 1994).  Calanoid copepods require large volumes of water to 

accommodate lower maximum densities, about 100 to 200 L-1 (Ogle 1979, Støttrup et al. 

1986). In comparison, harpacticoid copepods can be grown in densities, up to 115,000 L-1 

(Kahan et al. 1982).   

Benefits of N. lacustris 

1.) Larval fish food -  Copepods can be fed directly to marine fish larvae without 
enrichment.  The copepods retain their nutritional value over time, even if the 
fish do not eat them right away.  Other live feeds, rotifers and Artemia, will 
lose their enrichment after a few hours and become an inferior feed.   

 
During the course of this research, it was found that four commercially-
important species of marine fish larvae (speckled sea trout Cynoscion 
nebulosus, black sea bass Centropristis striata, red drum Sciaenops ocellatus 
and southern flounder Paralichthys lethostigma  were able to locate, ingest 
and survive on N. lacustris nauplii and adults.   
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2.) Source of HUFA - Copepods can be used directly as a food additive to 
enhance the omega-3 highly unsaturated fatty acid content and nutritional 
value of processed foods for animal feed without increasing bioaccumulation 
of anthropogenic and natural sources of halogenated products.  

 
The lipids containing these fatty acids can also be extracted from the copepods 
with solvents for pharmaceutical or nutritional purposes and industrial 
applications.  The intake of omega-3 HUFAs from sources other than fish oils 
can prevent some of the deleterious effects caused by the bioaccumulation of 
pollutants and excess vitamins in oils from wild-caught fishes (Vetter and 
Stoll 2002). 
   

3.) Reduced use of fish oil - Long-chain fatty acid sources other than fish oil 
provide some organoleptic advantages, i.e. meat from animals consuming 
fatty acids from a microorganism source does not have the fishy taste and 
smell. 

 
Using harpacticoid copepods to produce highly unsaturated fatty acids has several 

advantages over existing production processes using microorganisms and microalgae: 

1.)   It does not need to be grown in axenic culture using sterile or expensive 
organic substrates. 

 
2.)   Population growth rate is consistent. 

 
3.)   Quantities of EPA and DHA, and ratio of DHA: EPA are more consistent in 

cultured copepods than in microalgae (Tonon et al. 2002). 
 

4.)   This process is more cost effective than any other known process because it 
does not require the use of light, frequent water changes, large areas of land, 
or expensive harvesting and sterilization techniques.   

 
5.)   Production of EPA and DHA does not rely on a marine fish oil source.  This 

reduces pressures on fisheries stocks, and provides a way to convert terrestrial 
sources of 18n-3 fatty acids into valuable marine fish oils.   

 
6.)   No genetic modification is required to aid the process. 
 

Several key findings from this study could aid in the development of culture systems 

for N. lacustris or similar organisms.  The relationship of container size and shape to growth 

and density (Chapter II) has determined that small or large short-term cultures can reach 
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yields which are sufficient to support larval fish rearing.  The model that predicts the 

population growth of N. lacustris (Chapter III) can be calibrated to track individual life stage 

frequencies within the total population.  The use of a formulated feed (Chapters II,IV and V) 

is a significant advance in copepod culture techniques, because it establishes that the highly 

unsaturated fatty acid composition of the copepods reared on the feed is consistent to 

copepods reared on live algae.  It also establishes that the carotenoid composition of the 

copepods can be manipulated by altering the dietary carotenoids.  These findings provide the 

foundation for the development of sustainable culture systems for harpacticoid copepods.    

Effects of Container Configuration on Population Growth  

Trials on container configuration showed a significant difference in final densities 

and average daily population growth rate for small containers (10 L), but no significance for 

large container (>100L).  The discrepancy from these results may be explained by the much 

higher densities of organisms in the smaller culture (up to 43,300 L-1) vs. the low densities at 

higher culture volumes (15,000 L-1) which caused a more rapid decline in water quality.  

Rates of increase were consistently above 10 % day -1 for both sets of trials, and seemed to 

reach a stable value after approximately three weeks, when N. lacustris had grown through 

one complete generation in the culture system. Daily rates of increase predicted by the 

Lefkovitch stage matrix model fell within the range of observed population increases. 

Results from present container configuration trials (Chapter II) indicate that 

availability of substrate may not become a factor in population growth until higher densities 

are obtained.  In neither trial was evidence of density dependence found (e.g., increasing 

reproductive female to offspring ratio), so it is unclear whether these trials could have 

continued with the same level of population growth.  If the trials had been continued longer, 
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the build up of molts and fecal material in the bottom (which would not occur in nature) 

might have eventually reduced the health of populations independently of any inherent 

control mechanisms.  Water quality has been shown to outweigh the amount of substrate 

available as a limiting factor for other harpacticoid copepods (Støttrup and Norsker 1997, 

Heath 1994).  Cultures in these studies were generally terminated based on the amount of 

debris in the bottom of the containers.  Restarting the cultures every few weeks prevented the 

excessive build up of debris from which it was difficult to extricate all of the nauplii.  

Restarting the cultures every few weeks probably avoided any of the water quality problems 

that have plagued other copepod culture batch systems (Støttrup and Norsker 1997, Heath 

1994). 

Effects of Feed on N. lacustris Population Growth Nutritional Composition 

Copepod populations fed formulated feed had daily rates of increase which were 

significantly higher than copepods fed frozen Tetraselmis suecica, but were not significantly 

different from increases in copepods fed live T. suecica.  The essential fatty acid composition 

(saturated fatty acids, highly unsaturated fatty acids, DHA, EPA, ARA) of copepods fed 

formulated feed and copepods fed live T. suecica were also not significantly different.  The 

carotenoid composition and content of the copepods did differ.  Most notably, the amounts of 

the ketocarotenoid free astaxanthin (µg/g lipid) were significantly higher in copepods fed the 

formulated feed than in copepods fed live algae.   

Harpacticoid copepods feed by grazing as well as filter feeding (Hicks and Coull 

1983).  Decho and Fleeger (1988) proposed that the nauplii of Nitokra lacustris are able to 

graze on microbes associated with diatoms instead of the diatoms directly.  Moreover, the 

importance of substrate to volume ratios observed for other harpacticoid populations has 
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been linked to the increased availability of a microbial biofilm along the surface of the 

substrate (Støttrup and Norsker 1997, Chandler 1986).  If this is true, creating a completely 

axenic culture may harm instead of benefiting N. lacustris culture.  

Harpacticoid copepods have been shown to thrive on mixed diets (Lee et al. 1985, 

Kraul 1990, Hicks and Coull 1983), and perform poorly in axenic monocultures (Provasoli et 

al. 1959).  Supplementing algal diets with yeast (Carli et al. 1995) or the extracts of other 

marine animals (Miliou and Maraoitou-Apotolopoulou 1991, Heath 1994), has also been 

shown to improve population growth of harpacticoid copepods.  Hicks and Coull (1983) in 

their review of culture techniques for harpacticoid copepods, report use of food organisms, 

including diatoms, bacteria, dried seafood, fish food, garden vegetables and even chicken 

droppings.  A list of feeds used during the course of this research is provided in Appendix I. 

The strength of the formulated diet in this study may have derived from the basic 

nutrients it provided, as well as the substrate it provided for the associated microbial 

community upon which the copepods grazed.  Yeast is a fertile substrate for bacteria and 

associated microorganisms.  Unlike previous studies on monoalgal cultures, the populations 

of copepods fed live Tetraselmis suecica seemed to be able to thrive.  Perhaps one of the 

reasons for this could also be the associated microbes.  Tetraselmis suecica has been shown 

to have some antimicrobial properties which may have discouraged some less advantageous 

organisms and promoted the more advantageous ones (Austin et al. 1992).  Frozen paste was 

not a very satisfactory feed in any of the trials because of its tendency to develop mold-like 

masses and cause the water to cloud up.    

Live Tetraselmis and formulated feed shared some of the essential nutrients for 

copepod production.  If other copepod cultures are being reared successfully on algae, it 
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might be possible to design a feed that is similar enough to the algae to replace it.  In this 

case, it was not essential to include HUFA’s in the diet, so it was possible to design a feed 

without the use of marine fish oil.  Marine fish oil should be avoided in the feed if at all 

possible because of the cost and the possibility of passing along bioaccumulated 

contaminants (Vetter and Stoll 2002).   

The Model 

The model (Chapter III) provides a baseline against which to compare performance of 

future copepod trials where food, container configuration and ambient conditions are altered.  

The model also provides an important linkage between individual life history parameters and 

overall population growth in cultures.  This model is unique in that it applies an ecological 

method of population monitoring to a controlled population of animals to be used for food 

production.  Most ecological models based on this method to date have been used to assess 

patterns in natural populations and link them to environmental and anthropogenic influences.  

Other models have been constructed to determine the most effective approach to attacking 

invasive or pest organisms using pesticides to kill off key life history stages.  Incorporating 

this type of model into other efforts that rely on a large population of rapidly reproducing 

animals that pass through several life stages may be another application of this research.  

Advantages of N. lacustris for Mariculture 

Fish fed copepods have been shown to grow faster and develop sooner than fish fed a 

diet of rotifers (Brachionus plicatilis) and Artemia (Kuhlmann et al. 1981).  Japanese 

flounder (Paralichthys olivaceous) fed copepods also show greatly reduced abnormal 

pigmentation problems that otherwise afflict from 20-30% of the cultured fish, rendering 

them less marketable (Estevez et al. 1997).  It is hypothesized that this reduction in abnormal 
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pigmentation is a result of the superior nutritional value of copepods over the traditional live 

foods.   

The reason for the beneficial effect that copepods have on fish growth and 

development is not entirely understood, but research has focused on the role of fatty acids.  

Norsker and Støttrup (1994) discovered Tisbe holothuriae can elongate and desaturate the 

18:3n-3 fatty acid supplied by Dunaliella tertiolecta to produce significant amounts of the 

longer chain essential fatty acid (EFA), eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA).  This elongation may explain why Watanabe et al. (1978) found that Tigriopus 

sp., another harpacticoid species, contained high levels of n-3 HUFA (12% DHA and 7% 

EPA) in its lipids, even when fed with baker’s yeast.  Artemia and rotifers, which are the 

more common live food organisms for marine fish culture, have little or no ability to 

bioconvert shorter chain n-3 PUFA into the longer chain EPA or DHA  (Lubzens et al. 1985; 

Howell and Tzoumas 1991). The harpacticoid copepod, Tisbe sp., from Nova Scotia, also 

synthesizes significant amounts of EPA (6%) and DHA (12%) when fed D. tertiolecta, which 

does not contain HUFA’s, but contains large amounts of the precursor 18:3n-32 (Nanton and 

Castell 1998).  No significant difference in egg production was found when Tisbe sp. was 

switched to a diet of EFA-rich Rhodomonas baltica (Nanton and Castell 1998).  The authors 

suggested that Tisbe sp. contains the ∆-5, ∆-6 desaturase and elongase enzymes necessary for 

the conversion of shorter chain n-3 polyunsaturated fatty acids to the essential fatty acids 

DHA and EPA (Nanton and Castell 1998, Voss et al. 1991).  

 Fish larvae require live feeds that contain high levels of essential fatty acids such as 

EPA and DHA (Watanabe 1982).  The ratio of DHA to EPA also significantly affects the 

survival of marine fish larvae (Bell et al. 1985).  The yolk of wild marine fish eggs contain a 
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DHA:EPA ratio of about 2.0, which suggests a requirement for high levels of DHA:EPA in 

first-feeding larvae. (Parrish et al.1994).  Increasing the ratio of DHA to EPA from 0.1 to 0.5 

in Artemia fed to turbot larvae significantly increased their survival (Bell et al. 1985). 

HUFA levels, especially DHA, were higher in Acartia tonsa and Tisbe holothuriae  

than in enriched Artemia, even when the copepods were reared on algae with a low HUFA 

content (Støttrup et al. 1999; Norsker and Støttrup 1994).  Artemia may retroconvert DHA 

back to EPA (Navarro et al. 1997).  Therefore, the ability to increase DHA:EPA ratio by 

enriching Artemia may be limited.  The use of feeds, such as harpacticoid copepods, that can 

naturally maintain high levels of DHA and EPA may explain the beneficial effects of 

copepods on larval fish growth and development, but the link between the nutritional 

composition of copepods and fish growth has not yet been shown.   

While harpacticoid copepods are able to desaturate the 18:3n-3 to produce the longer 

chain HUFA, calanoid copepods may have to incorporate the n-3 HUFA directly from their 

phytoplankton diet (Støttrup and Jensen 1990: Jonasdottir et al. 1995). This is part of the 

reason that benthic harpacticoid copepods do not require planktonic microalgae as food and 

can be fed various inert diets (Norsker and Støttrup 1994).  Therefore, the use of harpacticoid 

copepods for culture may obviate the need to grow a live feed or engineer a higher quality 

artificial feed that already contains DHA and EPA.  This suggests that a lower cost artificial 

feed may be developed for harpacticoid copepods versus calanoid copepods.   

This research (Chapter IV) established that Nitokra lacustris was able to elongate 

18:3n-3 to EPA and DHA when the copepods were fed diets deficient in EPA and/or DHA.  

The omega-3 fatty acid content of copepods grown on live algae and formulated feeds 

attained more than 20 % of the total fatty acids.  DHA and EPA comprised greater than 10 % 
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of the total fatty acids.  The ratio of DHA: EPA was more than 2.5:1 for both types of feeds, 

which exceeds the recommended ratios for live fish feed (1.5:1).  Furthermore, the quantity 

and proportions of the omega-3 fatty acids was highly consistent: 

EPA        2.8% (± 0.5%)  

DHA    8.2 % (± 1.1%) 

DHA to EPA Ratio    2.5 (± 0.6) : 1 

The lipid analysis indicated that a suitable formulated feed can replace live marine 

algae to grow harpacticoid copepods.   

Human Health Considerations 

The nutritional and health benefits of long-chain, polyunsaturated fatty acids 

(LCPUFA) and especially omega-3 fatty acids are well documented.  The beneficial effects 

of omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

include protection against cardiovascular diseases, autoimmune disorders, diabetes, arthritis, 

and cardiac arrhythmia (Simopoulus 2003, Simopoulus 1999, Singer et al. 1986, Mortenson 

et al. 1983).  DHA has also been shown to be an essential nutrient for brain and retina 

development in infants and premature babies (Woltil et al. 1999).   

Among existing commercial sources, fish provide the best and most protected sources 

of omega-3 fatty acids, but fish oils have some drawbacks when used for nutritional 

supplements.  The extracted oil often has an unpleasant odor, and food products 

incorporating fish oil can retain this unattractive odor.  Fish oil capsules can also contain 

pollutants and undesirably high quantities of vitamins that can lead to kidney problems or 

blindness in humans.  Fish oils also contain high amounts (up to 80%) of the undesirable 

saturated and omega-6 fatty acids, which can have deleterious health effects.  The proportion 
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of omega-6 fatty acids is difficult to control in harvested fish.  In addition, there is an 

environmental cost to the continued use of fish oils as a source of PUFA’s.  World fisheries 

stocks are declining, and the use of fish oil to meet the nutritional demands of aquaculture, 

animal production and human nutritional needs may not be sustainable in the long run.   

  The ability of Nitokra lacustris to synthesize longer chain omega-3 fatty acids from 

seed oil sources, and possibly also to synthesize ketocarotenoids from betacarotene and 

lycopene, suggest that they could be a renewable source  of nutrients for the aquafeeds 

industry. Not only do these copepods have the ideal lipid profile for use as a live feed for 

marine fish larvae, copepods could be utilized to provide an alternate source of EPA and 

DHA in the feeds for several types of farm commodities including red meats, poultry meats, 

eggs, and a variety of processed foods.  Currently, the aquafeeds industry consumes more 

than 40% of the world’s fish oil supply, and demand is expected to exceed supply by the year 

2010 (New and Wijkstrom 2002).  Harpacticoid copepods could be a renewable resource for 

essential fatty acids and ketocarotenoids for the feed industry. This dissertation lays the 

groundwork for developing a sustainable population of copepods in mass culture. 
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