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Abstract

A major obstacle to the development of hatcherylpetion for juveniles of many marine
species is the difficulty in successfully feediraglg larvae. Copepods contribute to the natural
diet of most marine fish larvae and feature chargstics ideal for early larval feeds including
small size and suitable nutrient content. Howetrez,use of copepods as larval feeds is limited
by the inability to consistently produce them ifffisient quantities to support large-scale fish
culture. Here, an innovative design for an inteasimdoor batch culture system to produce the
calanoid copepo@cartia tonsa (Dana 1849), a prime candidate for use as a tiod ftem, is
describedThe system features integrated grow-out and egdyaton units that can be
operated sequentially by 2.5 full-time employeeprimduce a predictable daily output of nauplii
for use as live feed. The system output was oreges?2 million eggst(21,955,420 +

8,709,668) with an average hatch rate of 49% (£#9.4.8) over three seasons.

Key words: Acartiatonsa, live feeds, batch culture, copepod

Highlights

1. A batch culture system for intensive productidcartia tonsa was developed

2. A continuous production of eggs is achievedthggering stocking of cultures

3. The system output averaged 22 million eggs pgrddiring the study period



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1. Introduction

The feeding of early larvae poses major challengédise development of marine finfish
aquaculture. Rotifers ar&trtemia spp., the most commonly used live feeds in hatebgdre too
large for the early larvae of many marine fished/ando not fulfill their nutritional
requirements (Shields et al., 1999; Toledo etl&@099; Wilcox et al., 2006). Copepods are a
primary prey item for many larval fish in the wilHolt and Holt, 2000; Hillgruber and
Kloppmann, 2001). They occur in sizes acceptablellgtages of most marine fish larvae
(Detwyler and Houde, 1970; Fernandez-Diaz et 8031 Toledo et al., 1999) and feature
optimal levels and ratios of specific essentiatieats for use as larval diet (Helland et al., 2003
van der Meeren et al., 2008; Rayner et al., 2017).

Acartia tonsa (A.tonsa), Dana 1849, is a cosmopolitan, eurythermal, amghaline
calanoid copepod found in subtropical and tempdaditedes. This copepod is of significant
interest for marine larviculture because the sia# of its first and second nauplii (Table 1) is
compatible with the mouth gape of some of the szaafish larvae (Detwyler and Houde, 1970;
Ferndndez-Diaz et al., 1993; Toledo et al., 198@)eed, nauplii oAcartia have been used to
culture the early larvae of marine species for Whprevious attempts with rotifers had been
unsuccessful (Schipp et al., 1999; Toledo et 8091 Ogle et al., 2005). Furthe, tonsa
produces eggs that can go dormant and remain viaterage at 3°C in the dark for several
days (Drillet et al. 2006), thus allowing eggs &dtockpiled to help meet copepod demand in
fish hatcheries.

Isolates ofA. tonsa obtained from subtropical regions have been cedtwuccessfully at
temperatures between 20 and 30 °C and salinitiegela 20 and 35 ppt (Castro-Longoria,

2003; Leandro et al., 2006; Peck et al., 2015; 8pawy et al., 2016). At 25 °C, fem#etonsa
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reach the adult stage at 9-12 days post-hatch @mphpegin broadcast-spawning negatively
buoyant eggs (Ogle, 1979; Lemus, 2005; Leandrd,2@06). Adult females can produce eggs
for up to 30 days, although daily egg productiguidglly peaks between 16 and 20 dph at 25 °C.
Fecundity ranges between 3 and 7 eggs fefraleing the peak production period at an adult
density of 0.5 adults mit

Adult A. tonsa are cannibalistic and eat their eggs and thetfirststages of nauplii
(Lemus, 2005; Drillet et al., 2014). Thus, for cué, eggs must be collected either by directly
siphoning culture tanks (Stattrup et al. 1986)ng flow to entrain them in nets or a collection
chamber (Toledo et al. 2005). Subitaneous eggaupestbyA. tonsa hatch within 20 to 48
hours at 25 °C (Hansen and Drillet 2013). The efzgewly-hatched N1 and N2 instars is
compatible with the mouth gape of small marine feslrae. HoweverA. tonsa molt out of these
younger naupliar stages within a few hours aftéchiag (Lemus, 2005; Leandro et al. 2006).
As a consequence, batches of eggs must be hatcleediaevery day to maintain a supply of N1
and N2 stages.

Van der Meeren and Naas (1997), Toledo et al. (19%9us et al. (2004), Ogle et al.
(2005), Uye (2005), and Skovgaard et al. (2015¢lesd extensive methods for culturefof
tonsa. The composition and abundance of the zooplangtoduced through extensive methods,
however, is highly variable and unpredictable.ddition, extensive production does not prevent
introduction of copepod or fish pathogens. Inteasivlture provides for improved biosecurity,
reduced footprint and water use, and increasedaanter vital rates, population structure,
feeding, and other environmental factors. To dattempts to produch. tonsa intensively have
relied on batch culture approaches. Adultonsa are placed in tanks where they produce eggs

that are then separated from the culture, hatc@tigrown to the appropriate size for feeding
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fish or restocking the adult culture (Stattruplet2086; Marcus and Wilcox, 2007; Abate et al.,
2015). The tradeoffs for intensive production imtEncreased technological and infrastructure
requirements and labor.

This paper describes a large-scale, intensivehlmatiture system for continuous
production ofA. tonsa. This production system was developed at the Usityeof Southern
Mississippi’s Thad Cochran Marine Aquaculture Ce(i€MAC) in Ocean Springs, MS to
supplyA. tonsa nauplii for larviculture of the red snappéwutjanus campechanus). Egg
production data obtained during operation of thetesy during the years 2013-2015 are
provided.

2. System design

The unit is designed as a batch—culture systemnae@ into three phases: 1) production
of eggs by reproductive adults, 2) incubation aj@nd 3) growout to the adult stage. The
system features two working elevations (decks)viBrdacilitates transfer of adult copepods
directly from growout tanks on the upper deck ® ¢lgg production tanks on the lower deck
where egg production, collection, and incubatiocuo¢Fig. 1). A dedicated Heating Ventilation
and Air Conditioning (HVAC) unit provides temperegicontrol, mechanical filtration (50- and
25-um filters) and ultraviolet light (UV) irradiadeair to the room.

2.1. Seawater

All phases of the culture are performed at 25 °@ 2, ppt. Seawater is produced from a
commercial marine salt (Bio-Sea Marinemix, Aqua€rafc., Hayward, CA) mixed with local
well water. Artificial sea salt is used to ensuoasistent composition of the water, which could
not be achieved with local estuarine water. Thevaéer is filtered to 1-um and passed through a

60-watt ultraviolet light at 2.0 L mihbefore being transferred to two 4,000-L acclimatanks
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where it is left to adjust to the temperature @f topepod culture room. Seawater is reclaimed
after the egg production phase. Egg productiongan& drained to a floor sump through pipes.
A float-operated pump transfers the water to a@@®@,0 holding tank from which it is pumped to
19,000-L storage towers to be filtered and disitdé@s described above for reuse. Under
current operation conditions, ammonia levels indygem fall within the range of tolerance of
A. tonsa (Jepsen et al., 2015) and never exceed 1 ppnur€uwitater has been reused up to three
times through the reclamation loop without induangiceable changes in production
parameters.
2.2. Egg production and collection

Egg production occurs on the lower deck in six @;20cylindro-conical, black, high-
density polyethylene tanks (Fig. 1). Each egg pctidu tank is paired with an egg collecting
unit featuring a 50-pm mesh net with 2-piece cod-assembly and a 200-L cylindro-conical
tank (Fig. 1). Egg production tanks are equippetth @wiremovable center screen pipe containing
200-pm mesh windows to retain the adults and aflagsage of eggs. Water drains by gravity
from the egg production tank through the net indgg collection tank and back to the egg
production tank through an airlift pump at a ratdé® L min*. The net in the egg collection tank
is raised and lowered using a pulley suspended fhenceiling during harvests.
2.3. Egg hatching

Eggs are incubated in 18-L polycarbonate, conmmallbators (Fig. 1). Each incubator
features a vinyl airline attached to a rigid, pat¥ chloride tube placed at the bottom of the
center drain to aerate the culture and a bottoin dedve for harvesting nauplii.

2.4. Growout of nauplii to adults
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The growout phase uses twenty-four blue, fibergtgadro-conical tanks at a working
volume of 900 L aligned in two rows separated byate on the upper deck (Fig. 1). A center
standpipe isolates each tank. Each growout tartkimé row is connected to the tank in the
opposite row by a shared drain pipe that allowdtadyepods from one or both of the tanks to
be transferred by gravity to one of the egg pradadianks below on the lower deck. All
growout tank pairs drain to a common pipe which @aliver the adult copepods into any one of
the six egg production tanks.

3. Operation
3.1. Master culture maintenance and production scale-up

Master cultures were obtained from a captive stdk tonsa held at The University of
Texas Marine Science Institute, Port Aransas, TX0@2. Cultures are maintained in 1-L glass
bottles as continuous cultures without separatfidhedifferent life stages. Aeration at 0.5
bubbles setis achieved through a rigid tube inserted throaghbber stopper in the bottle
mouth and extending down to one inch from the mottd the culture bottle. The predominant
culture stage and abundance is estimated visuatly day to determine the feeding rate which
ranges from 50,000 to 200,000 cells Tmif Tisochrysislutea (Tiso), CCMP 1324 produced in
artificial seawater@OIl to be assigngdlaily. Once a week, each bottle is filtered tiyioa 50-
pm screen to collect and transfer the entire pajounado a clean 1-L bottle filled with new
seawater.

Increasing the scale from master culture to fudldorction requires a four-month period.
The scale-up involves four sequential growout tg pigpduction phases each consisting of: (1)
egg production, collection, and refrigeration (estdrage); (2) 48-hour egg hatch (as described

in Section 2.3); and (3) 14-day growout to the adt#lge (see Fig. 2).



160 In phase I, adult copepods from master culturesransferred into a small-scale egg

161  production unit for spawning. The unit includes-h tieaker and an inside, 0.5-L chamber where
162  adult copepods are placed for spawning. The chafeb&ures windows covered in 200-um

163 nitex mesh that allow eggs to pass through whildtadre retained. The chamber is transferred
164 to a new 1-L beaker with clean seawater daily. Hggs the previous day’s beaker are

165 concentrated on a moist 50-um nitex mesh screemedngerated at a density of up to 200,000
166 mL™in 75 mL glass jars until a minimum of one-hundaed fifty thousand eggs are

167  accumulated (Fig. 2).

168 For phase Il, 48 h nauplii from the eggs accumdl@tgphase | are stocked at a density of
169 1 mL% into 18-L buckets where they are grown out to #aductive stage. The resulting adult
170  copepods are stocked at 0.5 fihto a 15-L chamber similar in design to the meshered

171 chamber described above and set inside a 30-L @mkmbers containing the adult copepods are
172 moved daily to a clean tank and the eggs are ¢etleaind stored as described for phase | until
173 1.5 million eggs are accumulated (Fig. 2).

174 In phase lll, 48-hr nauplii hatched from the eggsuanulated in phase Il are grown to

175  adults at a stocking density of 1 thin two 200-L tanks. Adult copepods are then stdakéo a

176  500-L egg production tank fitted with a center 20®-mesh screen pipe. Eggs are entrained
177  through the center drain to a 50-L tank where tr@yconcentrated in a plankton net and

178  collected twice daily. Water is circulated throupk system by an airlift pump. Eggs are

179  accumulated until a minimum of six million are ewted within a two-week period (Fig. 2).

180 In phase 1V, the six million eggs accumulated ia finase Il are hatched at a density of
181 350,000 + 50 eggs mlover 48 h. Nauplii (N3-N4) are then split between 900-L growout

182 tanks in the production system at a density of I'rahd cultured for an additional 12 days. The
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eggs produced are used to stock additional grotemkss over a seven-day egg production
period. The eggs obtained from one egg productohk tluring the egg-production period allow
stocking of up to twelve growout tanks. Because twb growout tanks and one egg production
can be stocked in phase IV and the entire lifecyatpiires three weeks (two-day incubation,
twelve-day growout, and seven-day egg productibtgkes six weeks from the initial stocking
of the first growout tanks to stock the entire fig. 2).
3.2. Batch production process (Fig. 3)
3.2.1. Producing and collecting eggs

Egg production tanks are stocked with adult cops@ad density of approximately 0.5
ind mL™. Adults are fed 100,000 algae cells Triice daily. Eggs are harvested from the
plankton net in each egg collection tank every 1% lgently rinsing into a bucket. Eggs from all
tanks are combined, poured through a 100-um seefieer out detritus and fecal pellets, and
gently rinsed with clean seawater through a 50-jewes The combined harvest is consolidated
in 500 mL of seawater from which three 1-mL samplesdiluted (1/50 to 1/250 depending on
the number of egg production tanks collected opemific day), counted, and averaged. Eggs
and nauplii are either stocked in an incubatortatioue hatching for stocking other growout
tanks or concentrated and stored in the refrigefatadelayed hatch. Egg collection begins
when the culture is 14 days old, as this correspoadhe beginning of peak production by
females, and ends on day 20. Because the hatcbfratgs declines rapidly after 20 days of
culture (Drillet et al.,2016; Hansen et al., 209 collection is discontinued at that poiny
to be assigngd

3.2.2. Incubating eggs
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Newly spawned eggs collected daily are incubatedsadcking density of 350 + 50 eggs
mL™ with 5 bubbles sétaeration. When eggs are hatched to produce NNanwhuplii to feed
larval fish, the incubator is harvested up to thiees over a period of 36 hours from the time of
egg collection.

If the hatched nauplii are used to stock growonksaspecific developmental stages or
size fractions are not required. Thus, the incwpaith conical incubators is extended to 48 h
post-stocking to account for variability in eggdfang time. Because those eggs that hatch early
will have developed to the N2-N4 feeding stagest®ef8 hrs have elapsed, incubators are fed
100,000 cells mt: Tiso at 24 h and 36h post stocking.

The harvest process involves draining through a toto a 35 pum mesh sieve set in a
bucket to keep the nauplii submerged in water apdgnt damage to the copepods. The
harvested nauplii and eggs are then rinsed intthanbucket and unhatched, negatively-
buoyant eggs are allowed to settle. The top lagatasning the nauplii are decanted into another
bucket where three 1-mL aliquots are removed, elilim 50-100 mL, and counted using a
dissecting microscope.

3.2.3. Growout management

Aeration is provided through a silicate diffusefat L miri* upon stocking. At day 5
post-hatch, aeration is increased to 1.2 L' miBopepods are fefiso once daily based on the
age of the culture (Table 1). Although the amounftiso fed generally increases with copepod
age, less is added on day 2 because resldsmatemains relatively high through the first 24
hours. At 14 dph, ninety percent of the growoutylapon has reached the adult stage. At that

stage, copepods are transferred from growout tem&gg production tanks.

10
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One egg production tank produces enough eggs ¢& st 900-L tanks paired in
opposite rows in the growout system daily at 1 tiaapnL™’. After 14 days, the adults from the
pair of growout tanks are used to replace the olofethe six egg production tanks. Replacement
of the oldest egg production tank occurs daily tntain young cultures that are constantly
producing a consistent number of eggs. When allpggduction tanks are stocked, a combined
average of 22 million eggs'dctan be achieved, which supplies approximately iltiom nauplii
d* to feed fish larvae and restock the system.

3.3. Sampling and analysis

Egg production is determined every twelve hoursdilecting eggs from all production
tanks in use, consolidating them in 500 mL seawadikiting a 1-mL sample from the mixture in
200 mL, averaging three counts from the dilutiorg enultiplying the average count by 100,000.
Daily egg production is the total number of eggsdoiced from all six egg production tanks
combined in two 12-hour collection periods. Theiaréyearly) Mean is based on all daily egg
collections during the production period.

Percent hatch is determined by harvesting and ctratang the nauplii from an
incubator and mixing into 4 L of seawater. Thremll-aliquots are immediately sampled,
diluted in 100 mL, and counted. The hatch ratalswated by dividing the number of nauplii
collected over the entire hatching period by thaltoumber of eggs stocked in an incubator and
multiplying by 100. The mean hatch rate of a praducseason is calculated across all
incubators stocked with fresh eggs collected widanh 24-h period during the entire production
season.

Abundance and survival of the copepod growout cedtdio the adult stage is assessed at

14 dph, prior to egg production transfer. An affudier is placed at the center of the growout,

11
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and airflow is increased to mix the culture. Fotlr 8amples are taken from around the tank and
a fifth 1-L sample in the center. All samples apenbined into a bucket and further mixed by
pouring the mixture between two buckets. Five 1Q0samples are removed from the bucket
(10% of the sample) and copepods are counted teedem estimate of the total number of
copepods in the culture by volumetric extrapolatibmis estimate is used to calculate survival
through the growout phase by dividing the abundaf@alults by the initial stocking abundance
of N3-N4 instars.
3.4. Operation of the system during the 2013-2015 period

The amount and perhaps the quality of microalgadable for feeding during the three
production seasons varied due to limitations innthe&roalgae production unit including
technical failures in the CQilelivery system, failures in the temperature cargystem, and
contamination by protozoa that grazedTeso and reduced the amount available for the
copepods. In 2014 and 2015, algae feedings wepdesupnted wittRhodomonas lens (Rhodo),
Pascher & Ruttner, 1913, CCMP 739 because a praiyistudy indicated that it increased egg
production in the copepod production tanks wheml @sea supplement #so. On average,
200,000 cells mt Tiso and 50,000 cells nit Rhodo were available for feeding adults in the egg
production tanks in 2014. In 2015, copepod cuttwvere fed 200,000 cells ritlof Tiso and
only 25,000 cells mtt of Rhodo because thBhodo culture yield was lower than anticipated.

Average daily copepod production varied among ydarsg the 2013-2015 period
(Table 2). Egg production in 2013, 2014 and 2015 ©%702,661 £ 6,194,111, 31,059,479 *
7,984,523, and 21,104,121 + 7,247,644 egysespectively. The average hatch of fresh eggs
across the years 2013-2015 was 49.1 + 14.8% (T3bkdatch in 2013 was 61.6 £ 17.5%; in

2014 and 2015 it was 32.7 £ 10.@%d 52.9 + 14.5%espectively. The average survival rate

12
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from nauplii to the adult stage during 2013-2015wW&.4 + 11.8%31.8 £ 14.1%, 52.3 + 22.1%,
and 52.1 £ 22.6% in 2013, 2014, and 20&5pectively Table 2).
4. Discussion and conclusions

During 2013-2015, this intensive copepod producsigstem produced on average 22
million eggs d" (1,930 eggs 1) and 11 million nauplii d (965nauplii ). Hatching of the eggs
generated enough N1-N4 instars to support thelrgeding of 120,000 larvae of the red
snapper l(utjanus campechanus) stocked at 10 to 20'L The daily egg and nauplii production
achieved with this unit exceeded by far those regploior an extensive system previously
developed at TCMAC (Ogle et al. 2005). The extemsiystem only yielded a mean (£SD) of 3.3
million (2.9 million) nauplii d" and was limited by large fluctuations of daily guation over
time, perhaps due to the successional dynamicstefngive zooplankton cultures (Ogle et al.
2005). An additional benefit of the intensive whétscribed here is a much reduced temporal
variability of production thanks to the controlledtch system. Therefore, this study
demonstrates that consistent daily production pepod nauplii can be accomplished on a large-
scale in a biosecure, controlled environment withuech smaller footprint than an extensive
system. Operating costs remain the main limitirggdiaas the unit requires personnel equivalent
to 2.5 full-time positions and large amounts oélivicroalgae (6 trillion cellst when the
system is fully stocked.

Simulations of intensive production scenarios catel by Abate et al. (2015) predicted
yields ranging from 7,500 to 25,000 egg5ih systems stocked at adult densities of 1.5 to 5
mL™ suggesting production per unit volume could bé&ighan in the present study. However,
the estimates of Abate et al. (2015) were basesktmapolation of data obtained at a low density

in the system described in Stattrup et al. (1988)ch produced 200 eggs'LThese predictions
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remain to be tested and must be viewed with calteémause they involve culture densities much
higher than those used in most current empiricaliss. Indeed, while some authors suggest that
copepod culture at such high density may be pasgiilsson et al. 2018, Vu et al. 2017), others

did not recommend culturing. tonsa at densities above 2.5 nauplii or adultshitr growout

or egg production (Franco et al. 2016).

Egg production and growth rate can be optimizedugh controlled testing of multi-
species microalgae diets (Milione and Zeng, 20Bfiddo, in particular, increases egg
production due to its suitable cell size, highdippontent, and favorable fatty acid profile
(Stettrup and Jensen 1990; Jonasdottir 1994). D@@13-2015, the algal diet varied, but the
effects of the multi-species microalgae diet use@d14 and 2015 should be interpreted with
caution. The addition dkhodo may have contributed to improved egg productiodf4 and
2015, but the overall microalgae ration, whicheli#id among years, also may have impacted
production results substantially. In 2013, the catiion (100,0007iso cells mL* twice daily),
was only slightly above the 90,0010 cells mL* threshold required for maximum egg
production (Stettrup and Jensen 1990), and may tesiened below the threshold. Stattrup and
Jensen (1990) showed that reductioffigb concentration quickly reduces ingestion and Dagg
(1977) reported that complete deprivation of foodd period as brief as three hours reduces egg
production with substantial declines when deprovatasts for nine hours. Microalgal rations for
the late phases of growout and for reproductivedyure cultures appeared to be entirely
consumed within 12 to 24h of feeding, suggestirag ithcreasing the ration during these culture
phases may allow for faster development rates mpdaved egg production.

Fluctuation in feeding rate and diet compositiongarticular the percentage tiodo)

have also been shown to affect hatching succestefl@t al., 2006), and therefore likely

14
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affected hatch rate and/or survival in this systaftogether, these results indicate that further
efforts are warranted to optimize the feeding protoincluding the composition of the diet, the
feeding rations, and feeding frequency accountmgdnsumption by the copepods.

We note that hatch rate was variable across yesnsds not correlated with either egg
production or growout survival (see Table 2), irdiicg that egg production and hatch rate are
independent traits that will both need to be comd during future efforts to optimize culture
processes as they both contribute to the yieldurphi. Production efficiency also could be
improved through improved viability of cold-storedgs. Cold-stored eggs in this study
remained routinely viable for up to two weeks. Viidpthrough storage may be increased by
improving egg quality through optimization of thietdas discussed above and also through
manipulations of environmental conditions duringrage in particular anoxia as espoused by
Hansen et al. (2016).

In conclusion, the vast amount of research on cog@bysiology has led to methods for
culturing multiple species at a small-scale. Howefeawv studies have demonstrated mass-
production due to a variety of factors including thverall high cost of operation involved in
current protocols, the large quantities of liveasgequired for culture, the low performance of
most copepod species at high density, the chalteimgeroviding adequate hydrodynamic
conditions in large systems, and the need for te@yculture water. This paper has focused
primarily on the mechanics and logistics of op&@gth novel system to intensively produce the
calanoid copepod. tonsa, continuously using batch cultures. The currestey output is still
limited to the supply of feeds for experimentahfaultures, but its capacity could be easily

expanded by simply adding additional culture ur@@tspepod production could be further

15
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improved by increasing the volume of culture uniarying the production parameters, and/or

optimizing the feeding protocol. However, thoseraes will require further research.
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Figure Captions

Figure 1: Design of growout, egg production andibation for a large-scale intensive, batch

culture production system for the calanoid copepadrtia tonsa Dana (1849)A set of two

growout tanks (row 1 and row 2) are connecteddoramon drain manifold and can be drained
to any of the six egg production tanks. The desgiperated in multiples of six to maintain
continuous production.

Figure 2. Overview of the scale-up procedure lierproduction oAcartia tonsa from master

cultures to a large-scale, intensive productioresys

Figure 3. Overview of production procedure in @éascale intensive system for the copepod,

Acartia tonsa.
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469 Table 1. Feeding schedule, tank volume, and Igéohy stage by culture age A€artia tonsa

470 Dana (1849) fedisochrysislutea in an intensive batch culture system.

2013-2018 2009
Age Life Tank Cells mL* Tank  24-hr residual Cells mL*
(day post-  History  volume (L) added (18 volume cells mL* added
hatch) stagé (L) (10%) (10%)
0 Egg-N2 18 100 900 0 0
1 N1-N3 18 100 900 0 50
2 N1 - N4 900 65 900 3625 16+1.1
3 N3 - N6 900 20 900 44 +2.8 19+238
4 N3 -C2 900 50 900 45+ 3.8 46 + 3.8
5 N5 - C3 900 80 900 21+2.7 114 +2.7
6 Cl-C3 900 170 900 15+ 3.0 232+3.0
7 Cl-C5 900 200 900 18 +4.7 333+4.7
8 C2-C5 900 200 900 28+9.6 341 +£9.6
o C3-C5 900 200 1,900 77+54 359 +4.88
10 C4 - Adult 900 200 - - -
11 C4 - Adult 900 200 - - -
12 C5 - Adult 900 200 - - -
13 C5 - Adult 900 200 - - -
14 - 20 Adult 1,900 200 - - -

471
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473

474

475

476

477

478

479

480

481

482

483

484

485

@ Size of stages (um + SD) for 2013-20Egg, 78.2 + 5.2;N1 (L x W), 104.4 + 4.9 X 56.9 +
4.3; N2,131.5+18.3x70.4 +£10.9\3, 153.0 + 8.4 x 83.9 £ 7.4N4, 165.8 + 4.5 x 88.0 £ 7.8,
N5, 205.0 £ 12.3 x 108.3 + 7.46, 238.5+17.0x 114.1 + 7.1, 404.1 +35.4 x 112.7 +
11.1; C2,532.2 +44.1 x 131.8 £ 8.873, 613.6 + 44.4 x 154.7 + 10.634, 701.5 £ 54.5 X
180.6 + 14.6;C5, 811.6 + 46.7 x 209.6 + 15.Adult &, 841.7 £ 48.5 x 217.4 + 14.5dult 9,
933.0 £ 36.7 x 232.3 + 10.6. Stage descriptiona@itdrion for determination are described in
Conover (1956) and Sabatini (1990).

b. Eggs were stocked at equivalent to 1.0'mL

c. 2009 cultures were in a greenhouse with watapégature of 28-30°C; eggs were stocked at
equivalent to 1.7 mt: one growout tank was used per egg productior; igmikvout occurred
over 8 days.

d. 2009 egg production occurred during days 9-Ibstages were not measured.

e. Quantity and composition of diet in egg produttianks varied among years. See Section 3.4.
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488

489

490

491

492

493

494

Table 2. Production statistics fAcartia tonsa Dana (1849) in an intensive, mass production
system during 2013-2015. Egg production is theayenumber of eggs produced daily +
standard deviation (SD) across the total produgtienod for a given year. Egg hatch is the
average proportion of eggs hatched + SD from feggds incubated over a 48-h period.
Growout survival is the average survival from setiN3-N4 nauplii to the adult copepod stage

+ SD. n = number of samples used to calculatatveeage.

Year Egg production Hatch (%) Growout survival (%)
2013 13,702,661+6,194,111 (n=162) 61.6£17.5 (n=40B1.8+14.1 (n=310)
2014 31,059,479+7,984,523 (n=119) 52.91£14.5 (n=24p2.3+22.1 (n=238)
2015 21,104,121+7,247,644 (n=123) 32.7£10.0 (n=12p2.1+22.6 (n=193)
Grand mean 21,955,420+8,709,668 49.1+14.8 45.4+11.8

(3 years)
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