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INTRODUCTION

The Hawaii Institute of Marine Biology ol the University of Hawaiil
adopted as on: of its major goals a research program to develop the
technology for the culture of aquatic organisms {aquaculture) in
Hawaii and in otiuer Pacifi¢ islands. Inicially, this program was
largely exploratory, seeking organisms that would satisfy a number

of c-iterig esteblished for a viable aquacuiture program in the
trop:cs. The overall objective of this research was to Lake advantage
of those qualities of tropical environs thac could be employed te in-
crease the production of aguatic animal protein. The advantages of
tropical over temperate-zone aquacuiture relate to the “igh level oL
solar energy impinging upen the earth's surface in lower latitudes
and the increased growth rate of orgenisms at the persistent higher
temperatures. Thus with adequate plant nutrients, the highest
possible levels of organic productivity in the natural cnviomment
might be expected, and indeed are attained in the tropics (Odum, 1371}
in arcas whbare light is not masked by heavy cloud cover. Once energy
is fixed by plant crganisms, an animel with a nigh energy-conversion
efficiency, capable of thriving at elevated water temperature:, is
required to convert this plant material into animal protein most
economically.

The brine shrimp, Artemia salina, is such an animal: a truly remarkable
organism from the standpoint of energy-conversion efficiency and levels
of productivity, in addition to other desirable attributes upon which

to base r large scale production scheme in the tropics, Because Artemia
thrives and produces eggs in high-s-linity water, a site in the tropics
was sought that would provide a large acreage of manageable, hypersaline
bodies of water. Christmas Islsnd, in the equatorial Paecific, was
chosen as a potential site for Artemia culture primarily because it
possesses a number of desirable attributes including some 500 hyper-
salinc lskes and sublapoons covering more than €0 square miles. In
addition it is located in a relatively ivw-rainfall zone with a favorable
potential for support facilities, an inexpensive labor force, and the
sociv-economic benefits that might accrue from a commercial Artemia cul-
ture venture that are subsrantial.

Tnitial discussions on the culture of Artemia in the tropics were held

at the conference on aquaculture at The Biologische Anstalt at

Heleoland, Germany, in 1906%. At this time there was a marriage of ideas:
the potential of Artemia culture in the tropics as a mechanism tc maxi-
mize protein production and the natural attributes of Christmas Island
favorable to such production. Various aspects were investigated further
and support was obtained from the U.S. Sea Grant Pregram in 1970 - 1971
and in 1971 ~ 1972, Two separate flelu studies were carried out in

March and November, 1971, and lasoratory investigations were conducted
sver the entire period.



Aquaculture has received a great deal of publicity in the popular wedia

in recent years, often being touted as a panacea for the world's protein
needs in the face of population increases. The status of world aqua-
culture has been thoroughly reviewed by Bardach et al (1972). It is
somewhat of a paradox that Artemla per se has not been the subject of

any large-scale culture schemes; however, it figures prominently in the
culture of many other organisms. Bardach et al (loc sit) indicate that

it 1s used as food, mostly for the larvaz of at least 25 organisms,
including carp, salmon, pompanc, puffers, porgy, plalce, sole, paneid

and macrobrachium shrimps, homarid and palinurid lobsters, and crab
larvae. For some species of figh it is the only sultable food known to
satisfy their nutritional needs during certain phases of larval life.

In addition to its demand of aquaculture, Artemia in many forms,

including newly hatched nauplii and live, frozen, and freeze-dried adults,
is widely used by fish hobbyists. The present commercial sources are
primarily from lakes in Saskatchewan, Great Salt Lake in Utah, and from
San Franmcisco Bay, where it thrives iu salterns used primarily for the
commercial production of salt. Thus the principal source of this valuable
product is from the harvest of largely unmanaged wild populations that are
subject to major environmental perturbations., The quality of eggs from
various sources differs insofar as hatchability i{s concerned, and undesfir-
able levels of pesticides lave been reported from the Salt Lake source
{Bookhout and Costlow, 1970), The combination of factors has resulted in
the 3an Francisco Bay Artemla beinrg the most in demand by aquaculturalists,
This latter source 1s harvested by the San Francisco srine Sheimp Co. of
Menlo Park, California, using relatively erude technlques to take both
live adults and "eggs' (actually blastulas).

The proposed scheme to culture Artemia on Christmas Island was based upon
a& rapidly increasing world demand for high-quality Artemia products at a
iower price than presently available to the consumer., 1t also proposes
more sophisticated culture and management practices than have been pre-
viously employed for the preduction of Artemia.



CEOGRAPHY AND HISTORY

Location

Christmas Island is located in the Line Islands just north of the equator
and about 1,100 miles due south of the island of Maui in the Hawaiian
Archipelago. Christmas is the southernmost of the northern Line Islands,
a chain of islands extending to the northwest from Christmas and includ-
ing Fanning (246 km or 153 ml distant), Washington (381 km or 238 mi
distant), and Palmyra (572 km or 357 mi distant). Christmas Island is
1,866 km or 1,160 miles south of Honolulu, and is located between long-
itudes 157° 10' W and 1579 34' W and latitudes 1° 42" N and 29 03" N.

It is only 169 km (105 miles) north of the equator. (See Figure 1.}

The Line Islands are located near the center of the vast Pacific Ocean
that covers 50 million square m.les, or an area equivalent to 35% of the
earth's surface. The region of the Line Islands is dominated by a sys-
tem of four major surface or near-surface ocean currents: the North and
South Equatorial Currents, which flow to the west, and the Counter-
current and Equatorial Undercurrent, which flow to the east.

Christmas Island is the largest of the Line Islands and is sometimes
referred to as the largest atoll in the world, with 321,37 ke (124.08 mi?)
of land area. Certainly it surpasses in size all other low coral islands,
considering only land above sed level, and it exceeds the combined land area
of the 36 other islands that make up the Gilbert and Ellice Island Colcny
(Tudor, 1972). The total area covered by Christmas, including shallow
lagoons, is 639.91 km2 (Jenkin and Foale, 1968). The greatest length,

from just north of Northwest Point to Souvheast Point, is 52.7 k¥m (32.8 mi),
while the maximum southwest-northeast distance i{s 1.0 km (19.3 mi).

(See Figure 2,)

Weather

Christmas Istand is located in the Equatorial Dry Zone which is a narrow
belt extending across the central and eastern Pacific (Gentilli, 1932).
-Rainfall normally decreaszs from north to south in the Line Islands with
a maximum at Palmyra and a minimum at Christmas Island. A great varia-
biliry exists in rainfall in the Equatorial Dry Zone, relating to the
movements of the inter-tropical fiont which normally lies between 5° and
B° N at this longitude (Seelye, 1950).

The climate of Christmas Island is summarized by Jenkin and Foale {1968)
as followsg:

"On the averape moderately dry, with an average annual rainfall
of 873 mm (34.37 in.) but varying from very dry 177 mm (7.00 imn.)
to wet 2,62 mm (103.18 in.): a diurnal temperature fluctuating
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between 30°C (B6°F) and 24°C €76°F), an average relative
humidity of 70%, a more or less constant easterly wind
of 4 m/s (8 kn) and an average cloud cover of 4 oktas
(eighths). The rainfall is usually heaviest in March
and April and lightest in October and November."

There is little variation in air temperature at Thristmas Island; the
mean annual maximum is 30.3°C {86.6°F) and the wean annual minimum ig
24,6°C (76.3°F). Temperature extremes recorded are 36.7°C (98,0°F)
and 20.8°C (67.4°F), The average mean relative humidity is 71.1%
with a high of 80.07 and a low of 75.5%.

Winds are quite constant in regard to direction, time of year, and time
of day. Winds average 8.6 knots, with the greatest velocities in January
and the least in Mcy. It is cali. less than 2% of the time (Jenkin and
Foale, 1968).

Evapotranspiration or open-water evaporation 1s summarized by Jenkin

and Foale (1968) who calculated it on a monthly basis utilizinp seven
different formulae. Thelr average results were 1350 mm/yr or 53.16 in/yr.
They pointed out that potential evapotranspiration is considerably higher
in most months and in most vears than ralnfall, but theilr calculations
did not consider evapotranspiration of s0il moisture. Thus in coastal
areas where ipfiltration and percolation into the soil is rapid, evapora=-
tion is relatively small, while on the relatively lmpervious lagoon flats
evaporation is rapid.

The excess of evaporation over rainfall at Christmas Atoll is responsible
for the high salinities produced in the isolated and semi-isolated lakes
of the lagoon and it is these high-salinity lakes which constitute the
primary attraction for brine shrimp culture. Periods of unusually high
rainfall have a considerable effect on the lagoun lakes and, hence, pre-
dictability of occurrence of rainfall extremes would be of concern to a
brine shrimp industry.

Cloud cover and sunshine are alse¢ sunmsrized by Jenkin and Foale (1968).
They found the annual average cloud cover, in tenths, at three times of
day, to be as follows: (800 - 4,7; 1400 - 5.1 and 2000 - 3.7. The mean
"monthly sunshine in hours per day at London village was calculated from
cloud-cover data. In 13 hours from 1953 to 1965, the annual mean sun-
shine was 9.36 hours per day, with a range of 7.9 to 11.1 hours.

Tﬁpical of most of the earth's arid regilons, the Equatorial Dry Zone is
cnaracterized by considerable variability in annual rainfall. (Compare

the wettest year on record, 1941, having over 100 inches of rainfall,

with the driest year, 1954, having only 7 inches.) In 35 years for which
there are records, six years had over 50 inches of irainfall and five years
less than 15 inches {personal communication, Ron Taylor, Hawail Institute
of Geophysics). Tne means and extremes of monthly and annual rainfall

are summarized in Table 1 and illustrated graphically for 160°W in Figure 3.
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Perlods o: greater-than-average rainfall are associated with a south-
ward shift in the Intertropical Converpgence Zone (ITC). For reasons
related to global meteorological processes. a southwarq shifting of

the ITC will generally occur during the sodthern henisphere summer.
Such 3hifts, however, are non-periodic and may not occur in every

year (Doberitz et al, 1967). Doberitz describes the rainfall anomaly-
pattern of the Equatorial Dry Zome as a» "interruption of very long

dry periods by more or less short intervals of heavy rain which gen-
erally ave connected with (a rise in) tropical sea remperatures.
Intervals of high rainfall {wet anomalies) are imrosed upon the

asnual cycle (with a wet season in March — April at Christmas Island)
s$2 that maximum monthly rainfalls duving such anomalies ocecur in Decer—
ber through March., The longest and the "wertezt" anowaly resorded in
the Line Islands was of 36 months duration (1979 - 1941). Since that
time, wet anomalies have occurred in 1957 - 1938, 1964 - 1965, and most
recently, beginning in May, 1972. Rainfall for January, 1973, amounted
to the greatest positive deviation from a morthly mear on record (Ron
Tayler, personal communication). Although it is preseutly not possible
to predict in advance during which years wer anomalies will occur,
spectral analysis of rainfall records for nearby Fanning Atoll (Doteritez
et al, 1967) indicate a somewhat unstable periodicity of around six or
Seven years.

Government

The Line Islands ace administered by the British Gilhzrt and Ellice Island
Government undzr a Resident Commissicner in Tarawa, 2,015 miles to the
west of Christmas Island. The inhabizéd Line Islands (Washington,
Fanning, and Christmas) are administered by a District Commi<sioner who
resides in London village on Christmas Island. The government-cwned
Christmas Island Plantation Compary until recently operated a copra
plantation with contract labor from the Gilbert ana Ellice !. lands. The
northermmost of the Line Islands, Palmyra, is under U.S5. control.

Christmas Island is visited by Bank Line vessels that pick up copra an-
nually and occasionally a colony vessel carrying supplies and personnel.

History

Christmas Island was discovered by Captain James Cook on December 24, 1777,
altrough there is speculation that it may have been discevered in 1537 by
Alvarado who called it Acea Island. 7The Polynesians traveling north and
"south across the Paclflc probably visired Christmas Island. Until early
in this century the island was unintabited ercept for the hapless crews

of ships occasionally wrecked on the islaad.

The United States Guano Company ac,vired rights to the island deposits

in 1358 and worked the island for several years. In 1865 another company
leased guano rights, but the lease was cancclled in 1869 because the
island proved te be unpreoductive,



In July, 1872, the USS NARRAGANSETT took formal possession of the
island for the United States. This was followed in 1888 by a formal
annexation to Great Britain by Captain William Wiseman of HMS
CAROLINE, despite American protests. The British leased Christmas
Island to Lever's Pacific Plantations, Ltd., in June, 1902, for 99
years. They planted 72,863 coconut palms and introduced silver tip
pearl shells to the iagoon. In 1913 Father Emmanuel Rougler, 2
catholic priest, took over the lease from Lever Brothers and in J914
the Central Pacific Coconut Plantations acquired the island (Bryan,
1942). On November 28, 1919, Great Britain reasserted her sover-
eignty over the island.

In 1942 Amevican troops landed on Christmas Island to establish a
base, construct an airfield, and dredge a channel north of Cook
Island that allowed ships of up to 8,000 tons to enter the lagoon.
At one time as many as 10,000 American troops were stationed on '
Christmas Island, They maintained a farm north of London village
where they kept cattle and grew vegetables by hydroponics.

In 1948 the Gilbert and Ellice Island Colony (GEIC) purchased the
lzase from the Rougler fawily and began to se:tle Gilbertese on the
island. Since that time the government has operated the copra plan-
tation with laborers on contract from GEIC.

In 1556 the British government established an atomic test site on
thristmas and Malden Islands and devices were detonated 30,000 feet
over Southeast Foint, on Christmas Island. In 1962 the Americans toock *7
over the British base for a similar purpose. These operations had
the code names of "Grapple" and "Dominic'; they involved over

5,000 men on rhe island at one time, Bafore leaving the island in
1964 these operations had established a number of installations and
redredged the channel, which has again resilted.

In November, 1971, the population of Christmas Island included 1bout 5060
Gilbert and Ellice Islandera and three Europeans.
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GEOLOGY

The developers of an Artemia culture scheme on Christmas Island
initially proposed to involve the use of several possible combinations
of saline lakes. Verying amounts of excavaticn, drilling, and manipula-
tions of the substrate may be required as the prograw progresses. It
was therefore deemed advisabl~ to investigate the geology of Christmas
Island in some detail, particularly as it relates to the saline lakes
and their formation, ground water, and nutrient deposits.

Christmas Atoll crests the southeasternmost portiom of a northuesst-
southeast trending volcanic ridge. The oceanic crust surrounding the
narthwest Christmas Island Ridge exhibits a broad moat and arch, with
the arch crest some 240 kilometers distant from the ridge axis. An
archipelagic apron forms a smooth curve grading into the insular slope
(Menard, 1964). From the reef margin to a depth of 1300 meters, the
slope is quite steep (Jenkin and Foale, 1968). An echosounder profile
of the southwestern slope shows three "cone-like' features of probable
volcanic origin (Ritchie, 1958). Coral thickness is 30 meters at Motu
Tabu (Figure 4) and exceeds 120 meters elsewhere (Northrup, 1962:
Jenkin and Foale, 1968; John Bryden, personal communication, 1971).

Geologic Development

The similarity of the structural trend of Christmas Island Ridge and

the size and ridge position of Christmas Ateli evoke a comparison with
the evolving Hawaiian Ridge to the north. Differential spreading rates
and directiocns of the oceanic crust emanating from the East Pacific
Rise produce zones of crustal weakness, During the formation of the
Hawaiian ridge, volcanism progressed northwest to southeast along such
a zone with the southernmost velcanically active island of Hawaii being
the youngest and largest. If a similar formational mechanlsm applies

to the Christmas Island Ridge, the voli:anic complex upon which Christmas
Atoll formed is the younzest of the northern Line Islands, having devel-
oped in early Cenvzolc time (Menard, 1964).

The basic shape of an atcll is largely dependent on the distribution of
its volcanic basement (Wiens, 1962) but the surficial detail is con-
trolled by sea-level fluctuations and further climatic and tectonic in-
fluences, The irregular shape of Christmas Atoll is probably due to the
arrangement of volcanic peaks similar to thouse observed on the southwest
insular slope., The developnent of the distinctive geomorphologic features
is a result of linear patch reef growth, and a progressive westward and
northward infilling of the main lagoon, perhaps aided by simulta.eous
gradual northwestward tilting of the entire atoll. Roy and Smith (1970)
speculate that Fanning Atoll, 320 kilometers to the northwest, has ciited
up to the west, whereas the nearest southerly land, Jarvis Atoll, 420
kilometers to the southwest, has . filled lagoon floor eight feet above
sea level. Evaporite crystails in the deepest depressions indicate recent
emergence for Jarvis (Weins, 1962).
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During the post-Wisconsin eustatic rise of sea ievel, a rectilinear
patterm of Acxopora {(coral) and Tridacna (giant clam) patch reefs
deveispeu on the immersed lagoon floor parallzl or transverse to
dominant modes of wind direction. Linear patch reef development
transverse to an eesterly wind mode is pvesently occurring in the
windward lagoon and linearly arranged patch reefs oriented downward
or, mure rarely, transverse to tte main wind direction are present
in several atoll lagoons (Weins, 1962) including a rectilinear pat-
tern in Famning Atoll lagoon (Roy and Smith, 1970). The patte.si: of
lake marging on Chrlstmas Atoll presumably underlain by veefs, hinis
al a former dominance of northeast and southeast wind modes. Linear
patch reef development was due possibly to more rapid reef growth in
divergences of Langmuir cells or to a rectilinear base of sand dunes
developed during the Wisconsin low stand. In the latter scheme,
patch reef development would have been less in the leeward lagoon
due to greater bar development nearer the sediment source. Differ-
ential growth rates of coral and coralline algae betweer the wind-
ward and leeward reefs, possibly aided by northwestward subsidence,
resulted in the northwest Passes.

As sea level reached a maximum positive two-meter lavel several thou-
sand years age (Fal{rbridge, 1952) Chris'mas Island was nearly entirely
submerged, although lagoon patch reef cavelopment kept up with the
rising sea level. During rhe brief still stand and the subsequent
eustatic fall of the sea to its present level, the reefs were planed
cff, supplying sediment to the emerging lakes. Beach rock fcrmation
on leveled, exposed reef tops incorporated bivalves and other biogenic
debris. Aeolian secdiment derived from the emerged windward coastal
plain and the sesward beaches foined the coastal inland aund !agoon
dunes and also agcrumulated in the lake basins with eutocthunous bio-
genic seGiment. Wave transportation and deposition of sedimeant were
eftective in plugging breeches in lake peripheries. Thz lakes progress-
ively filled and became isolated from the main lagoon, although tidal
exchange maintained some ephemeral shallow channels. The increasing
salinity curtailed reef and invertebrate growth, and the shells of hivalwve
and gastropod mollusks accumulated in berms on the leewvard lake shores.
The southeastern border of the main lagoun 1s in an incipient stape of
lake isolation, whereas the interconnected lzkes are indicacive of the
next stage of isolation. The totally isolated lakes of the Southeast
FPeninsula continue to shcal due t» precipitation of evaporites, princ-
ipally gypsum and halite.

The sedimentation rate, or at least reworking of sediment in the lakes
hae been extremely rapid in recent time. For exampla, half-meter-deep
ruts in the windward nearshore of F2 were partially Filled end smoothed
with algal coze and aeotian silt Ln the sz2ven-month period between
March and November, 197l. A4 core of sandy carbonaie mucd from the wind-
ward subaerial edge of 27A provided evidence of minimum scdimentation
rate of 1.8 to 2.7 centimeters per year fo.o the last ten to fifteen

i
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years, based on geiger count detection of a nuclear blast horizon

{D. Knutsen, personal communication). The sedimentation in this core
appcared normal and continuous for this location {27A-1, Table 2).

A core {16A-1) from the windward shore of 16A shows a regressive se-
quence, whereas a longer core (16A-_) (Table 2) indicates cyclic
variation in sediment type and presumably, lake conditions.

A further possible indication of rapid sedimentation is the presence
of a reducing environment immediately below the sedimeat surface in
all lakes. The process of burial of organic matter is apparently
faster than that of decomposition. However, rhis prevention of toral
cecompositicn of organics prior to buri-l could be explained by the
intibition of decomposérs in hypersaline waters without the necessity
of postulating a high sedimentation rate. The possibility of "excess"
productivity is excluded for most lakes by data found elsewhere in
this repott., :

General Mocrphology

Recounaissance observations on the general geology and sediments of
Christmas Islaid were reported by Wentworth (1931) and Wentworth and
Ladd (1931). A detailed analysis of landforms, soils, and hydrology was
fncluded in a revort on the coconut-growing potential of the island
(senkin and Foale, 1968). ‘he soils have been further investigated by
Hammond (196%9). The presumed existence of geologic data gathered by
RBritish scientists prior and subsequent to a 1957 nuclear test (“Opera-
tion Crapple") conducted in the atmosphere above the southeast point
and by private guano and phosphate reck enterprises is acknowledged, but
rematas largely unavailable to us.,

On the basis of mcrphology and sediment type, the island can be class-
jfied into nine subaerial and two submarine landform units {Jenkin and
Foale, 1968). The maximum elevation is 10.7 meters in the coastal dune
upit 7long the Bay of Wrecks (Jenkin and Foale, 19%68), although masses
of reef rock distributed throughout the island's interior exhibit a
rather uniform surface not exceeding four meters above present sea level
{Wentworth, 1931)}.

Soil development is very slow and generally uniform on dry ctolls due to
the scarceness of organics and the commou chemical nature of the parent
mixed calcarecus debris. Thus lateral soll differences result mainly
from varlarions in the size and depositional mode of shell and coral
fragments, whe-eas inciplent soll profiles develop only as a response to
increased compaction and a decrease of crganics with depth. :

Up to a meter == but more commonly less than 10 centimeters -- of beach rock
(blosparudite, Folk, 1965) caps extensive areas of recef rock {coral bio-
lithite and intrasparudite) and unconsolidated medium calcirudite on the
lagoon flats. Tune thick beach-rock sections were exposed along walls of

16



TABLE 2. SEDIMENTATION IN CORE SAMPLES

—— — n—

Lake Core Interval, cm Sediment

léa 16g-1 0-2 Pebble-gize halite cryvstals in ground
mass of green algae-carbonate-halite
mush with some pebble-size pelecyped
fragments.

2-10 R. Jdal sediment; whote pebble and
cobble size shells ir ground mass of
sand size sheil fragments.

10-15 Coarse sand-size orange gastropods (407):
rounded and subangular pebble-size shell
fragments and silt-size shell fragments
partially cemented with calcium carbonate.

16-30 Scattered coarse sand-size orange gastro-
pod in white carbonate mud matrix

30-59 Occagional gastropoeds and pelecypod frag-
ments in pink carkonate mud matrix.

iba lba-2 0.2 Brown alga ooze

2~9 Pink alga ooze

9-10 Pelecypod shell-fragment layer

10-84 Laminated tan clay: cccasional peoble-
size pele:ypod {ragments; whole pebble-
size pelecypod halves.

27a 27a-1 G-6 Sand and silt-size fragments partially
cemented together with calciun car>onate;
occasional large. circular benthic
foraminifera.

6-63 Same; abundant rounded beach-rock pebbles
with black algae on exterior.

63-120 Carbonate mud with occasional aeolian up-

rated pebble.
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collapsed spring channels which feed many of the enclosed lakes (e.g.,
lakes 19e and 27b) and on the edge of islets in lzke 27a. These expo-
sutes indicate cycles of depcsition and beach-rock formation. Incip-
ient beach-rock formation was observed in evaporated areas of Manulu
Lagoon (lake la) and at 30 centimeters below the floor of an inactive
spring channel entering lake i%, In sity Acropora and Tridacna reef
complexes are exposed along some lake margins. Repeated attempts at
deep probing of the interlake margins between I4 and F7 and on the
southeastern shore of 27a met with an impenetrable horizon at approxi-
mately 6,5 weters below land level,

Lagoon and Lagoor Lakes

The physical parameters of the lagoon and particularly those of the
lagoon lakes are dependent upon the relationship between precipitation
and eveporation that has existed over some several months prior to an
observation period. Observations presented in this report were made
mostly in March and November of 1971, Rainfall records from Christmas
Atoll reveal that the preceeding four years were all below average in
total annual rainfall, In fact, considering annual totals for the
years 1967 through 1971, only the rainfall measured i1 1969 exceeded
one-half the 33-year mean of 31 inches (800 mm) annually. Additional
direct observations were made during August of 1972 during a seven-
day perind spent on Christmas Lsland. Beginning in July, 1972,
Christmas Atoll received exceptiocnally heavy rains which resulted

in significant changes in the physiography of the lagoon-lake complex,
Rainfall records for the months prior to the 1971 and 1972 observation
periods are as fuiluws:

Monthly Rainfall, in inches

Year Jan Feb Mar Apx May June
1971 0.39 0,39 1.2t 5.25 0.66 5.30
1972 0.02 0,94 1.57 7.43 0,71 3.56

July Aug Sep Oct Nov Dec
1971 0.63 0.91 0.14 0.39 0,00 0.51
1972 8485 5.68

Unless otherwise indicated, descriptions and data presented in th: * sec-
tion are based on the 1971 observatio:us, Amendments to these ohservations,
applicable during "wet'" years {(see page 9), are Iinserted where appropriate,

Nearly 507 of the total aren of Christmas Atoll is occupied by saline
lagoon lakes and lagoons, The semicirculer main lagoon, covering
166,55 kmZ (61,99 mi2) (Jenkin and Foale, 1968), comprises half of the

18



total area of lagcon lakes and lagoons. Much of the main lagoon is
quite shallow and its maximum depth 1s only 7 meters. Extensive tidal
flats border the lagoon on all sides except in the vicinity of the two
passes. Both passes are on the western side of the atoll; separated
by Cook Island, they are each about 2 km wide.

Contrary to the impression obtained from maps of Christmas, including
Figure 4, the shoreline of the main lagoon 1s not readily located in

the field. Tidal sand-shoals and flats, peninsulas and islands sepa-
rated by flats and channels, all tend to obscure any definite shoreline
encoumpassing the wain lagoon &3 & unit. Linear reefs, coral knolls,
peninsulas, ard small islets dot particularly the eastern portion of

the lagoon, making navigation even in shallow-draft vessels uncertain.
The shoal nature of the lagoon 1s evident in aerial photographs in which
submerged and subaerial features are difficult to distinguish (Plates 1
and 2). :

Mixing of lagoon and oceanic water is probably restricted to the region
of the passes where the lagoon 1s open to the ocean along less than 23%
of its leeward side, Evaporation generally exceeds rainfall received

by the atoll, which contributes to the establishment of a salinity grad-
lent increasing from the pasgses across the lagoon in all directions.
Surface water just north of Cook Island had a measured salinity of 135.9
ofoo on March 23, 1971 -- the salinity of oceanic water around the atoll.
Salinities measured along the north, east, and south shores of the lagoon
on August 30, 1972, were: 34 to 35 ofoo in the vicinity of London;

36 o/oo in the northern part; and 37 of/oo just west of "Little Plantation'
{B-series lakes).

Approximately 25% of the total surface of Christmas Atoll is occupied by
some 500 interconnected or isolated lagoon lakes distributed both east
of the main lagoon and along the center of the Southeast Peninsula.
These lzgoon lakes vary in size from Manulu Lagoon (1A), covering

15.98 km2 (6.17 mi2), to small salt pans several meters across and a

few centimeters deep.

Recomnailsgence sampling indicates lakes of twe basic types, sub-evaporite
phase and evaporite phase, depeacent upon the degree and duracinn of ise-
lation in regard to water exchange. Most lakes lacking evaporite depo-
gaits are connected by shallow, u=vrow channels to the main lagoon, Inter-
connected series of lakes open at one end of the series to the lagoon
("open'" lakes) have salinity zrad‘ents which reflect their proximity to
the main lagoon. These gradieats may be explained entirely in terms of
restricted exchange with lagoon water and evaporation, although springs
entering some lakes undoubtedly hLave an effect upon s-linity. There is
also an apparent north~-south-oriented salinity gradient of the "open”
lakes fronting on the lagoon.
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A north-south gradient in salinity suggests a possible influence by

the fresh water from Ghyben-Herzberg lenses within th2 1sland struc-
ture. (For a discussion of freshwater lenses on arolls, see Cox,

1951, and Arnow, 1954.) According to Charles (1960) and Jenkin and
Foale (1968} permarent or semi-permanent underground freshwater lenses
are most likely to oceur on the coastal plains along the northern por-
tion of the atoll, in the Poland and New Zealand Airfield aress (south-
west), and along the north to northeast portion of the Southeast
Peninsula. Jenkin and Foale (1968) estimate the volume of fresl; water
in all of the northern sites orn Christmas Island to ve 4.3 x 1D
gallons (19 x 10° ki) and of the southern sites to be 2.06 x 109
gallons (9.4 x 10¥ kl). The relatively low salinities measured in
"open' lakes along the northeast lagoon shore such as lakes Al to A4,
as compared with those salinities measured in open lakes closer to the
center of the atoll {e.g., Fl~F7), possibly result from the close prox-
imity of the former lakea to low-salinity groundwater. In additienm,
there are fewer shoaling linear reefs between the passes and the A-
garies lakes than between the passes and the F-series lakes, suggesting
that the tesidence time of lagoon water in the north may be somewhat
less than the residence time of lagoon water near the eastern shore.

Sprin s entering lake AlB through two 'streams" had salinity values of
24 ofoo and 6 o/oo in March, 1971. Paradoxically, the heads of these
and two other streams entering lake AlB contained weter at selinities
between 20 and 32 o/ooc on August 25, 1972. Direct association with the
Ghyben-Herzbery lens is not indicated by the 1972 data.(In addition to
salinities being higher than expected under the conditions pre iling

in 1972, no flow of water was observed issuing from the "springs" at a
time when fresh water in the groundwater body should have been expanding
toward the island margins.)

Figures 5 through 8 show salinity gradients along the northeast lagoon
shore based on surface water samples taken in March, 1971, and August, 1%72.
Sampling stations are indicated by triangles. Although the ischales are
dravn across the land to separate lakes of differing salinities, grcund-
water salinities may in fact be radically different and are not indicated
on the maps. Salinities of a few isolated (closed) lakes are indicated

by their value. Ischales are drawn in parts-per-thousand steps oanly

where space permits Water flowing between lakes in August, 1972, is

shown by arrows indicating the direction of flow.

Springs flowing into both open and closed lakes are common features of

the lagoon-lake complex. In some cases these springs arise two or three
metetrs above the lake-water level and feed streams flowing over beds cut
deeply into the flat between the lakes. These stream cuts often have

the appearance of callapsed underground caverns, and the elavational dif-
ference between the stream bed and the hardpan surface of the interlake

flat may be as much as two meters. (See I'late 3.) In all cases {nvestigated
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Christmas Atoll, Yagoon margin {SE); ischales, March of 197I,

FIGURE 7.
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isohales, August of 1972.

Christmas Atoll, lagoun margin (SE);

FLGURE 8.



_ Plgte 3, Stream cut showing
elevetional difference
between stream bed and
hardpan surface of the
interlake flat.

in March, 1971, with tkr exception oi water entering lake AlB, the
salinity of the spring water was between 36 and 41 o/oo. These
values are considerably less than the salinities of the lakes in
the areas adjacent to the springs. Moreover, the salt content of
the spring water is less than that of the lagoon surface waler.
The total input of water from the several springs at the northern
end of lake 16A was estimated at less than 0.0l cubic meters per
second (9,510 gallons per nour).

Cortinuous long-term flow from one particular spring was indicated
by the presence of a peculiarly sharp inverse temperature gradient
previously noted by Northrup (1962).

Frequently differences of a meter or more between adjacent lake-water
levels were observed; e¢.g., E2 was 1.2 meters higher than 16A (Novem=-
ber, 1971). These differences may be explained by variaticns in lake-
wrter budgets. Successive rings of shell berms or a border of evapo-
rite crystals, eifther gypsum and halite or gypsum only, indicated past
higher shorelines around most lakes. Large fluctuacions in surface
area result from clevation changes of less than a meter, due to the
generally gently cloping and shallow configuration of the lake basins.
The lakes appeared to be at their lowest recent ievel in Kovember, 1971.
Manulu Lagoon (lake 1A} was partitioned into smaller interconnacted
lakes in contrast to maps constructed by Jenkin and Foale {1963) from
aerial photographs taken in the 1950's. Asymmetric basin profiles with
recently exposed windward shores indicare active aeolian deposition

in some lakes (e.g., 27A and 16A).

Lake levels in August, 1972, appeared tc be near maximum. The water
levels in lakes located some distance from the main lagoon inundated
high shoreline vegetation. In most cates this represented an increase
in depth of at least one meter and possibly as much as 2.5 meters;
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these increases in water level must have resulted from the heavy rains
ir July and August of 1972, Lakes located near the lagoon but pre-
viously isolated from the lagoon were connected by channels which ex-
hibited strong unidirectional water flow into the lagron or into open
lagoon-lakes. Manulu Lagoon was no longer part.tioned into smaller
lakes, Water flow under "The Bridges' was observed over several days
in August to be always out of Manulu (into B2 and the main lagoon).
The level of water in l6A was above that in the adjacent open lake,
E2, and water wus flowing over the low lip separating the two lakes.
Water flowing between the open lakeg; B3 and D2, at a place called
"The Ford" inundated the road to a depth of nearly ons meterymaking it
all but impassable to vwehicles,

Springs flowing into closed lakes could nut be investipated in August,as
the water levels in these lakes were abova the elevations of the springs.
In most cases it wae difficult to locate the cuts in the beach rock flat
made by these springs. By way of example, the stream cut shown in Plate 3
could be located, but lake-water covered the inter-lake flat by several
centineters at that time.

During pericds when lomg-term evaporation predominates over precipitatiom,
lakes actively depositing chemogenlc sediments can be classified accord-
ing to the nature of the evaporite. Key indicators of lake types are
bottom morphology, sediment type, and the presence or absence of a red
gelatinous alga, apparently assoclated with a range of aype.salinity,
f.e., in 1971, approximately 200 to 300 o/cc.

Relatively isolated lakes, e.g., 19d, 19e, 33a, are less than two meters
deep and have salinities greater than 3CO ofeco. Bottoms are rough due to
a network of polygonally arranged ridges exhibiting nearly one meter of
relief from ridge top to basin floor. The gypsum and halite crust is

only five centimeters thick in 33a and overlies red gel interspersed with
halite crystals. A peripheral ring approximately one meter wide around
lakes lacking evaporites, or containing only a thin crust of gypsum, indi-
cates * ~latively low-salinity seepage at the water-shore contact. One can
det~rmine lakes actively roceiving shoreline seepage by the presence or
absence, in the evaporite rting, of halite crystals which are rapidly dis-
solved by contact with low-salinity water.

The spring-fed evaporitic lakes are also less than two meters deep but
exhibit a smooth bottom consisting of a cme-centimeter-thick crust of
halite cubes overlying at least one meter of red gel mixed with halite
crystals,

Lakes lacking gypsum and halite deposits, e.g., E-, F-, and I-series lakes
are interconnected by narrow <hannels to the main lagoon. Channel
morphologies for lakes in the F series appeared to represent stages in

a developmental cycle. Incipient channel development was occurring
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between F6 and F7, where a steady flow two meters wide and a few centi-
neters deep transported water over the beach reck crust from F6 to F7
during spring tides. Perhaps during and after infrequent heavy raine,
wvater of low salinity and under-saturated with respect to calcium car-
bonate initiates disaolution of the hardpan while flowing between lakes.
Once the crust is weakened, the sili and clay would be eroded by the
water flow, leaving a sediment dominated by pelecypod end Acropora frag-
ments. A more advanced stage in this process 1s represented by an
inactive channel between ¥2 and F4. At the F2 end, the beach~-rock crust
is absent along 20 meters of the channel length and the channel {s filled
with pelecypod shells. Once the channel bottom is eroded below the
water table (0.5 to 1 meter on the lagoon flar), extensive widening may
cccur from lateral seepage and undercutting as evidenced by blocks of
beach rock tens of meters in diameter slumped into une channel. An
example of the initiation of the final stage in this cycle is fcund in
an inactive channel between F4 and FS. A hypersaline puddle is bounded
by a shell skoal at the F4 end and a shell berm at the F5 end. As the
puddle water evaporates and through caplllary evaporation elsewhere,
beach tock is forming to stabilize the unconsolidated shells.

Nearshore bottom sediment type varies <onsiderably in these '"open"
lakes, but the dominant type for F-series lskes is a sandy, pelecypod
and Acropora fragment gravel. The berms around the lake margins con-
slst of well-sorted pelecypod and gastropod shells and shell fragments.
A core in windward nearshore Fla penetrated 16 centimeters of pink
organic "Fluff" to an extinct pelecypod bed. Windward sedimentation

for reworking i{s fairly rapid in these open lakes, as evidenced by five-
month-old ruts partially filled and smoothed by "fluff" and aeolian ailt.

A reducing environment indicated by hydrogen sulfide odor was present
immediately below the suvrface sediment in all lakes sampled. A semi-
diurnal increase in foam reported previously by Wentworth (1931) was
observed along the leeward shores of many enclosed lakes, and in the
larger interconuected bodies, linear arrangements of foam extending
from leeward to half the lake breadth indicated active Langmuir cells,

Some elements of the biota of lakes reflect the salinity and degree of
isolation from the lagoon, Table 3 illustrates the distribution of
gelacted organisms in lakes of increasing salinity. The basis for the
discoutinuous distribution of some organisms {Tridacna and Acropora) is
other than just salinity. 53 o/oo appears to be the upper limit of
salinity for the organisms listed,
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TABLE 3. DISTRIBUTION OT SELECTED ORGANISMS IN SALINE LAKES, ARRANGED
BY INCREASING SALINITY

Data obtained during March, 197), 2xpedirion.
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Lake Salinicy, § o S : So§ w4 & o 203
No. oroo € &l &l g 8 & & & E & g E
AlLB creeks [6-37 X X
AlB 37-43
AlA 43-45 x X X x X%
AbA 43.5 x
. B2B 43.5-45.5 X
A2 4445 X
Bl 4 x
B2A 44 X
B3 44,5-45,5 b4 X
ARB 45 x X
A3 45-48 x x
CilA 45-46
bt 46 x
E2A 46 x x
1A (part) 47 x
D2 47-48 x X
G 47 X
AL 48 x b X
ElB 48-50 X
E2RB 48-49 X
E3 49 X
FlA 49-50
A5 50 x X
CiB 50-52 ) x
C2 51-52 X
E4 51
H 51-52 x X
FlB 51-53 X X x
D3 52-55
C3 52.5
F2 53-58
21 61
7D 63
F4 63-75
74l 69
7B 74.5
7C 75 :
TAZ 93
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PHYSIOGRAPHY OF THE F-SERIES LAKES

A detailed study of the F-serles of lakes at “hristmas Island was
undertaken because they seemed to offer a mechanism for Artemia
production that would allow the use of natural empo.ndments require-
ing a minimun of alteration and of tidal flow to ald in water move-
ment. An lmportant aspect of the Artemia culture scheme belng pro-
posed is 1n the production of egga, which normally float and are
plown to the downwind shore where rhey are harvested. The slope and
composition of the substrate along thz downwind shorelina therefore
recieved spzcial attention in our consideracion of the F-series of
lakes.

The Nine F~Series Lakes

The F-serieg of lakes consist of nine interconnected bodies of water
that lie along an approximate north-south axis adjacent to the main
lagoon (Figure 4). For purposes of {dentification these lakes were
numbeiad Fla. F1b, F2, F3, F4, F5, F6, FJ, and 21 (Figure 9). The
distance from the roughly defined mouth of Fla to the southern shore
of F7 is 3-1/2 niles (5.6 km). These lakes are all interconnected
and subject to some tidal influence. There is a salinity gradient
from apbout 48 o/oc at the mouth of Fla to 101.5 ofco iu F7 (Figure 9).
‘The total ourface area of the lakes was estimated, using a plinometer,
to be 384.5 acres (155.6 hectarss) and the volume of the lakes wa3s
calculated to be BS3 x 100 f£:3 (24.14 x 106 ud).

The depth of the lakes was surveyed utilizing a Raytheon Model DE-FLY9
Fathometer Depth Recorder, battery powered and mounted on a skiff.
Tracks and positions were located on charts enlarged from Christmas
Island Chart #2 published by the Directorate of Overseas Surveys,
gcele 1:50,000, A magnetic compass, a mariner's sextant, and an
engineer's level on shore wer= used to determine locations. The
figures that follow have denth centours plotted in S~foot intervals;
wolid lines indicate areas in which fathometric recordings were then
taken, while dotted lines are approximations based upon the data from
adjacent areas and features on an aerial photograph made by the Rroyal
Alr Force (scale -- approximately 1:29,000). North is oriented to the
top ~f the paper.

In lakes Fla and Flb insufiicient tracks were run with the fathometer
to attempt a reconstruction of depth contours (Figure 10).

Due to limitations in t{me, not all shorelines and bottom material

were studied in detail, Photographs and notes were taken along the
downwind (western) shorelines of the F-series of lakes, as well as

along the channels connecting the lakes.
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F{GURE 10. Depths in feet oi lakes Fla, FIb, and F2.
Many shoal areas and peninsulas are ill-defined,
emerging from beneath the water's surface with slight

tidal changes. Depth soundings along tracss in feet.



Lakes Fla, Flb, and F2 are the largest of the F-series (total 281.2
azras) and because they would not lend themselves readily to water
management without extensive construction of walls, erc, it was decided
to congentrate our efforts on lakes F3 through F7 and on lake 21 which
is conne~ted to an arm of F3.

In the plates that follow, an attempt was made to photograph the major
types of downwind shorelines that were potential Artemia egg-harvesting
sites. Photos were taken between 1200 and 1600 hours utilizing Kodu-
color filn from which black-and-white plates were made. Numbered cones
on Figures 10 through 17 depict the point from which the photos were
taken and the approximate near field covered. "TG" indicates the loca-
tion of temporary tide gauges established for circulation studies.

The channels between the lakes in the F-serles are of particular impor-
tance because some of them will have to be modified with gates and screens
in support of the Artemia culture scheme.

Shoreline and Channel Description

#

a. Lakes Fla, Flb, F2 (281.2 acres) {Figures 10 and 11)

These latge lagooa lakes lie in a roughly north-south axis so that
the western shoreline is downwind to the prevaliling easterly winds.
Because of the size and large openings to the lagoon, these lakes were
not consldered as suitable for the initial Artemia culture venture;
therefore only a cursory shoreline survey was wmade. These bodies of
water have a series of finger-like spits and shoals extending from both
the east and west shorelines. These projections could serve as a base
for barriers that might be constructed should these lagoon lakes be
neaded for future controlled enclosures for aguaculture.

Plates 4 and 5 depict a typical section of the western shoreline in this
area with a very shallow slope and a well-compacted fine sediment with
coral and mollusk fragment substrate.

The downwind shoreline of lake F2 follows a northwest-south:ast axis.

The lake has several shoal areas and small islands. The downwind shore
consicts of alternate sections of ovarhanging eroded beach rock and mod-
erately steep shell and rubble beaches as shown in Plate 6. This is in
contrast to the southern point of the lake (Plates 7 and 8) and small
embayments along the southeastern shore (Plates 9 and 10) that all have

a flat, hard-packed substrate of sand, shell fragments, and fine sediments.

b. Channel joining F2 and F3 (Plates 11, 12, and 13)
This is the last well-developed, deep channel in the F-series of

laker a3 one moves toward F7. The F2-T3 channel is approximately 100
meters long and 10 meters wide, with a maximum depth of 4 meters. In
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longitudioal secticn, it is concave with a bar and delta developuent
at both ends of the channel (seen as light line in the background of
Plate 11). The channel is asymnetrical in crosg-section, with the
downwind side exhibiting a much gentler slope. The bottom sediment 'S
a semi-consolidated pelecypod-Acropora fragment biorudite.

¢. Lake F3 (45.9 acres) (Figure 12)

The downwind shoreline has a slightly curved configuration along
a roughly pnorthwest-southeast axis. A beach-rock outcropping intarrupts
a beach consisting of deep wingrows of shells of the bivalve Fragum
fragum (Flate 12). Plate 14 shows an {nactive channel between F2 and
F3. Beach rock extende as a shallow shelf into the lake (Plate 13).
plate 15 shows the relatively steep sloped beach along the downwind side
of this lake consisting predominancly of loose F. fragum shells up to a
moter in depth. Furcher along toward the F3-F4 channel, the shell beach
has pericdic intrxusions of eroded beach rock (Plate 16).

d. F3-F4 channel (Figure 12)

In cross-section this channel (Plate 17) is a broad, flat channel
only a few centimeters deep at high tide. The shoreline consist of shell
fragments, while the channel bottom is firm and flat. A narrow bar ex-—
tends out from the eastemrm shore as seen in the background of Plate 17.

. Lake F4 (19.5 acres) (Figure 13)

This oval-shaped lake contains no major shoals or 1slets. Its lomg
axls is generally east-west. The northwest portion of the downwind shore=
line consists of beach rock and shell (Plate 18) which gradually becoue
deep deposits of loose sholls toward the west end of the lake (Plate 19).
Ir. the foreground of Plate 19 can be seen the beginning of beach rock
that extenis around to the F4<F5 channel. Along the southwestern shore
an undercut beach-rock shoreline has a parallel ofishore strip of con=
solidaced shell and rubble that is about 15 feet wide and is exposed at
all phases of the tide (Plate 20).

§. F4-F5 channel (Figure 13)

This is another broad, shallow channel, similar to the F3-F4 channel,
It is bordered on the wes! side by a flat rock shelf approximace’V 100
peters wide which is covered with scattered mounds of shell (Platw. . 21
and 22). A delta extends from the channel into lake 5 (Plate 23).

g. Lake 21 (Figure 143
This lake is connected to the northeast arm of lake F3 by means of

a narrow channel. It 1is of particular interest because its relatively
gmall size and proximity to other F lakes suggests its possible use as
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Lake F2 with 5-foot depth contours.
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FIGURE 12. Lake F3 with 5-foot depth contours. Shallow channel in the upper portion
of figure joins with Lake 21, (See Figure 1h4.)
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FIGURE 13. Lake F4 with 5-foot depth contours.

37



.
e

SR e

ra OO
-:'"-

.
[}

Tan

-
*

FIGURE }4. Lake 2] with &5-foot depth contour
intervals. The shallow channel connecting it
to F3 is seen at the left of the figure and 3

portion of F3 is shown at the bottom of the
figure.

i8



T
.,

T meramma A ara,,
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FIGURE 16. Lake F6 with 5-foot depth contours.
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FIGURE 17.
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Lake F7 with 5-foot depth contours.
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Plate 4. Fla ' Plate 5. Fla
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Plate 6. F2 Plate 7. F2
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Plate 10. TF2 Plate 11, Channel F2-F3

43



Plare 12. Channel F2-F2 Plate 13, F3

Plate 14, F3 Plate 15. F3
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Plate 16. F3 Plat

Plate 18. Chaanel F3-F4 ‘ Plate 19, F
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Channel F4-F5
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a hatching or sub-culture pond., It is a small, oval-shaped lake which
has relatively flat, firm siiorelines (Plates 24, 25, and 26) with an
of fshore bar extending across the southern end (Plate 27). The north-
western shoreline has a shallow accumulation of shells (Plate 28), and
it is jeined to F3 by a curved channel with a maximum depth of 1 meter,
with bars at either end (Plates 29, 30, and 31).

h. Lake F5 (11,5 acres) {Figure 15)

This is a kidney-shaped lake with no shoals or islets. Its loag
axls is north-south. The northwest shoreline conslst of mounds of
loose shells 0.5 meters deep. The western extremity of the lake has
a narrow, exposed strip of shell mound extending offshore (Plate 32)
behind which 1s a relatively flat, hard platform. The southeastern
shore is a broad, flat platform with little loose material (Plate 33).

1. F5-F6 channel (Figure 16)

This channel is a straight, shallow connection aligned in a nearly
east-west direction. It has beach rock and shell berms along the south
shore (Plate 34) and deltas at both ends. The delta in Fé6 is shown in
Plate 35. The greatest depth of this channel averages only a few centi-
meters at low water, with a shallow sill at the F3 end that is exposed
at low tide.

4. Lake F6 (13.6 acres) (Figure 16)

This is an irregular-shaped lake with its longest axis in a northeast-
southwest alignment. Extensive shoal areas are found at both ends, with
roughiv one-third of the area of the lake being less than 5 feet deep.

The northwestern portion of the shoreline consists of relatively fla: ercded
baach rock with numerous fragments of Acropora coral and Tridacna clans
erbedded in it. A shallow mound of mollusk shells occurs about 10 feet

back from the water's edge (Plate 15). Aleng the southwest shore the

beach widens to about 30 feet, with the same eroded beach-rock fnrmation

and shallow mounds of shells 15 feet from the water's edge (Plate 37).

k. F6-F7 channel (Figure 17)

This channel is an extremely flat, shallow passage that does not allow
significant transport of water except at high tide (Plate 38). 1lt has a
beach-rock crust base without significant shell fragments. On the south-
west shore approximately 530 feet from the channel are mounds of weathered
bivalve shells.

1. Lake F7 (12.6 acres) (Figure 17)
This highly saline lake has zn irregular shape with tke longest axis

in a northeast-southwest direction. It has twe shoal areas and a prejec-
tion from the south shore. It has a broad, almost flat teach-rock beach
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with very few weathered pmollusk shel fragments (Plates 39 and 40). The
lee shorelines of lakes F6 and F7 are suitzble for vehicular tratfic and
probably have the best configuration for the collection of Artemia eggs.

Artificial Channels

A3 production facilities are expanded, the conatruction of artificial
channels might be advisable. Such construction of channels, e.g.,
betweer F7 and I4, should not present major problems, since the beach-
rock crust is less than 30 centimeters thick and is underlain by five to
seven meters of unconsolidated biorudite and biomigrite in this locale.
Elsewhere the dividing ridges may be immed?ately underlain by reef rock
infilled with recrystallized calcite, which would be much more resistant
to excavation., Construction of contrel gates in the F-series channels
should prec:nt little difficulry. However, some head loss by tide-
forced groiadwater seepage will be inevitable.
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Plate 28. Lake 21 Plate 29. Lake 21

plate 30. Channel F3-Lake 21 Plate 31. Channel F4-F5
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Plate 32. F5 Flate 33. F5

Plate 34. Channel F5-Fé Plate 35. Fs
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CIRCULATION IN THE F-SERIES LAKES

During the March, 1371, reconnaissance of Christmas Island various
possible schemes for the productionof Artemia were considered utilizing
the avallable lake systems, Since Artemia eggs were an attractive
poss!ibility as an initial preduct, inducing stress situations (such a:
raising the salinity) which would stimulate egg production was examined
in relation to available bodies of water, The F-series of interccnnected
lakes were examined from the standpoint of taking advantage of natural
tidal flow, with the aid of gates and sluices, to transport Artemla from
low-gsalinity to higher-salipity bodies of water.

Tides

Water levels in the lakes were studied to determine (1) the existing
flushinyg rates or residence times of water in each lake; (2) the volumvs
of flow that could be expected if tides were used to produce a net circu-
lation through the lake series; (3) whether there are naturally occurring
tidal-phase differences between lakes that could be used to promote net
flows; and (4) the mean-water-level differences between lakes that could
be used to promote net flows.

Water levels were measured in each lrke at the locations shown in Figure
9, Readings wer: taken every hour from 1100 (local time) November 8 ro
2000, November 10, During the same period, hourly readings were taken of
wird velocity and surface-water temperature in lake Flb. The relative
elevatlons of all gauges shown in Figure 9 were determined by suvrvey, so
tnat differences in mean witer level between lakes could be computed.

The tide records will be discucsed starting with the outermost lake, Fla,
which is the one mosi directly comnected with cthe main lagoon, and moving
landward through the series, passing toward lakes that are sequentially
farther removed from the lzeoon.

Tides in the Main Lagoon

The tide in the outermost lake, Fla, may be taken to represent tne tide in
the neighboring region of the main lagoon. Fla does not open immediately
to the main lagron, but we note that wherevear the lakes are interconnected
by fairly wide passages there 18 negligible distortion of the tide wave
over short distances. This shows clearly in the similarity of the records
from Fla and I4, which are connected via the main lagoon. Thus we regard
the record from Fla as the tide in the local, inner pertion cf the main
lagoon, This tide is shown in Figure '8. The range 1s about one foot
{0.3 meter), and the form of the wave is strongly distorted.
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Tides measured in the inner end of the lagoon do not necessarily repre-
sent conditions throughout the whole lagoon. When a large lagoon has
limited communication with the surrounding ocean, the tide in the inner
parts of the lagoon will lag behind that which is close to the atoll
inlets. The delay can be more than one hour. Such delays are found

at Fanning Island (Gallagher et al, 1971) and are very likely to be
present herec, The tide 1s routinely recorded in the lagoon at London
village, and relatively simple empirical formulas could be derived to
give the tide in the inner lagoon {rom the London measurements.

The distortion of the lagoon tide is fnteresting to ncte. The water

rises quickly and recedes slowly, with the crest shifted forward in

time «» & pattern that characterizes nonlinear distortion of the wave.

In general there are two processes that can produce nonlinecar distor-

tion of a tide: passage of the wave through cxtensive regions of shallow
water, end bottom friction (Gallagher and Munk, 1371L). Although both pro-
cesses are undoubtedly present in the lagoon, the shape of the wave indi-
cates that the first is predominant here. The lagoon is large enough so
that a nondistorted tide entering from the vpen ocean will undergo a
shoaling transformation, becoming steeper in {ront somewhat like an
ordinary swel! wave approaching & beach. (A good example of fricrional
distertion appears inside the lake series; it will be discussed later.)
The nenlinear distortion of the lagoon tide at Christmas Island is very
pronounced; the isiand wouid be an excellent place to conduct field studies
of this phenomencn,

It was considered useful in examining the data to co-pare the Christmas
Island lagoon tide with the Horolulu tide, Loth curves are given in
Figure 18, There is no simple relation which would give accuvate lagoon
predictions based on Honolulu. However, rough e¢stimates could be made:
the lagoon tide has somcwhat less than half the Honolulu amplitude, high
water lagging by aboutr two hours and low by ebout five hours,

Tides in the F-Lake Series

A set of hourly water-level readings, throuph the lake serles, is presented
in Tigure 19, Tides iIn the vuter lakes, through F&4, fellow the local la-
soon tide with little {f any discernable differences. This is simply
because these lakes are connecfed by relatively large passes which permit
appreciable volume flow,

The first noteworthy tidal difference occurs between F4 and F5. These

lakes are connected by a shoal pass about one foot Jeep and roughly

25 feet wide, which impedes the tidal flow, The impedence displays the
character of a nonlinesr frictional process. High tides in F5 are reduced
in amplitude by as much as a frctor of two and may lag those in F4 by as
riuch as two hours. The nonitinearity of the channel resistance enhances
these effects (amplitude reduction and phase delay) on the larger tides.

The tidal phase difference between F4 and F5 could he used for limited prac-
tical purposes, and this will be discuseed later.
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The channels connecting F5 with F6, and Fb with F7, are less than 20 feet
wide and less than one foot deep. In fact, the sills of these channels
lie above the mean water level of F$, so that only the higher tides
penetrate into F6 and F7. These penetrations do not cause normal tides
fn F6 and F7; they are simply additions of water which tend to replace
what has evaporated. Such additions did not occur during our period of
hourly monitoring, and the curves in Figure 19 show an evaporation rate

of about one-half inch/day. From the evaporation rate, the height of the
tide in FS, and the measured cifference in mean water levels between F5
and F6, it can be concluded that the occasional penetrations of water
from FS must occur at least as often as once a month. 1t cunnot be proved
with this set nf measurements, but it seems highly probable that the
penetrations occur diurnally during spring tides, happening 3 to 6 days in
a rowyabout every two weeks.

Vciume Exclanges and Residence “imes

Residence times and daily percentage volume exchanges are tabuleted below
for the lakes which have normal tidal flushing. For the computations, a
mean depth of 15 feet was taken for all lakes. and lake areas were plani-
metered from a map tased on aerial photos. Residence tioe is computed

as the volume of the lake divided by the tidal volume-exchange rate. 1If
a lake vere perfectly mixed at all times, then on the average a water par-
cel would stay in the take for the residence time. Since the lakes are
probably not perfectly mixed in reality, the computed residence times
shouid be treated as minimum values.

e — -

Lake Volumey ft3 * 7, of Lake Volume Residence
Exchanged Per Day Time, days

Fld 183 x 106 8.8 1.4
Flb 154 x 1.06 8.8 11.4
F2 274 % 106 8.8 1.4
F3 105 x 106 8,8 11.4
F4 42 =z 106 8.8 11.4
F5 30 x 106 4.5 22,2

X Based on an average depth of 15 feet.

Lakes F6 and F7 do not have normal tidal exchar-: and must be treatad
differently. Volume exchange has bheen calculated for the observed cycle
of evaporation and occasional refilling. The numbers below refer to
water, hut not to dissclved substznces.
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Lake Valume, fr3 % of Lake Volume Residence
Exchangad Per Month Time, months
6 27 x 106 _ 6.7 15
F? 32 x 108 6.7 15

Mean Water Level in the Lake Series

. Mean water level for each lake is listed below, where the elevation in

Fla has been used as an arbitrary zero level. Errors in ¢he levals survey
and in the tide readings could amount to about ¥ 0.05 ft. Thus to within
the limits of measurement accuracy, mean water level is constant through-
ou: the outer lakes, as would be anticipated from their free communica-
tion with the lagoon tidc. Note that I4, which lies adjacent to the most
landward F-lakes, is in gocd communication with the main lagoon and shares
the same water level,

Unlike the other table entries, the water levels listed for Fb and F7 do
noo represent steady, average values. As mentioned before, water is added
to thase lakes only during spring tides; the rest of the time their levels
ara falling, cue to evaporation at the rate of about 0.50 inch/day. (In
the rainy months, January through May, the average net rate of evaporation
over precipitac’on would be reduced to about 0.25 inch/day.) At the time
of our hourly monitoring, ¥6 and F7 stood about 0.65 feet below the mean
water level in the outer lakes, Their monthly or sem; -monthly range of
water level i3 probably between six and twelve inches. Genevally, or per-
haps even all tne time, F6 and F7 stand below the mean water level inm F5
and Is -~ a fact which could be used in a system of flow control.

P
e —]

Lake Mean Water Level Lake Mean Water Level

Fla 0.00 ft rs -0.05

Fib 0.01 F6 -0.64 (on 9 Nov.)

F2 ~0.04 F7 =-0.65 (on § Kov.)
- F3 -0.05 : T4 0.00

Fa -0.04

Temperature and Wind

Surface water temperature and wind velocity were observed hourly during
November 8 through 10; the data are presented in Figure 19. Surface

tepperature in lake Fib undergoes a diurnal eycle, peakiag near mid-day
with a range of about 59C. Since no tidal effects are seen, this curve
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is probably typical of most of the outer lakes in the series. A similar
range could be expected in F6 and F7, but tiie actual temperatures would
probably be higher.

The southeast trades are present almost constantly at Christmas Island.
Culns occur less than 2% of the time (Je2nkin and Foale, 1968). During
the measurem nt perilod the wind showed a clear diurnal pattem,
strengthening to about 12 knots at mid-day and dying off to 5 knots
during the night. Wind direction was also diurnal; the lighter wind
blew toward about 260° magnetic and shifted to 3009 as it grew strouger.
The winds produced ne measured water-level changes in the lakes éxcept
in F6 and F7 where during the nid-day hours when wind veloeilty is maxi-
mum there is about one-half inch of set-up at the leeward si‘es of the
lakes. This effect can be seen in Fipure 19.

Temperature and wind have an effect on evaporation which in turn relates
to the salinity of these lakes. Figure 9 gives surface-salinity readings
taken In March and November of 1972.

Possibilities for Altering or Controiling
Flow Through the Lakes

The phenomena discussed above will allow tiree general types of flow-
control utilizing cnergy from the natural environment.

It would be relatively simple to pruduce a cne-way flow in either direc-
tion through the {nner lakes i{n the F-series, This is due to the for-
tunate circumstances that lakes cf the adjacent I~series lie quite close
to these F-series lakes, and have the ticdal characteristics of the local
nain lagoon. For exasple, a one-way gated barrier across the pass
between F3 and F4, in combination with a one-way gated channel from F5
to I3, would produce a unidirectional flushing through F4 and F5. The
flow could be set {n either direction and would be entirely driven by the
tides. Variations on this theme could be used to get many flushing
and/or holding possibilities in lakes F3 through F7. Lakes Fl and F2
would be more expensive to control, because blocking their wide inter-
connecting passages would invoive much wore extensive constructicn work.

1f F6 or F7 were to be included in the tidal flushing scheme, the channel
entering each would have to be deepened. This could be desirable, but it
might also be useful to leave F6 and F7 in thelr present state and take
advantage of th2ir unusual pattern of evaporation and cccasional renewal.
This natural flow pattern produces wonthly or semi-nonthly salinity cycles
in which salinity may vary by five or ten percent of its mean value. Other
periodiclities could be achieved by minor alterations of the inlet channels.

A third possibility exists for making use of naturally penerated flew.
Because of the nonlinear impedence of the F4~F5 channel, the water in
F5 is lower than {n F4 or I3 during most rising tides -- by about three
inches., This head difference could be used to produce periodic flows
through tanks or small pools constructed adjacent te F3.
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Internal Structure and Circulation in F6

Stiucture

The internal structure and circulaticn in a single lake were studied

to determine how nutrients might be dispersed in the lake: in particular,
those nutrlents that tend to be trapped in stagnant, lower waters. In
addition it was necessary :o know how passively floating brine shrimp
eggs would be used to collect them for harvesting.

In general, questions such as these are very difficult to answer in com-
plete detall for natural water bodies. For a body the size of an F-lake,
a carefully planned, fully instrumented study lasting several pan-weeks
would be necessary. In the present case, such time and manpower vere not
available and advance knowledge of the lakes was inadequate for planning
a cozprehensive study. However, one lake was studied for three days with
crude techniquas. Tentative aniwers can be offered, and 1f a complete
study should be necessary, it could now be planned.

F6 was selected for the preliminary survey. It is favorabie because of
its szall size and simple shape. By working during a period when tidal
effects vere absent, the isolated influence of the wind could be studied,
rather than the nore complex pstterns that would be present if circula-
tion were driven by both wind and tides. This simplification not only
increaged the chances of discerning sensible patterns during a short
survey =- it may also be relevant to actual conditions in an aquaculture
cperation. Guit~ possibly certain stages of brine shrimp culture (espe-
cially egg production and harvesting) might be conducted in lakes such
as F6, which are perlodically closed and purely wind-driven.

Figure 20 is a vertical temperature section roughly aligned with the wind
direction; the section location is indicated in Figure 21. The data
vere taken in mid-moming over a period of about one hour. Subsurface
readings weve made with an instrument of questionable rellabilirey. The
device showed serious zero drift, and it was nearly impossible to get
good absolute readings. The general nature of the vertical prefile at
each station was adjusted sc that surface temperalures agreed with mer-
cury thermometer measurements. The section is probably roughly correct
in its main features, but it does not necessarily present an accurate
picture of details or exact absolute temperatures., Independent informa-
tion about surface circulation was used In locating the intersections of
isotherms with th2 lake surface.

There are four main features of the thermal structure. The bulk of the
lake is nearly isothermal. Under the action of the wind, a pool of
cooler surface water 1s accumulated along the leeward shore. Its tem-
perature and position indicate that it must be the least saline water
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in the lake; its origin irs probably the monthly or semi-monthly inflow
from F5. During the night when the wind -lackens, this water probably
extends further upwind over the lake's surface and loses some of the

heat it gains by daily warming over the shallow, inshore flats. The
anount of this water and its physical properties are probably quite
variable in time. Along the shoal shelf adjacent to the windward shore
there ls also appreciable sclar warzing and evaporation. This appears

to form water of intermediate density which sinks along the bottom and
spreads out, with mixing at wedium depths. The exact extent of the hori-
zontal spreading indicated by the isotherms in Figure 20 is speculative.
‘The LotLca cf the deep portion of the lake is overlain by a layer of
warmer {and therefore saltier) water which appeared to be less than a
foot thick. It is protably renewed (or partially renewed) by the occa~
sional formation of unusually saline water -- probably in the windward
shoals, as discussed above. In connection with this water, it is noted that
most of the lake's boteom, except along the leeward shore, is covered with
a thick, pink, gelatinous growth of bluc-green algae* which seems to thrive
in some of the move saline environments at Christmas Island. The distri-
bution of chese algae in Fb tends to irdicate the windward =hoals as the
source of the bottom water. Samples of the algae dredged near the center
of the lake smelled strongly of H S. Ii could be thav an anoxic condition
is produced inside the gelatinous”layer (which is several inches thick),
or that the thin, bottom layer of water is anoxic. The existence of the
warm bottom layer and its possible anoxic condition both indicate that
this water is relativelvy stagnant. <Certainly the Lowest foot or so of
water is not subject to vigorous mixing. However, it is unlikely that

a potentiaily serious "nurtrient trep” exists. Even if molecrtar diffu-
sion is the only mixing process present, 4 foot-thick bottom layer would
have a half-life on the order of one week; the bottom layer would lose
over half of its excess cencentration of any substance within seven days.
S0 although the stagnant layer could tie up some of the lake's nutrients,
it cannot act as a sink or a permanent trap. {Of course, it would be
necessary to minimize nutrient use by benthic algae, but this would be
true whether the bottom layer were stagnant or nots)

The surface salinity of F6 was 74.5 o/oo when measured with a refrac-
tomater, The salinities in F6 were above the upper limit of the field
instrument (40 o/co) used to mrasure salinities at different depths so
distributions of this property were rot determined. The temperature
data permit some inferences about the salinity profile; these were
presented above.

The temperature section and the structure it indicates are probably
roughly typical of all downwind sections, except those adjacent to the
ends of the lake. The gross features of the structure shown are likely
to be present nearly all the time.

* Blue-green is the common name for the taxonomic division of Cvanophyta.
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Circulation

Currents in Fé6 tended to be slow and complex in patitern. In this situa-
tion, relatively little would be learned from & fixed current meter, and
so drogues were used. They were set at one-foot and five-foot depths

and followed with a skiff. Three fixed markers along the cross-wind axis
oL che lake and natura! features on the shoreline were used in estimating
the positions of the drogues. Any single position may be incorrect by
100 feet or so0, but the overall forms of the drogue tracks are fairly
accurate, Figure 21 gives the tracks of the surf.:e (one-foot) drogucs,
and Figure 22 is a construction showing an average surface-flow pattern
which seems indicated. The wind drives the surface water in two large
eddies which have narrow return flows against the wind at the ends of
the lake. This layer of surface circulation extends down less than five
feet in the central portion of the lgke, and to greater depths {prohably
exceeding five feet) toward either end of the lake. In addition, the
less-dense water along the windward shore seems to move in two elongated
eddies as shown. A typical surface current speed is three feet per
minute.

The drogues set at five feet traced the patterns shown in Figure 23.
Generally the currents at this depth are as strong as those at the
surface. Unfortunately, nothing more can be dene with the subsurface
fiow than to present the drogue tracks. Whatever is poing on is more
compiicated than the surface flow, and the deta are insufiicient to
allow interpretatica.

Two additional points should be mentioned in connection with the lake's
circulation. First, freely floating objects having even a small expo-
gure to the air are driven to the leeward shore by the wind. Second,
near the end of the observation period, the wind grew stronger than at
any time during the study; its speed was escimated at 12 knots. A defi-
nite pattern of Langmulr circulation was established over most of the
surface of the lake. (In this form of circulation, water particles in
the surface layer are driven downwind, in paths hich are roughly
helical. The helixes have axes in the directlon of the wind and lying
parallel to the water surface. The scnse of rotation in the helixes
alternates regularly from one to the next, s0 that alterncting bands

of surface zonvergence and divergence are created between them. Foam
and floatin— organic material are collected along the convergences,
producing characteristic, parallel 'wind slicks".) From the spacing

of the slicks observed in F6, it was estimated that the Langmuir circulation
was stirring the surface leyer to a depth of about three feet. When
this condition is estahiished during strong winds, the horizontal eddies
picturcd earlicr probably cease to exist, and floating objects wouia be
advected toward the leeward shore by the langmuir cells,
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The natural circulation in a wind-driven lake such as F6 could certainly
be used in collecting and harvesting shrimp eggs. Thev would be con-
veyed to the leeward shore by the direct action of the wind andfor by
Langwmulr circulation (assuming the eggs floar at or near the surface).
Eggs that di: noi go aground would tend to collact at the convergence
neasr the midpoint of the leeward shore, under the a:tion of the horizontal
eddies that exist during light-to-mediim winds.
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BIOLOGICAL ASPECTS OF ARTEMIA CULTURE

The brine shrimp, Artemia salina, are unique animals, In nature they
occupy an unusual ecological niche chared with very few other animals
and a few algal organisms upon which they graze for food, This observa-
tion, and the evidence presented in the following sections, argue
favorabiy for the initiation of large-scale asquaculture investigations
of Artemia as a protein source for both human and livestock consumption.

Artemia Bioclogy

Artemia are small (1-2 cm long) crustacea of the subclass Bramchiopoda,
order Anostraca. They are found primarily in the highly saline waters
of natural salt lakes and seas of the world, and in the brine of man-
made solar salterns. They cannot live for long in fresh water. In the
saltern waters the great osmotic pressure resulting from highly con-
centrated electrolytes vf -tually excludes all other animals from the
ecosystemy and limits the plant life to only a few algae and bacteria,

In the natural habitat, Artemia graze upon single-cell algae at all
stages of their life cycle, They thrive in crowded cultures (3,000
adults and 12,000 nauplii/m3) (Bowen, '968), and both larvae and adults
are phototropi~:. The efficiency of food conversion is very high;
maximum values of 20%, 33%, and 797 have been obtained by different
investigators {(Reeve, 1963d; Gilchrist, 1960; Sick, 1968; wvon Hentig,
1971).

Artemia have a rapld generation time, achieving sexual maturity on the
average in two weeks after hatching (Gilchriat, 1960; von Hentig, 1972),
ard will then reproduce continuously throughout thelr six-asonth to one-
vear lire span. M fferences in growth rate and time to attaln sexual
maturity cited in the literature are probably a function of (1) the
species of alpal food available; (2) the presence or absence of bacteria;
and (3) the physiological state of the algal food (Sick, L968; Gibor,
1955), inver alia, As z2lready indicated; adult Artemia have been observed
to give birth to about 40 live naupiii (the first larval stage), per day
throughout their adult life. This represents a high level of fecundity
which, if mortality can be controlled, car result in extremely high
yields of adult Artemia,.

Teramoto et al (1961) reared Artemia to maturity in one week, growing
them on a mixture of yeasts and vitamins. Bowen (1965) and Bowen et al

(1966) have brought Artemia to sexwal maturity in two weeks, growing them
yn a mixture of brewer's and bakers' yeast.
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Tne suitability of Artewia for aquaculture is enhanced by the fact that
the physical cultural conditions, e.g., temperature, salinicy, pH, 0y
tension, etc, are the same for the larval stages as for the adults,
That is, there is no special nursery environment required. Further-
tore, all stages of the life~cycle grazze on the same micreoalgae, so
that specilalized environments and feeds, such as are required for the
penaeid shrimps, need not be maintained. Cannibalism does not occur,
since drtemia are filter-feeding herbivores and consume only small
particulate matter such as single-cell phyropliankton, yeasts, and
bacteria.

Artesia in their natural habitats appear in dense clouds of adults
where wind and wave action concentrate them in the shallows of salt
lakes and salterns (Baker, 1966). Even in normal dispersion, Parker
(19090) reporred 1.202 Actemia per cubic meter in Lake Urmi, and eson
(1967) reported the poouiation in Mono Lake in the summer months to be
©,00J adults and 12,000 nauplii per cubic meter.

As woted, Arteaia are filter-feeding herbivores, pumping sea water by
neans of coliary-rype action and selecting our the appropriate size
class of particulate matter. ‘the unicellular algae and bacteria are
concentrated in an oval groove or gullet, and ingested. 1In the high-
salinity waters in wiich Artenia occur, relatively few unicellular algal
species normaily occur. The work of Giker (19%6a, 1956b, and 1957) and
of Provosoll 2t al (1559) indicate that Punualiella viridis, Platymonas,
and Steahanqgtcgiqorncillus are suitable helophytic microalgae as feed
for the culzure of Artemia. Carpelan (1964) noted that in lakes of low
salinizy, Stichocorcus has heen found to duminate, the phytoplankton
cemnunity beirg esseatially a unialgal culture. In lakes of higher
salinity either Dhunaliella salina or Stephiscptera gracills predominate,
and since these lacter algae are preferred feed {Sick, 1968; CGibor,
i958) we shall indicate the conditicns that favor these organisms .

Junaliella sp. salina was found in large numbers in several of the slaine
laxes at Christmas Island. High temperatures, such as thuse encountered
on Christmas Island (24°9C - 30°C, Jenkin and Foale, 1963) are well within
the tolerance of D, salina which was shown to grow best at 309C. Well
suited to high saline conditions, D. salina was shown to grow 60%, 120%,
and 1153 faster in waters whose zespective salinities were 2, 3, and &
times that of normal sea water {Giber, 13562). An autotroph, D. salina
demands no organic supplements and requires cnly inorganic nutrients such
as phosphates and sizple nitrogenous substances, e.2., urea (Gibor, 1957},
for prowth and reproduction. Sea water, concentrated hy evaporation,
probehiy contalns copious amounts of cthe required trace minerals (Gibor,
19565,

Nirura (1993) reports that Chlamvdomonzs, a ceommon algal specles often
used as feed for filrer-feeding marine invertebrates, interfered with
the grazing and growth »f Artemia when the ailcal cell concentrations
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were high. Reeve (1963a, 1963b, 19f3c) and Gilchrist (1360) report that
Artemia did not discriminate between Chloreila and Dunaliella in mixed
algal cultures. Reeve's studies show that the filtration rate -- the
number of phytoplanxton cells filtercd per unit time -- decreases as th>
algal cell concentration increases, and a constant maximum ingestion rate
is attained. This maximum ingesticn rate is also inversely related to
algal cell size. The maximum efficiencg of growth was at a salinity of
35 ofoo with 25 - 30 algal cells per mm’. The experiments were performed
at 309C with the shrimp in the log phase of growth. The highest effi=-
cliency in the weight of animal produced per weight of plant consumed,
-reported by Reeve, was 79X at these fairly low algal cell concentrations.

Reeve also reported that females had a higher feed-conversion ratic than
males. Sick (196&) peints out that broods preduced from organisns feced-
ing on a more nutritious food supply, such as D. galina, concain higher

percentages of females than broods from organisms grazing on less nutri-
tious algae.

Pood-conversion efficiency was studied by Mason (1963) by neasuring

the dry-weight gain of Artemia divided by the dry welght of consumed
algaz. Independent measurements were made comparing C; uptake in
Artamia with that iost from the medium. His valuze range betwaen 9

and 20 percent. Sushchenva (1662, 1964) reports similar values, while
Gibor (13564) and Reeve (1963d) recorded higher efiiciencies. Gibor
found 53% afficiencles Ly measuring wet welght of shrimp gain, compared
to wet weight of algac fed. The shrimp nauplil gazed on Dunaliella
viridis. The efficiencies measured by Reeve ranged frow O to 9%,
Jepending on tewverature, satinity, and the age of the shrimp culture.
fle concluded that under ~ppropriate cultural conditions an efficiency
of 5U% could te maintained for the conversion of plant to animal tissue.
Fujinaga (1969) calaulated productivities of 50 grams of Artemia per ton
of water per day.

Ideal conditlons for the growth of Artemia may be maintaiced in saline
lakes by adjustiung the salinity and nutrient content of the water to
select for a monospecific microalgal culture of appropriately sized
(6-154) cells, and a substrate population density of 20,000 - 100,000
cells/ml., At appropriate salt concentrations ciher herbivores such as
rotifers, protozoans, and cladocerans, which would compete for the algae,
can also be excluded, :

The only %nuwn diseases of Artemia are due to certain parasites such as
the larvas of the tapeworm of the seagull {this cestode is probabl
Cysticorcus) reportad by Heldt (1926) and Young (1952}, and a yeast,
Metschnikowis kamiensku, reported by Kamienski (189%) and Spencer et al
(1964). Buwen (personal communication) believes a spirochete may also
be a parasite on Artemia. :
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Although extremely euryplastic, certain chem?cal environments nave

been denonstrated to retard growth and/or increase mortality. Artemia
do occur in high-carbonate (12,125 mg co3/1) lakes, e.g., ¥ono Like,
Califormia {(Punn, 1952), although high concentraticns of CJ3~ and

4C03™ were shown to be lethas %o them {Co} and Brown, 1967)}. This is
believed tc be a resuli of the narcotic effects of bicarbonate.

Croghan (1958a) and Boone and Baas-Becking (1931} discussed the problem
of potassium toxicity. These papers stated that concentrations of
potassiunm greater than 100 mm/l are lethal to Artemia unless the Nu/K
ratio 48 at least ten. Gilchrist (1954, 1435, 193K} and Dutrieu (1960)
showed that a lack of 0y stromgly lmpedes growth of A. salina. Since

G2 consumpticn in crust aceans is a fuaction of body surface area, growth
of the larger females is more retarded by alck of 07 than that of the
smaller males. Matnias (1934) observed that gravid femules survive

for only short rimes in Oz-impoverished water Dutrieu and Crista-
Branchoume (1966) stated thac adequate 05 is criti al during the emerging
phase, and shculd be greater than 3 ml/l, though adults have less strin=~
gent respiratory tequirements.

Artemia are not known to be taxic and both the nauplii and adults have
been fed to fish and shellfish for many years. Peports of pesticide
accumulation in Urah brine shrimps and tneir adverse effect upon the
nutrition of larval organisms have come from several sources (Grosch,
1967: Ehrlich, 1968; Bookhout and Costlow, 1970), but this 1s an
environzmental polluticn effect, and is not inherent in Artemia. In

an analysis for pesticides in Artemia reported by Bookhour and Costlow
(loc cit) brine shrimp nauplii from California contzined 2,300 ppb

ODT while rhose from Utah had 7,650 ppb DDT. Arcemia nauplit also
accunulat. copper when grown in aquaria treated with copper. Herald
and Dempster {1963) reported that toxic symptoms app2ared in fish that
were fed brine shrimp from these aquaria.

Pesticide accunulution in Artemia continues to be a problem of great
concern anong ajuaculturalists arrempting to rear orjanisms through
delicate larval stages. As recently as July 17, 1972, Dr. M. Fujlya,
Director, Hansei Regional Fisheries Research Luberatory, rfiortec thzt
egys of Artenla salina from both San Francisc.s Day and Salt Lake con-
tained siznificant jyuantities of DDT which ne stated was apparently
r-sponsible for the poor growth of {ish in controlled experiments.

On July 21, 1372, the presence of DJT in Artenia ezgs was further
verified by Dr. K. Shigueno, Director of the Fisherics Resear:n Statinn
at Kaposhima City, Japar, who determined the lew | of contamination to
be 0.2 pra (Cordover, personal communicationm). lr i. reasonable to
assume thst Ciristmas Island 1s recwte from the major sources of DDT
contaninstion ané the levels in Artemia might be expected to be mininmal.
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Potential as a Culture Orgaanism

The highly specialized adsptation of the osmo-regulation mechanism
of Artemia, which enables them to tolerate, growsand reproduce in
an environment that is hostile to most other animals, suggests that
a rare opportunity exists for culturing this organism without the
costly need to control predation and competition from other forms
that would intrude on the cultural environment in normal sea water,
Adsption to an extremely wide range of salinities (euryhaline
tolerance) is not the only characteristic of Artemia that makes it
attractive as an animal for husbandry. The reproductive cycle of
Artemia is very well suited to a cultural systeam.

Artemia are uniguely suited to aquaculture because they reach
maturity within two weeks (Gilchrist, 1960: von Hentig, 1972) and
veproducc continuously [up to 200 nauplii every five days or less
(Webber, 1969)] during thelr life span of six months to one year.
Artemia gain weight rapidly and, being herbivores, nourish themselves
entirely from algae (phytoplanktom) which can be cheaply supplied.
Furthermore, Artemia larvae demoustrate food habits which demand no
uwnique or apecial requirements. Thelr iecundity is unimpaired by
conflinement or crowding, and their eggs and larvae are hardy and
readily respond to manipulations controlling thelr preduction.

They are resistant to extrebes of temperature (9YC - 359C) and
salinity (5 ofoco - 130 o/oo) and thelr life histery is well known,
ldeally, Arcemia can be cultured at controlled salinities where the
¢cosystem consists primarily of the brine shrimp and one predominant
phytoplankten species., In summary, artemia successfully satisfies the
criteria for an agquaculture corganisa proposed by Bardach et al (1972).

Present production of brine shriup erd thelr eggs comes from the har-
vest of wild populations upon which little or neo mgnagement has been
imposed. There are indications taat with proper managemenc a g¢ontin-
nous high yield of both brine shrinp and thelr ep3s might be expected,
Under relatively uncontrolled conditions, Rakowicz (unpublished)
attained a production of 3,000 gallons of brine shrimp eggs from uvne
284-hectare (700=-acre) sait lake in San Francisco Eay in a four-wmonth
period in 1964, Production of brine shrimp eggs -o this extent in the
salt lakes of 5an Francisco Bay is a rarc cccurrencc, Litrie effort
{s made to control or produce Artemia in San Francisco Bay.

Instead, water-systeas management is directed towards salt production,
and brine shrimp are simply a by-product of the operation, Fraduction
of salt reguires water management that may be uniavorable to Artemia
rroduction, High production of brine shrimp and their epgs im the San
Francisco Bav lakes comes At unpredictable times when conditions are
aceldentally suitable,
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Management of saline lakes for the production of brine shrimp has
been studied by Rakowicz (unpublished) in isolated lakes and minia-
ture systems, The results of these studlies indicate a high prob-
ability of success for Artemia culture on Christmas Atoll. Land
values near populated areas have been a deterrent to developing such
4 system of salt lakes in the United States, wherc the cost of con-
structing an Artemia lake produstion system would be substantial,
Favorahle sites anywhere 4n the world are most limited, for the
cllaate should be tropical or subtropical, with low average rainfall,
and the sites should be adjacent to the sea.

The unique paysiography of Christmas Atoll--ga large, low-lying island
with numerous chains of shallow saline lakes, situated in a trop-.cal
area of low rainfall -~ makesthis site most suitable for the production
of Artemia., Disadvantages of Christmas Atoll are its remoteness froa
markets and the low nutrient level of ths lagoon and laguon lakes.

A key factor in producing suitable brine shrimp eggs s that they be
free of pesticides. As previously discussed, various persistent chea-
icals in the chlorinated-hydro-carbon category -- the most notable being
DDT -- are retained in brine shrimp eggs, and the nauplii after hatching
can be lethal in quantity to aquatic animals which feed on them.
Christmas Atoll could become a major source of Artemia free of hamm-

ful pesticides. The atoll has little agriculeture aside from the

coconut plantations, and therefore should remain relatively uncon-
taminated.

Market Potential

In 1947 Alvin Seale of the Steinhart Aquerium, San Francisco, dis-
covered that the encysted form of brine shrimp (referred to as “aprng"
but ectrally a blastula stage of development) will remain viable for

at least ten years when stored in a dry and cool plare, and wiil hatch
in salt water. Since then the eggs have .een collected in large
quantitiss from their natural envirenments, and marketed commercially
throughout the world as a convenient source of constant live Food for
aquarium fishes (Dees, 1951}, Live Artemia are seined from the salt
evaporation ponds of Lesiie Saltt Company, adjacent to San Francisco Bay,
and frozen for shipment to pet shops all over the werld (Jenre, 1560},
There is also & sizeable market for live brine shrimp which are air-
shipped frow the San Francisco Bay socurce, as wel! as for whole freeze-
dried, and & dry, flaked Artemia product (Fishman, personal communicatfon).

In addition to fulfiiling this market of fish hobbyists, Artemia are
presently utilized in aquaculturc as food for a variety ot organisms
including crabs, penaeid shricps, and fish. Erine shrimp eggrs now
command a high price for fisheries use in the U.5.A., Europe, and

~t
[



Japan in culturing prawus, estuarine fishes, etc, and in the aquarium
trade for tropical fishes. As world aquaculture expands, it is expected
that the supply of high-quality Artemla eggs, TOW periodically inadequate,
will more frequently be unavailable in sufficient quantity to meet the
demand. In the future Artemia may also be used to harvest single-celled
algae which: have grown on sewafe or agricultural wastes, thus converting
these algae to animal protein of greater nutritional value. Dried brine
shrimp might be used as an alternative to the fishmeal presently utilized
in the dlet of pecple in the developing countries, and for animal feed.

Tstimated annual sales of Artemia eggs in the United States, Japan, and
Europe amount to an excess of 14,000 gallons. About 90X of the total 18
used in the production of tropical fish for aquarium hobbyists. The en-
tire annual harvest of good-quality brine shrimp eggs is normally sotd
out each year. The present retail price of approximately $50 (U.8.)

per gallon, largely determined by the supply, is the limiting Eactor pre-
venting a more widespread use of Artemia eggs. The production of a
pesticide-free Artemia egg in quantity would open additional markets. A
cost reduction that would allow the sale of brine shrimp eggs at a lower
price, coupled with a rapidly expanding market among aquarium hobbyists,
could easily expand sales further to 50,000 gallons or more per year.

Shrimp enjoy almost universal popularity as food, and in an econcmic
sense the limited availability of naturpl stocks greatly incraases their
cquaculture potential. Des, Lte steadily rising prices, shrlzp censuop-
tion in the U.S. has reached a million pounds per duy. In addition to
playing a key rele in the culture of penaeid shrimp, Artemia per se,
although small in size, possess both the flavor and high protein, content
necessary for the development of an edible shrimp product. Freliminary
analyses conducted by Brick (unpublished data) at the Hawali Imstitute
of Marine Biology indicate a protein level as high as 62.73%. (See
Table 4.)

Unliike other crustaceans used for man's consumption, Artemia may be used
as intact animals without the necessity of removing the exoskeleton as is
the case for other shrimps, lobsters, and crabs. The excskeleton or
shell of brine shrimp is only about one micron (171000 mm) thick and is
so delicate as to be undetectable when eaten, The elimination of peeling
and offal disposal should reduce processing costs significantly.

Heresay repovts that Artemia have been used as human food by the American
Indians, and Delga et al (1960) reports that Arteula are eaten by the
necple of Libya. several oriental reclpes using whole hrine shriwp
received very favorable evaluations in taste tests conducted in Hawail.
Finally, live Artemia are being investigated as a possible live bait for
certain tuna iisheries.
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TABLE 4. COMPOSITION OF ARTEMIA SALINA

—
—

Protein. % Fat, % Calories/g
Stage/Age (Nx6.25) {ether extract) (ash-free) Reference
Egg ® 52.31 26.06 _—- Brick (HIMB),
' unpublished
Nauplius .
2hrs @ 50.21 15.92 - Brick (HIMB),
: unpubl i shed
few hrs 42.50 * 23.20 6600 Dutricu. 1960
few hrs ——-- 15,04 5800 Khmeleva. 1968
day 1 50.00 27.24 5896 Coehn (Scripps).
unpublished
"Juvenile" : :
day 6 ® 59,72 7.60 .- Brick (HIMB).
' -unpublished
Adult
day 1D ®  62.78 6,51 .- Brick (HIMB),
unpublished

* Based on protein N only,

® Based on San Francisco Bay material.
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FIELD AND LABORATORY STUDIES

The maintenance of phytoplankton populations to provide food for Artemia
is basic to any brine shrimp culture scheme. Therefors several facets

of algal productivity wsre investigated. These phytoplankton studies at
Christmas Island ceisisted of (1) a broad survey to determine the in situ
concentrations of the major essential plant nutrients (nitrogen and phos-
phorus) in the lakes and lagoons; (2) quantification of the range and
characteri:ics of phytoplankton biomass and productivity, with special
emphasis on the F lakes; (%) nutrieat enrichment expeviments on several
types of Christmas Island water to identify potentially limiting nutrients
as well as to determine the resultant growth response of the phytoplankton
tu enrichment with these nutrients; and {4) groundwater nutrient measure-
ments to investigate the feasibility of utilizing these waters as the
supplemen:aty nutrient gource needed to sustain the high phytoplankton
productivity required for a large Artemia yield. In additicn, hatching
experiwents were conducted to determine if the waters of the F lakss would
support normal hatchire of Arteila eggs.

To describe accurutely the gruzing kiactics, growth dynamics, wd egg pro-
duction of Artemia salina, it was necessary to culture these ccustaceans
in a clcsed system, providing them wich a (vascant non-limiting food
supply. This was accomplished threugh the use of a modified chemostat
system in the laboratory of the Hairail Institute of Marine Biology at
Coconut Island, Oahu.

Methods and Materials

Fleld Studies

Chlorophyll determinacions were carried out by the fluorometric method
(Strickland and Parsons, 19b8) using a Turner Fluorometer Mode! 111 fitted
with a high-senuitivity door. Fluorometer readings were converted directly
to Chlorophyll a concentrations by a previous calibration of the instrument
used. Primary productivity was estimated by the C-14 technigue (Strickland
and Parsons, 1968). Water from zome of the Christmas Island lakes was ex-~
tremely difficult to filter due to large concentrations of organic natter.
To minimize errors duc to incomplete filtration, water samples (from the
surface) were taken in small-volume ylass 30D bottles {150-ml capacity).
One light and one dark bottle were £illed at cach station and transported
tc the incubation site at the Sailing Club boarhouse where each was inocu-
lated with -labeled sodium bicarbonate (1 vCi/2 ml) and suspended at a depth
of 0,3 - 0.5 meters in lagoon water with string from a horizontal line
strung between two posts., The samples were exposed to full sunlight and in-
cubation times were usually six heurs, from 1000 hour to 1600 hour. Upon
completion of the incubation period, the bottles were removed f{rom the line
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and the contents immediately filtered through 25-mm Millipore HA
filters, which were then rinsed with filtered sea water, glued to
copper planchettes, and stored in a dessicator for later analysis.

“he acctivity of the filters was determined by using a Nuclear

Caicago Gas-Flow Geiger Counter (Model 1042) with a Micromil © end-
window, The counter wag calibrated by the liquid scintiliacion method
of Wolfe and Schelske (1967}, Determinations of total alkalinity were
done according to the method of Strickland and Parsons (1968). Salinity
wes determined with an American Optical refractometer, Water samples
for nutrient analysis were taken in polyathylence bottles and frozen
until they could be analysed at the Hawail Institute of Marine Biciugy.
Armonia measurcuents were determined by the method of Solarzano (1969),
while nitrate and phosphate concantrations were determined by the pro-
cedures outlined in Scrickland and Parsons (:958),

In the abscnee of grazing organisms,phytoplankton growth rate is typic-
ally regulated by three environmental parameters in the naturai marine
environment, These parimeters are (i) light intcnsity, (2) temperature,
and (3) plant nutrient concentrations -- any one of which may limit phyto-
plankton growth. Because of the constant high light intemrsity and high
anbient temperatures in the shallow-water environment at Christmas Island,
it is assumed that phytoplankton growth is regulated (or limited) by the
availability of essentia! nutrilents, The purpose of the nutrient enrich-
nent experiments was to identify which class of nutrients (i.c, s major
nutrients, trace metals, or vitamins) was potentielly limicing the phyte.
plankton growth response,

The nutrient =2nrichment experiwments were carried out usinz two water
sampies frow the group C lakes (F2 and F4) and one sample from the iso=-
lated group D lakes {l6a) (Figure 24). The lakes were grouped according

to their salinity gradient zones at Christmas Island which relate to their
proximity to the open ocean {(Figure 21), Because only one nutrient at any
time can be iimiting phytoplankton growth, selective addition of the essen~
tial putrivnts to water samples and measurements of the resultant growth
response yleld a reliahle qualitative determination of the limiting
nutrient.

Water was collected on the first day of the November, 1971, survey and was
divided intc four sub-samples: (1) a control with no nutrient enrich-
ment; (2) a sample with total enrichment: nitrate, phosphate, silicate,
trace metals,and vitamins (referred to as "AM medium''):; (3 a sample
with phosphate and nitrece additions only: end (4) a sample with trace
metal addition only. AM madium (Antia and Kalmakcff, 1965) was used in
half strength as the enrichment source,but still containcd concentrations
of nutrien*s in excess of phytoplankton requirements. The samples were
incubated in lagoon water at ambient temperature and light at the Sailing
Club boathouse in 20-liter carboys for 12 days., Daily biumass measure-
ments were made with the fluorometer ta determine the growth response,
Carboy 1-F2, & control, was accidentally destroyed on the third day and
kence no turther measurcaents were made on this sample.
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Qceanic 37 o/oo

Main lagoon 17 - 40 o/oo
Connecting porids 40 - 75 ofoo
{solated ponds 75 ofco

Q@ >

FIGURE 24. Group designations of salinity gradient zones at
Christmas Island which relate to their proximity to the open
ocean.,
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Hatching experiments were carried out on water collected from each of
the ¥ Lakes The water was placed in pans exposed to full sunlight

and the hatch was reported as “"good" or "poor", since there was no sult-
abir weans available to quantify the results.

Laboratory Studies

The chemostat used in laboratory studies in Hawaii is a double-walled
rezction chamber which allows for the continuous culture of phyte-
plankton under constan: light, temperature, and nutrient conditions.
The upper portion is equipped with a series of three ports: one for
air input and sampling, :ne second for medium input, and the last one
for solution overflow, The medium, containing known concentrations of the
essential nutrients, is fed into the chemostat from a patr of sterile,
20-1liter nurrient resarvoirs, via a peristaltic pump. A sterile~
flltered carbonate-saturated air supply is bubbled through the system
to insure the availability of bicarbonate for photosynthesis, and to
facilitate adequate mixing (Plate 41),

At a given rate of nutrient supply, i.e., a given pumping rate from
the medium reservoirs, the phytoplankzon population eventually reaches
a steady state in which the number of cells being produced is equal to
the nurber expellied via the overfiow. This usually took four to seven
days under the conditicns irnposed for these experiments.

The overflow, containing the phytoplankton cells, was coilected in a
small-volume secondary reservoir conmected to a multi-channel peris-
taltic pump which provided a constant and uniform ¢istribution of foud
to a serles of heroivore flasks, Thus, Artemfa In each flask grew
under identical food regimes while other paramerers (i.e., salinity)
were altered,

Filtered water of known salinitv was introduced into the herbivore
flasks from the <orrespending salinity reservoirs via a third peris-
taltic pump. This system of separate slainity reservoirs made ir
possible tc impose a spectrum of salinity regimes while maintaining
constant food conditions,

The Artcmia flasks consisted of 2.8-liter contalners, vach with L.5
liters of sclution. The stoppered flasks were fitted with an air
supply and ports for sampling, input, and overflow, The flasks were
gently agitated on a sbcker table to prevent the phytoplankten from
settling, thereby insucing their availability to the filter-feeding
Artemia (Plate 42).

The concontration of phytoplankten In the chemwstat, th. input cham-
ber, anc the herbivore flasks was determined daily, using a Celloscope
particle counter or a Model A Coulter Counter. Chlorophyll determina-
tiens were accomplished by the glass filter technique described in
Strickland and Parsons (1968). Phosphate concentraticas were determined
by the phosphomelybdate technique (Strickland and Parsons, 1968).
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Plate 41, Chemostat spparatus usnd for ihe steady-state culture
of phytoplankton, Media is added continuously by a
peristattic pumpg frizht), is mixed by a stirrer and
the air <nput (left), and is forced out (center) into
the secondary reservoir,

L >
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Flate 42. From the reservoir tie phvtoplaakton-rich solution is
transferred through small Jdiameter tubing to the
herbivore flasks,



¥auplii carben budgets were complled using the gas chromatographi.
analys?s with an F & M Scientific 1858 Carbon Hydrogen Nitrogen Analyser.

Results

Field Studv.desulcs

Since the marine waters assocliated with Christmas Island show a wide
range in salinicy, a function of circulation and evaporation, the study
area wa¢ divided into four groups pased upon these salinity characrer-
istics for convenilence of analysis. These groups include: (a) ocean
stations witn the lowest salinity values; (b) main lagoon stations with
a salinity range of 37 - 40 ofoo; (c) lagoon-connecting lakes with a
salinity range of 40 - 75 o/oo; and (d) completely isolated lakes with a
salinity range of 78 o/oo %o super-saturation (Table 5 and Figure 24),

Phytoplankton require nitrocgen and phosphorus roughly in a ratio of 16:1
{N:P) by atoms. Thus, a consideration of the available environmental
nitrogen and phosphorus in terms of ratios can give some Insight as to
which nutrient might potentialiy limit phyroplankton growth. Open-ocean
samples at Christmas Island skowed a phosphate concentracion of 0.%6
ug=atfl, The resulting N:P ratio of 8:1 is about half that required by
phytoplanktun. 1In this case, however, the relatively high in situ con-
centrations of nitrogen indicate that phyteplackten growth in this area
is not limited b this element. Exeluding the sample from station MLF
in which the phr.sph.ce concentration was 100 times that ut the other
stations, the !l:P ratio (3:9) again reflects a raduced ratio in the
natural envirornmert, but high N values preclude its being the liuwiting
factor. Low N:P raticvs prevailed for group € and D lakes. A complete
correlation analysis of these data revealed only three signilficant rela-
tionships: (' nitrate concentration had & significant posizive corre-
lation with salinity at the 1% probability level {(r = .62; d.f, = 23)
throughout the ,vstem; (2) phosphate concenrration had a significant
pogsitive correlation with salinity at the 1% probability level {r = ,66;
d.f. = 14) for groups A, B,‘and C; and (3) chlorophyll a concentration
had a significant negative correlation with salinicy in the isolated
lakes (the D series) at the 1Y P level (r » -,51; 3.f. = 23).

The general lack of correlation (e.g., nutrients with chlorophyll,
nutrients with productivity} between the measured parameters can probably
be ascribed to the complex physical attributes of the atoll. Under normal
conditioas, one would expect a direct empirical relationship between the
rate of nutrient input and the phytoplankton productivity., Water trans-
- port through the lagoon-connecting lake system (and even within the main
lagoon to a lesser extent) appears ta be extremely slow, as evidenced by
the general increase in salinity due to evaporation, The prolonged resi-
dence times during which this water remains separated from ocean circula-
tion probably muagnity the influence of lovcalized phenomena such as
nutrient input frem groundwater and the input of excreta from large
colonles of birds present on the is!and,
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TABLE 5. SALINITY, NUTRIENTS, CONCENTRATIONS OF CHLOROPHYLL a PIGMENT,
AND PRODUCTIVITY AT SELECTED STATIONS ON CHRISTMAS ISLAND,
MEASURED IN NOVEMBER, 1971

Salinity Croups A, B, C, and D are ahown in Figure 4. Froductivity index or
assimilation ratio reflects the sultability of the environment for phytoplurkion

grovth,
Nutrlent Lomcentratione Product [vtty
Saliniry, * Chlofo-
Statien Productivie Index
Day Croup and ug-atiliter phyll a, x' *
Sawple o e % ng C Tixad/w'/fhe wg C fized
aloo PO,-P  NHU,#HOy R NN my/m ot chi, ajnr
CROUP A
00 1) 14.0 .98 4.67 3.0) 0.3) 2,62 1.94
CROU® B
ne 10 37.0 0.013 0.08 Q.22 1.1% 17.12 13.41
MLB 10 3.0 0.6 0 1.00 0.%0 1.94 1.88
MLA 10 1%.5 0.049 0.% 0.9% 0.46 .8 10,45
wr 6 4.0 9.01 0.2 3.6% Q.19 1.54 8.11
Mean 18,0 2.27 §.19 L, &t 0,.%8 6,51 .46
CHWP C
AL 5 2.0 -- -~ - 0.% 6.07 10.84
la ] 41.0 0.0%7 [} 0.52 2.49 37 6.47
a2 5 43.0 0,019 ] 0.87 0.5% 4.0% .43
Al ? &) % -- - - 0.66 4. 34 6.58
B35 5 47.% 0.001 0.1} 0,30 0. .14 14.89
rFl 3 48.0 0.91% 1.1% 0.9 C.13 .78 £.36
N ] 48.0 3. 14 0.24 3. 0.14 G. 39 2.
L8] ) 52.0 1] L] 0.5 0.4 1.08 7.60
12 ? $2,9 113 Q 1 0.07 9.2) 3.19
21 11 55.8 0,1) 4.03 1.2 0. 14 0.33 L%
14 7 56.0 1.82 4] WX 0.13 0.61 4.09
F3 2 3.0 15.u06 ] &.1) 0,2% 0.5% 2.9
re 2 74.5 17.92 4] 4.24 o.M 1.83% 6.0%
Hean 51.0 .75 0. 14 1.63 0.3 2,23 6.19
GRDUP D
r? 11 101 - .. - 0.62 2.98 4.8)
it 6 105.5 2.6} G.0% 1.0% 0.49 * 0
19« [} 245 eat. 0 5.53 nLn 0.04 5.48 137.00
16 2 25% rat. 5.07 14.68 fi.36 0.02 0.27 33,50
18a 4 263 eer. [ .10 .50 0.04 1.89 41.2%
11a - off scale 1] 2.4 1.1% 0.0) L]
Ha an 173 t.27 4.49 1.56 0.15% 2.10 .3.0%

& pDark count eucesds light cowmmt, indicating zero productivity,

-~ Determination not mede,
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Thus, it is meaninglecs to consider these measured parameters on an
averape phosphate concentration in group B and ¢ (Table 3) because of
extreme values such as those at the jetty and at SPAL (MLF}, F5, and
F6, Likewise, the wide range of nitrogen concentrations in the iso-
lated lakes (group D) pracludes any generalizations rvegarding "typlcal"
nutrient characteristics. Much less variability was found in phyco-
plankton biomass, as expressed in chlorophyll a concentration, and
productiviey characteristics i1n group A, B, and C. The productivity
data obtained from Lhe 1solated high-salinity lakes are unreliable due
to the apparent precipitation of the radioactive sodium bicarbonate
solution at these high salinities.

The phytoplankton biomass is typlcally low throughout the lapoon system
(A, B, C} and the assoclated primary preduction is less than one would
expect in a eutrophic nearshore, low-lati.ude envircnment {({aperon et al,
1971; Krasnick and Caperon, in press). These low biomass levels

could be the result of the harsh environment caused by high salinity.
Not only are few species capzble of growth and reproduction at such
salinities, but those able to survive are forced to divert copious
enerpgy expenditures from growth to osmo-regulation, with a con-
comttant suppression of the standing stock., Such is not the case with
Dunaliella salina, an alga that thrives in high salinities if nutrients
are availsble and serves as a suitable food for Artemia (Gibor, 1956b).
Another possible explanation for the observed low biomass levels ig
grazing pressure. In a nutrient-limited system phytoplankton may be
grazed as rapidly as they are produced.

The inference is that no one area at Christmas Lsiand (of those inves-
tigated) has any particular advantage for intensive Artemia cu.ture over
any other area in terms of existing food substrate concentrations and
supply rite. These data also indicate that without enriching the
Christma Island waters there is presentiy insufficient phytoplankton
productivity potential %o support the proposed Artemia culture scheme,

The enrichzent experiments were carried out to determine vhich, {f any,
nutrient species were limiting phytoplankton productivity at Christmas
Istand. The resulls of this experiment are presented in Figures 25 and
26 and Tables 6 and 7. No significant growth response was recordel in
the non-enriched controls {series 1) (Table 6), A significant growid
responsec, however, was noted in poth of the F lakes {group C) enriched
with total yrowth medium,and a less marked increasc in those e¢nriched
with only nitrate and phosphate, While some variability is evident in
the growth rate response (the total enrichment response being higher in
both cases than the nitrate-phosphate enrichment), the rcsults indicate
that phytoplankton growth in the F lakes is limited by nitrogen or phos-
prorus and can be significauntiy increased by the addition of only nitro-
gen and phosphorus,
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TABLE 7. RESULTS OF AN ENRICHMENT EXPERIMENT UTILIZING LAKE WATER FROM TWO
LOCATIONS ON CHRISTMAS ISLAND

Samples were incubated at ambient temperatures in thoe Christmas
Island lagoon at the Sailine Club boathouse. (See text for metheod.)

Productivity
Productivity, Index,

Source Flask Chlorophyll a, mg C fixed mg C fixed

Date  of Water  Number¥ ng/m3 m?/hr mg Chi. a/hr
L1/5 4 1 .09 0.70 7.78
11/10 F& 2 .39 4,07 10.43
11/14 Fi4 3 .70 6.37 9.10
11/10 F2 2 .22 1.90 8.64
11/14 F2 3 1.07 14.02 13.09
11716 F2 4 .C2 0.14 7.00

* Flask #1 - Contrel with no nutrient enrichment

Flask #2 - Total enrichment (nitrate, phosphate, trace metals
and vitamins).

Flask #3 - Phosphate and nitrate additions only.
Flask #4 - Trace metal addition only.
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Microscopic examination of these samples revealed that diatoms tended
to be more prevalent in the total enrichment experiments, while
Cryptomonas sp.; a swal! flagellate, and a coccochlorid-like blue-green
alga were predominant in the nitrogen-phosphcrur enriched samples.

1t is surmised vhet the total enrichment medium provided a nutrient
required speciflcally by diatoms, most likely stlica, which resulrted
in the faster growth-rate response and higher final yield of the total
enrichment szamples. ince diatoms, having a siliceous exoskeleton, are
often passed through grazers' intestinal tracts undigested, their cul-
ture for aquaculture purposes 1f not particularly provident.

The uase of commercial fertilizers to stimulate phytoplankton growth at
Christmas lsland presents some obvious cost and logistic problems, and
the possibility of using groundwater as the primary enrichment source
was therefore investigated. Water lying beneath the ground at Christmas
Island has been reported to contain significant quantities of nitrogen
and phosphorus (Jenkin and Foale, 1968} at least tn the upper fresh-
water lens. Preliminary drilling was carried out in the vicinity of

the F lakes to determine if the underground water would serve as a
suitable nitrogen and phosphorus enrichment source.

While the specific nitrogen and phosphorus requirements of Christmas
Island phytoplankton are not known precisely, yield coefficients
calculated from data from Gibor (1956a) indicate that 20 - 30 x 26 cells
can be produced per ug-at KHpPO4. The combined nitrate~ammonia con-
centrations from the grovndwater samples are well above any known
phytoplankton gruwth-rate-limiting concentrations (Ceperon, 1972;

Eppley et al, 1969), Existing evidence (Fuhs, 1969) suggeststhat

this is also the case for the phosphorus concentrations, but our
laboratory studies investigating this were inconclurive.

Preliminary data suggest that groundwater enrichment of the F lakes
might provide the required concentrations of nitrogen and phoschorus
if sufficient volimes of both were sevatlable. There are insufficlent
deca to support a program using groundwater as the sole source of
autrients for this Artemia production scheme at this time. It is
recommended that this be explored as a source of nutrients for future
production of Artemia and possibly other organisms.

An important consideration For Artemia culture at Christmas Island
revolves arvund the suitability of the indigenous phytoplankton comm-
vnity as a food substrate for Artemia growth. Artemia have been
raised through three generations using Dunaliella sp., isolated from
Christmas Island,as the sole f£ood source. Experiments carried out

to determine the fceding efficiency of Artemia raised on this particu-
lar species are discussed below.
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Artemia hatehing experiments were carried out in water samples [rom FI
through F7, A gocd hatch was found in il through FS water (salinities
48 - 58 ofoo} after 4B hours., A poor hatch occurred in Fbo water

(74 o/oc) after 72 hours and no hatch occurred in F7 wrter (101,5 ofoo),
These field lLatching experiments agree with botii laboratory experiments
and literature evidence which indicate that hatching is reduced in
salinities higher than 55 ofoo e&nd will not occur in salinities rbove
90 o/oo, While the high salinities in F6 and F7 may have affev::d the
hatching response, these waters alse contained a mucus-like substance
which may have adversely affected hatching.

Laboratory Study Results

Under conditions described in the "Methods'" section of this report,
Artemia were grown to sexual maturity in periods ranging from seven to

ten days at 32 ofoo salinity and a temperature of 26,0°C, This r:presents
a notable reduction in generation time from values reported in the
literature which is belleved tc be caused by (l) constant dilution of
toxic waste products which would otherwise inhibit growth, and (2} the
physiological state of the phytoplankton used as a food source, i.e.,
lugarithmic-phase growth. The latter facet is important in terms of the
“goodness" of the food source because in this phase of growth the bio-
chemical content of the phytoplankton is such that it results in optimal
growth cunditious in organisms grazimg upon it. Both concinuous dilution
of waste products and a phytoplankton pcpulation in the logarithmic-growth
phase strongly suggest that & continuocus-culture type of aquaculture on
Christmas Island would be most provident.

In Figure 27 the growth response of our system is compared with resulcs

obtained by other workers using non-food-limited cultures. It should be
noted that while the actual growth rate is similar in most cases {except
Khmelva), there is a considerable shortening of the initial lug phase in
our system which results in faster maturation of the Artemia.

Egg production experiments were conducted in which the Artemia wzre grown
to sexual maturity in water of 32 o/oo salinity and then imposing a
salinity change to 535 o/oco. If food concentrations remained non-limiting,
gravid females which were exposed to such a change expelled eggs after

two to three days, though it was noted that the size of the spawn increased
if the salinity was raised directly to 90 o/oo rather than by incremental
steps of 32 o/oo to 55 ofoo and 53 ofoo to 90 o/oo,

After expelling eggs at 55 ofoo saliuity, females became gravid agein
immediately., If another salinity stress was not imposed, this sccond
brood was produced viviparously, demonstrating the accliimation of the
adult female to the 55 ofco water.
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FIGURE 27. Artemia growth curves (mg dry weight per individual vs time)

from various investigators, representing a variety of culture conditions.

o

KHawall Institute of Harlnﬁ Biology. Continugus culture
experiments, 279C, & x 107 cetls/ml,

Mason, D. (1963). 209, 6 x 105 cells/day, medium
changed dally

Reeve, M. (1963d). 100 cells/=m3, starved for 3 days
after hatching, 20°C, medium changed daily.

Khmeleva, N. (196B).  25°C, food concentraticn not
given, non-medium datas.

von Hemtiy, R. (1871}, 20°¢, 100 x 108 cells/ml,
medlum completely renewed every 3 days.
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Furthermore, it was shown that when the salinity changes occurred
over periods as short as 24 hours: the timing of the inposed
salinity change became critical in terms of determining ovovivip=-
arous or oviparous production of young. If the salinity change
occurred prior to the time that the females had formed cysts,

they became acclimated to the raised salinity by the time the
eges developed and they hence exuded live nauplii,

Our experiments suggest that caution should be execcisea to insure
that the salinity changes are not completed prior to the onset of
gestation, and that food concentrations are kept non-limiting
(25,000 cella/ml).

The imporience of a nen-limiting food supply in attaining a maximum
growth rate of Artemia cannot be over-emphasized. The growth of nauphii
to adults was measured on both a weight and carbon-nitrogen basis

(Figure 28). Concurring data show that freshly hatched nauplii (average
weight, 0,026 mg) demonstrate & rapid, logarithmic increase in body
weight up to the attainment of sexual maturity (1 - 3 wg). Though graz-
ing continues to increase past sexual waturity, the rate of increese in
the mean body weight declines as a result of coplous energy expenditures
toward reproduction. Separate «xperiments, measuring various perameters
of growth, nave demonstrated that this initial logarithmic increcase will
level off prematurely if food -oncentrations fall below 10% cells/ml. 1In
addition to prolonging generation times, limiting food concentraticns have
been shown tu decrease survival of the adults and reduce the size of
broods.,

Productivity Projections

Initial laboratory results indicate an Artemia productivity of

5 to 7 mg per unit phosphurus per day (5 - 7 mg C/mg P/day). The
phytoplankton turncver rate in the laboratory experiments was as
high as 1.3 divisions pex day, as opposed to .35 divisions per day
determined for the F lakes on Christmas Island in field experiments.
Since the phytoplankton organism, Dunalielia, used in the laboratory
experiments was isolated from Christmas Island, it is reasonable to
assume the phytoplankton turnover rate under non-nutrient-linited
conditions at Christmas Island could approach 1,3 divisions per daye.

Based on the previcusly discussed egg *o nutrient calculation of 2,125
eggs per wg P and per 7 mg Ny 9.07 x 1011 egps can be preduced per

ton of phosphorus fertilizer and per 7.15 tons of urea per seven

days. Using 1.3 x 1né eggs per cublc inch, this represents 6 % 103
cubic inches of Artewls epgs being produced per ton of phasphorus
fertilizer and per 7.l15 tons urea per seven days, One quart equals
67.2 cubic inches; therefcre, a production of 8,930 quarts of eggs. or
2,232.5 gallons of rggs, can be expected per ton of triple superphos-
phate coupled with 7.15 tons ol urea in a seven-day period.
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FIGURE 28. Growth rate of Artemia in mg C/individual under
constant light and temperature in chemostat apparatus. (See
text description.)

Different levels of pHytop!ankton input rate as follows:

o = 3.6 x 105 calls/hr 0= 1.3 x 10% calts/hr
O =2 x 106 cetis/nr X =2 x 108 cetla/hr
B =3 x 106 celis/hr
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The Nutrient Problem

Considerable effecrt was made to locate a source of nutrients on Christmas
Island before it was decided to import commercial supplies of the plant
fertilizers required for phytoplankton production. The number of birds
that live part of their lives and nest on Christmas Island have been
estimated by various investigators. Schreiber and Ashmole (1970) esti-
mated a total of about 8,700 adult boobies on the island, along with
8,000 red-tailed tropic birds, 10,000 great frigate birds, 16,000 shear-
waters and petrels, 25,000 terns of six specles, and 14 miilion sooty
ternsa! Dr. Andrew Berger estimates that the 18 species of sea birds that
nest on Christmas Island deposit at least 200 tons of guano per year
(Helfrich et al, 1972). Despite this substantial deposicion of guano
annually, no significant deposits of phosphatic guano have been discovered
on Christmas Island (Mutchinson, 195Q; Jenkin and Foale, 1968). It is
speculated that due to the periodic heavy rainfall and the porosity of
the cuastal plains (where most of the birds nest) much of this fertilizer
is washed Iinto the groundwater lens., Its distribution in the salt and
freshwater components of the groundwater beneath the island, and the
feusibility of recovering this resource for aquaculture, were not witchin
the scope of this study; they should be investigated if brine shrimp
production is iritiated on Christmas Island.
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POTENTIAL FOR COMMERCIAL CULTURE
OF BRINE SPRIMP AT CHRISTMAS ISLAND

The suitability of Christmas Island as a site for brine shrimp egg pro-
duction has been egtablished. Outlined here is a general proposal for a
production, harvesting, and processing system for brine shrimp eggs.
While additional brine shrimp preducts are not the principal focus of
this study, the production of frozen and freeze-dried adult brine shrimp
is also discussed, along with an economic analysis of two producticn
levels of brine shrimp products based upon the existing resources on
Christmas Island.

The Potential Market

The world market for brine shrimp eggs is expanding. Several factors
apparent in this market indicate growth will continue from a 1971 level
estimated at about 15,000 gallons. Ome factor is a rapidly expanding
business supplying tropical fish hobbyists who are already significant
consumers of brine shrimp eggs. A second factor is a growing demand on
the part >f research and commercial aquaculturalists: a market that is
judged to be in its iafancy and one that is expected to develop rapidly.
One issue requiring close attention with respect to the current world
supply of brine shrimp eggs for aquacultural purposes is the problem of
pollutants such as DDT which have a detrimental effe<t on the development
of larval organisms, Eigh-quality, pesticide-free Artemia products from
Christmas Island should occupy an advantageous position on the world
market. The market potentisi for Artemia products should be assessed
more precisely.

Based upon present conditions and our general understanding of the demand
for brine shrimp eggs, it has been estimated that with a wholesale value
of approximately $25 per gallon, world demand is expected to approach
40,000 to 50,000 gallons within the next few years. A preliminary report
(Helfrich et al, 1972) projected a production scheme to produce at an
annual rate of 30,000 gallons of eggs at the end of the third year of
production. Lack of precise inform-tion relative to the market dcmand
suggested the inclusion of a second production scheme, designed for an
ultimate production level of 15,000 galloans. The 15,000-gallon production
scheme is designated as "Plan A" and the 30,000-gallon scheme as "Plan B."

Egg Production

The production of brine shrizp eggs in each production scheme 1s based
upon the fertilization and manipulation of water in the F-series lakes
with possible involvement of other closely allled lakes or lake gsystems.
The principal considerations in this project involve the production of
phytopls ikton as food rfor Artemia ad the ability to contrel and manipu-
late salinity of the lake water to obtain the production of brine shrimp

eggs.
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Although the entire scheme is based upon » de-elooment of a production
facility in the F-serles of lakes, this does not preclude the possibility
that it could be located in natural or artifi:fal empoundments at other
locations on Christmas Island. It was necessary to make a decision on a
potential production site after a rather cursory recomnnalssance, so that
the limited time available on Christmas Island could be used for a de-
tailed study of the site chosen. It appears that the F-series has
natural attributes that can be utilized advantageously to promote the
production schem= proposed. In view of the more refined management
technliques that were developed on return to the laboratory, it might be
advisable to re-evaluate alternate locations on Christmas Island that
may be closer to ancillary fazilities, and to weigh the advantages and
disadvantages of each,

The F-series lakes contaln water with a salinity ranging from 40 or
50 o/oo to 100 or 110 o/oo. The scheme presented is based upon a con-
sideration of these salinitiles as well :s the dynamics of water movement
required for salinity control, population management, and egg harvesting,
in conjunction with an understanding of the biology of the brine shrimp.
The basic components of the system are:

1. Hatchery enclosuras or tanks in whic!. Artemia eggs will

be initially hatched,

2. Rearing lakes into which the juvenile Artemia will be
placed and from which adults will be transferred to
egg-laying iakes.

3. Phytoplankton lakes to produce a. continual supply of
Artemia food. :

4, Egg-laying lékes of higher salinity into which sexually
mature brine shrimp will be transferred for egg production.

A small hatchery facllity, possibly consisting of plastic-lined swimming
pools, will be used initially ro hactch brine shrimp for controlled stock-
ing of the rearing lakes. 7These shrimp will be hatched from San Francisco
Bay eggs and transferred to the closely managed rearing lakes. There-
after, the scheme will rely upon the sroduction of live young to expand
the number of animals to the carrying capacity of the rearing lakes and

to produce a harvestable surplus. It way be possible to abanden hatchery
tanks after the management of shrimp populations in the rearing and egg-
laying lakes 1s fully accomplished.

Qur recent experiments 1indicate that a syvtem of lakes, pipes, and pumps
cnould be constructad for intemsive production of phytoplankton of the
proper type and quantity as food for Artemia. The cbjective would be to
gain contrel over the preferred food species such that optimum selectivity
and efficiency may occur in focd production and conversion. Exactly how
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this will be accomplished will be developed in pilot studies at Christmas
Island. Portions of adjacent lakes or artificially comstructed lakes
might br considered. There also remains the posalbilicy of direct
management of natural bodies of water in production.

If ampla food is available, adult Artemia will continue to produce live
young ir the rearing lakes as long as they are maintained at a relatively
constant salinity, A marked change of salinity will crigger the produc=
tion of eggs by sexually mature Artemia., This will be accooplished bty
transferring adult shrimp to a lake of significantly higher salinity.

In the 15,(50-gallon production scheme (Plan A), it is proposed that
the rearing lake be F5 (salinity of 58 o/co). A svstexm of gates in
modified chanrels will be built connecting F4 with F5, and F5 with Fé.
Once these modifications are made, the lakes must be pciscned to remove
predators and then carefully managed to coatrol changes In the water
level and salinity, and to guard against the introduction o! predator
2gpgs and larvae. 3y controlling the water flow into F6, it can be
developed and maintained as a natural hipa-salinity egg-laying lake.

The ttansfer of adult Artemia from the rearing lake to the egg-laying
lake i5 required, Lo secure a constant yield of eggs. This is accom-
plished by concentrating gravid adults in anchored harvesting devices
andfor with & net mounted to a boat. Both of these methods have been
used in the San Francisco Bay Artemia operation and are described in
greater detail below. The salinity of ¥6, presently about 75 ofoo, will
be maintained at a level sufficient to induce egg »roducticm in all of
the shrimp introducad inte it. It wil) also be fertilized in order to
maintain an adequate food supply for the egg-laying shrimp.

In the 30,060-gallon production scheme (Plan B) ¥4 becomes the rearing
lake, F5 becomes the first egg-laying lake, and F6-F7 becomes a second
egg-laying lake at a sufficiently higher salinity. This scheme therefore
will vequire an additional gate at the pagsage between F3 and F4 and
sufficient dredging of the passage between F6 and F7 to make it effec-
tively e single hody of water.

Both these schemes will become temporarily static wich respect to salinity
control, which will require careful monitoring of the dynamics of salinity,
fertility, and phytoplankton population contrel. As static systems, the
salinities of all lakes will be increasing, hopefully together, with
obvious eft-cts upon the limits of food production and conversion efficiency.
Preliminary studies indicate the efficiency is highest at the initial
salinity of F5. In Plan B where higher populations are sought, the
decrease 1in productivity and efficiency in the second egg-laying lake

makes !t appropriate to consider the joining of F6 and F7. ?eriodically
the entire system will need to be flushed and recycled, The passages
between lakes should be developad with a consideration of this need.
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Egg Harvesting and Precessing Storage

Eggs released by gravid females in the high-salinity lakes are positively
bouyant and float to the surface. They are then blown by the wind to the
lee shore wnere they amass and can be collected by one of several methods.
Steps in two proposed egg-harvesting procedures are outlined here., (See
also Figure 29,)

la. One method would employ an egg-fharvesting device consisting of
a barrler about five feet from the lee shore which facilitates
the concentration of eggs for more efficlent harvesting.

ib. Another, less preferred methed, is to develop an approximate
cne-in~twenty slope un tke lee shore to be cover.d by a plastic
sheet. With this method the eggs collect along or above the
shoreline through the action of waves and wind.

2a, The eggs are scooped from the egg-harveating device along the
edge of the lake with nets made of 60-mesh ny_on material.
This operation is performed periodically when the egg concen=-
trations reach & magnitude to warrant it,

2b. Similarlv, eggs that are colle:ted on the plastic sheets are
brushed, shoveled, and netted into containers.

3. The wet eggs are allowed to drain; the drairec Cggs are trans-
ferred to large burlap sacks.

4. The sacks of eggs are transportad to a well ventiiated
processing area where they may be stored on hooks on poles
under cover.

Egg Processing

It 1s envisicned that the eggs will undergo most of their processing on
Christmas Island. The processing objectives are to separate the good
eggs from the impurities that were simultuneously collected during
harvesting and to preserve the viability of these good eggs. The
processing of eggs requires fresh water; therefore the location of this
activity should be near such a resvurce. The important steps in brine
shriwp egg processing ave outlined below, ana Figure 30 provides a
diagram of this process.

1. Eggs should be washed with tresh water in a specially designed
box that separates viable eggs from "empty" eggs, dsbris, and
sand,

2. Viable eggs collect at one end of the washing box and may be

emptied into flour sacks thvough a hole in the uvottom of the
box. They zre quickly rinsed again while in the flour sacks.
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Epgs floating on higher
salinity water.

l e Wind

Eggs collected by harvest-
ing device along lee shore.

|

Eggs dipped from harvest-
ing device.

|

Drained eggs transferred
to burlap sacks.

|

Buriap sacks transported
te storage area.

|

Stored epggs await process-
ing in & well ventilated,
shady building away from
moisture.

F1GURE 29.
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Egpgs taken from field and/ !
or storage. I

|

Raw material washed &nd
sorted in egg washing box.

|

Washed eggs drained into
fiour sacks.

|

One additional rinse whitle

in flour sacks
Viability checked.

|

Wasned and drained eggs
spread on muslin covered
tables to dry.

Moisture content checked.

|

Dry eggs into bulk storage
in lined 55 gallon drums.
]

§
¢

Off-island final grading
and packaging.

FIGURE 30. Initial egg processing.
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Maximum time for washing and rinsing should not exceed 20
minutes. Expeditious wasaing and drying are essential for a
high-quality product. Tie principal measure of quallty is the
percent of eggs that are viable. Viability can be measured by
holding 2 cc of eggs in a graduated cylinder of water at 80OF
for 24 hours. Upon absorption of water, good-quality eggs will
be increased in wolume by 200%; i.e., the volume of eggs will
now be 6 cc as measured in the graduated cylinder.

3. The washed and rinsed eggs should be spread out to dry on
“muslin-coated tables under conditions that allow 50% woisture
removal within 12 hours., These drying tables should be
protected from the wiund.

4, Aifter the eggs have dried for approximately 24 hours on the
muslin-covered tables, they should be brushed into sacks.

5., Molsture checks of the dried eggs should be made before bulk
packaging. The level should be below 12Z; the optimum is about
7. .

6. The eggs should be put into 55-gallon drums with air-tight
plastic 1iners and clamp tops. They may be either vacuum-packed
or flushed with nitrogen gas. The system proposed here only
vacuua packs the bulk eggs. Repackaging into smaller containers
will probably be performed as required, at a distributicn center
close to the major markets.

Final Grading and Packaging of Brine Shrimp Eggs

It is envisioned that the final grading and packaging of brine shrimp
eggs will be done at distribution centers, possibly in the United States
and Japan. In this last step sand, debris, and empty eggs not previously
removed are separated from “good" eggs. A recommended device for this
operation consists of a small V-shaped trough with a slit on the bottom
wide enough to allow a thin curtaln of raw material to fall through.
This trough is mounted at the end of a rectangular box with solid sides
and severa. open drawers along the bottom at right angles to the length
of the box. At one end of the box a variable-speed suction fan pulling
air through stacked straws creates a controlled laminar flow of air.
Across the bottom of the box is a coarse netting covering the drawers
placed gide-by-side at right angle te the air flow.

As the thin curtain of epgs falls into the flow of air, sand, debris,
good eggs, and empty eggs not prevlously removed are sorted. If the
device is properly adjusted, the sand will fall into the first drawer;
good eggs will fall into the second; a mixture of good and empty eggs
may be found in the third drawer (these may be reprocessed to sort out
some of the good eggs); and the fourth drawer will contain mostly empty

eggs .
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A gquart of pood eggs should weigh between 14.2 ang l4.6 ounces. 1In

orcar to imsure a high-quality product, it is recormended that hatgch-
abilicy tests be run on each batch of eggs; batches may then be blended
to yield a more consistent product. Lf the eggs are then vacuum-packed
or thoroughly flushed with nitrogen gas, they will retain their viability
for up to ten years. This compares with life up to about three years and
nine months if held at ambient, temperate-zone conditions.

Harvesting Adult Brine Shrimp

In order to initiate egg production and to prevent over-population in
the rearing lakes with resultant mass mortality, adults must be removed
on a continuous basis. One method utilizes a gtationary harvesting
device, while a second method uses a weving harvester. Each of these
methods has advantages; for best management both should be available
for employment as the situation dictates.

a. Stationary Harvester: This harvesting device consists of a pipe
or box intake which can be raised or lowered to harvest at different
depths of water, and a comnected trough with a paddle wheel which
draws water from the pipe or box intake and then deposits shrimp and
water into a rectangular met enclosure 10' x 4' x &' deep. This
en~losure is lined with 12 to 20-mesh material. The harvesting

device should be anchored in the rearing lake at a point where natural
coaditions cause a concentration ofi shrimp.

Population control may require the operation of several of these units.
The operation of the harvester is facilitated by lowering the intake
pipe or trough to the depth at which shrimp are concentrated. Wind
power to operate the paddle wheel is an attractive prospect at Christuwas
Island. The screened enclosure has a mesh size taat retains the adult
shrimp bur allows the juveniles to pass through the mesh and return to
the main body of the lake. The coacentrated adults are removed with a
dip net from the enclosure and placed in containers in an adjacent boat.

b, Moving Harvester: This method of harvesting brine shrimp allows
considerable flexibility in removing shrimp from natural aggregations
that may not always occur in the same location. The craft is a
catamaran-type design with a large-mouthed net, directed forward and
funneling down to a removable cod end which is located between the hulls
at a point accessible to the operator. 4s the craft is propelled through
the water, the net concentrates the Artemia into the removable cod end.
When the cod end of the net is full, the shrimp are enptied into con-
taners in the deck and the haxrvesting continues.

Such a craft can be easily constructed with locally available materials
such as 55-gallon drums and angle iroa, and powered by a 20-hp outboard
motor.
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Processlng Adult Shrimp

An expanding market exists for frozen and freeze-dried brine shrimp. It
was not within the scope of this study to explere the nature of this
market., However, both of these items are potentlally valuable by-
products of brine shrimp egg production and should be considered in

the overall scheme of activities. The production of frozen brine shrimp
is outlined below and a diagrammatic ilow chart is presented in Figure 31.
It is envisioned that conventional freezing 1is possible with existing
freezers on Christmas Island. Freeze drying is performed by expensive,
large-volume machinery; therefore this operation is not proposed for
Christmas Island in the near future. It may be economically feasible to
bulk-freeze brine shrimp and have chem shipped to a freeze-drying facility
elsevhere for further processing.

Although little information is available on the efficacy of sun-drying
brine shrimp, the possibility of developing a sun-dried product should be
pursued as an alternati.= means of processing shrimp for human and/orx
animal consumption.

The freezing procedure for brine shrimp is as follows:

1. The harvested shrimp require transportation to the processing
plant (presumably at London village) in enough water to keep them
alive.

2. The shrimu brought to the processing facility are placed in
spaecially constructed V-shaped troughs about ten feet long and
two feet high, filled with [resh water. At the bottom of each
trough is a perforated pipe through which air is forced to cause
rapid circulation of the trough contents.

2. Washing in fresh water with violant agitation causes the shrimp
to "clean" themselves, An initial wash takez 10 - 15 minutes,
while the second tukes 5 - 10 minutes, Each trough should be
large enough to wash 200 - 250 gallons of live shrimp.

4, The shrimp are theﬁ thoroughly drained in mesh baskets.

5. The washed shrimp are toen transferred to a filling hopper. With
the proper amount of warer added to facilitate filling, each
guart of shrimp contains from 1-3/4 to 2 ounces oi water, The
water content of frozen Artemia is an important quality cricerionm.

6. sbout 1.25 to 2.00 pounds of shrimp are bagged in each "polybag".
These bags are heat-sealed and frozen either in a contact freezer
c* a tunnel freezer at -20°F. The bags are most easily frozen
and handled when they are 5" x 10" x 5/8" thick. When frozen,
they can be bcxed in 50— to 75-peund quantities and placed in
freezar s-orage. As such, these frozen shrimp are a valuable
commercial product. A further freeze-drying process changes toth
their form and value.
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A”iltg harvested from rearing lakes.

Y

Adults introduced tec higher salinity laying

i
ELgs | e
._______J : sond.

Adults harvested from laying pend.

Y

lf
LﬁTransported to processing area.

Y

Initial freshwater washing of brine shrimp.

' Y

Second freshwater washing of brine shrimp.

'

Washed shrimp transferred to filling machine.

Y

Shrimp to water ratio adjusted.

Y

Plastic "polybags" are finally filled,
sealed and frozern.

Bags of frozen shrimp boxed and stored

Y

Freeze-drying (off-istand).

FIGURE 31. Adult shrimp harvesting and rrocessing.
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Resource Development

A sequence of resource developmeint and capital investment is proposad
here, based on alternate schemes to produce brine shrimp products at
Christmas Island ind on the ability to offer a superior-quaiity product
at a competirive price and thus capture a substantial portiocn of an
expanding world market for brine shriop eggs. The plan also foresees
the production of supplementary products such as frozen and possibly
freceze-dried brine shrimp, as well as the development of other related
uquacultural ventures, Figure 32 outlincs a proposed sequence of deve-
lopmental activities leading to the production and processing of Artemia
products.

Following a period of negotiation and planning, the stagirg of material,
its transportation to Christmas Island, and the comstructizn of facili-~
ties could be completed over a six-month period. It 1s ecvisioned that
preliminary production tests could be accomplished before Pnase I con-
struction is completed. At the end of this period an operations center,
a fleld office, the hatchery and hatchery lakes, a motor pcol, a linited
number of homes for local conrvact workers, and the first rearing and
egg-laying lakes will be readied. Renovations will also be completed on
staff housing, egg processing and storage areas.

The time distribution of production for Plan A is 7,500 gallons of eggs in
the first full year of production and 15,000 gallons in the second year
and thereafter. In the first year of Pian B the yield is projected at
7,500 gallons, followed by 20,000 gallons in the second year and a plateau
of 30,000 gallons to be reached in the third year.

The costs and earnings projections made for these systems attempl to
reflect the special conditions on Christmas Island and should not be
applied to other situations without careful modification. An attempt
was also made to break down the total cost into that part which could
be borue by the Gilbert and Ellice Islands Colony (GEIC) en a cost-
sharing basis. Further allocations of costs are possible t> bring the
GEIC participation up te 50 percent.

The weight of the additional equipment and material which brine shrimp

egg nroduction on Christmas Island would entail is estimated to range
between 50 and 100 tons for the initial staging and construction phase

and between 100 and 150 tons annually for egg production. These estimates
of annual tonnage will decline as Christmas lsland becomes better equipred.
However, since there are only two interchangeable methods for moving this
quantity of material (air freight or semi-annual shipping), estimates were
based on charter air-freight rates. Therefore freight charges may be
somewhat over—-estimat:d, but these represent a ceiling on the cost of
"immediate and direct" delivery.
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Plan B projects a more incensive construction period of ahout the same
duration (three months) to accomplish the bulk of the necessary work to
bring the required lakes up to producing condition, This is a departure
from the scheme in the preliminary report, which split the construction
into two phases. '

To make fullest use of the brine shrimp production system, the conditien
of the available freezer equipment and facilities should be determined
within a short period after the arrival of the construction crew on
Christmas Island. If the markets are of sufficlen: size, the next incre-
ment of capital investment should provide the capacity to freeze and
store frozen brine shrimp on Christmas Island.

Table 8 shows the annual egg production in each of the first three years
of Christmas Island operations for the differenc production levels. This
annuzl production 1s converted to a daily basis, giving expected daily
production and the value c¢f the produsts.

Brine Shrimp Egg Production Potential and Field Approximaticns

1f our predictions are valid, any of the F-series lakeg under very inten-
sive management possess the potentlal ‘to equal or surpass the potential
annual world supply of brine shrimp eggs (40,000 - 50,000 gallons) in the
space of a few goneraticns. (See Table 9.} These predictions are based
upon a Juplication of optimal laborat.ry conditions in the field 2t ex—
tremely high levels of fertilization, salinity controel, harvesting
efficlency, and overall mancgement of the scnemc.

Maximum productivity in the rearing-lake system gshould not be attempted
becavse of the risk of catastrophic losses if maximu~ density levels are
surpassed. Rather, a somewhat more conservative alternative of lower
stocking densities is recommended, at least until monitoring and manage-
ment techniques are refined.

Table 9 projects the potential daily productivity at Christmas Island

under optimal conditions (based upon laboratory exper:ments). Table 10
predicts the potential production of Artemia eggs at efficiencies exp.essed
as a percent of production under eptimal laboratory conditions. After the
projected initial staging and construction period of about six mouths, egg
production will be based on attalning different levels as previourly
Adscussed. These final pruduction levels are approximately 10X of the
maximum levels obtained in the laboratory.

Frozen and Freeze-Dried Brine Shrimp

Although the magnitude of the market for fro-en and ‘reeze-dried brine
shrimp is largely unknown at this time, there are indications from
personal correspondence and fragmentary information that the markec
potential may be attractive for both these products. As with brine shrimp
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TABLE 8. LEVEL OF ARTEMIA EGG PRODUCTION AND VALUE DURING INITIAL
STAGES OF DEVELOPMENT

L — —

" Year of Annual Production,* Daily Production, Value of Daily
Operation gallons x 1000 galloas Production, U,S.§$#**

PLAN A: Maximum production at 15,000 gallons annually

lst 7.5 20.5 $§ 410
Znd 15 41.1 822
3rd 15 41.1 B2z
4th 15 41,1 822

PLAN B: Maximum production at 30,000 gallons annually

1st 7.5 20,5 $ 410
2nd 20 54.8 1,096
3rd 30 82.2 © 1,644
4th 30 82.2 1,644

* At production efficiency betweer 1% and 10% of mz.imum production
under .aporatory conditions,

** Based upon $20/gallon FOB Christmas Island,
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TABLE 9. F-SERIES LAKES: THEIR VOLUMES, POPULATION DENSITIES, AND
POTENTIAL DAILY PRODUCTIVITY

ST S

Potential Eggs Produced
Population in Enriched
F-Series Volume, Density, Water,
Lake cubic feet kiloliters adults/kl* gal/day*#*
F1, F2 617 x 108 17.28 x 106 4 x 104 85.71 x 10°
F3 105 x 108 2.94 x 1068 4 x 10" 14.58 x 102
F4 42 x 10% 1.18 x 108 4 x 1% 5.85 x 102
F5 30 x 108 .84 x 108 4 x 10 4.17 x 102
F6 27 x 108 .76 x 108 4 x 10" 3.77 x 102
F7 32 x 10° .90 x 108 4 x 104 4.46 x 102

A Bused upon a density of 40 adult Artemia per liter {(Bienfang,
personal communication). 40 adult Artemia have been sustained per
licer wider continuous flow conditions where food was non-limiting.

** Assuming a 50:50 sex ration and 10 eggs/female/day.
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TABLE 11. PROJECTED PROCESSING COSTS AND REIURNS FOR
FROZEN BRINE SHRIMP

Cost per pound
COperation or input or per item

Transafer of adults from egg-

laying ponds to plant 2¢
Washing and rinsing 1¢
Coat of "polybag" 2¢
Filling bag he
Storage 2¢
Shipping 19¢
Total Cost (Honolulu) 17%¢

Projected wholesale price: 30 to 35¢/1b

Projected margin: 12% to 17%c¢/ib*

% On the basis of 1,000 lb per day, the wargin above
operating costs would ba $125 to $175.
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TABLE 12. PROJECIED COSTS AND RETURNS OF PFODUCING
FREEZE-DRIED .'RINE SHRIMP

Cost per pound
Operation or input or per item

9 pounds of frozen brine shrimp $2.70

Charge for producing 1 pound of
freeze~dried product 2.50

Shipping @ 10¢/1b
(9 1b frozen to Taiwan; 1 1b

dried product to Honolulu) .00
Packaging .10
Total Cost (Honolulu) $6.30

Projected wholesale price: §8.00/1b

Projected margin: $1.70/1b
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eggs, frocen and freeze-dried Artemia will enter an expanding world-wide
marikat. However, this is not a marker that will absorb unlimited
quentities o Artemia products; thercfore, a better understanding of the
mar<et potential should be acquired. A rough estinate of the cost of
production of both frozen and freeze-dried brine shrimp is given in Tables
11 and 12

Coat Estimates for Brine Shrimp Egg Production

The cost of developing the available resources on Christmas Island was
estimited for two levels of brine shrimp egg production. This included
new construction, renovation, staffing, and other operational costs. An
operations center, a motor pool, a fileld station, a hatchery ard related
ponds, and a processing and storage area are among the high-priority

items in the construction phase. The cash-flow summaries for brine
shrimp egg production by our proposed schemee are presented in Table 13.
These summaries are based upon a value of $:0/g-llon which will preaumably
glve the operation a good ccmpetitive advantage in tne world market .,

“he f-llowing tehles outline the cou: of the resources required to reno-
vate, equiy, and prepare facilities for brine shrimp production (Tables
14 through 30). These are the current best ectimates. An attempt was
made to indicste a rough breakdown between the costs that might be best
carrled by the outside invesktor and those costs that are typical of
those alrcady being incurred in the normal activities within the GEIC
operations cxtant at Christmas Island.
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TABLE 18. PLAN A: CONSTRUCTION PHASE, FIELD WORK
(Channels, Gates, Water Control and
Lake Preparation, Hatchery)

Suwrre
. Life, Cnae, Tatal
ften Condit ton yaate  each Momher Canl wrle Uul s ide
Polldings (maitetiale)
Qrflce Area {160 oq Fi - 1] § 1,400 3 ¢ 400
& 3idfeg It} 2,400 2,400
Equlpasnt
Offlce {fumiture u 5 0 500
OFftice aquipsent '] 5 230 %0 .
Ault 85 harvesting squipmeat ] 5 $ 300 1 500 5 300
Water control gates L] 10 3,000 3,000
Puspe & plpeitnes for hatchary | I 5 3,500 3,500
thannel lopcovemimc 3 1,000 1,000
Tide gavgen & wvatar qualicy

monitaring [ ] 18 T, 00} 2,000
Boet, trailer & engine ] 3,000 5,000
Fiuld lakew (hstchery Lsken

& fimld te -1 Jaken) N 5 1,209 [} 7,100 7,200
Egg harveeting devices st

$3/ rmalag ft ] 1 1,500 1,500
Phyto-production systes S0,000 13,000 13,000

Toual 474,430 L% e, 200
Supplies
. Miscellanevus materiels .

& supplies $ 1,000 $ 1,000
SclentLfic supplivw 00 § 00
Scoeens i 00
PFlusbing fittinge & suppliee 3,000 "% 150
Sparas - pumps 00 0
Cament ’ 200 00
Foatw, lumber 1,000 1,000
Refnlorcing steel . E 150 130
Finh polaoco - 1,%00 1,500
Spares - outbosrd engine 200 00
Spcres - trsilec 100 100
Paine k] 30
MWets, tTovie, mash materinl

for sdutt hacvasting (lokwes) 3,000 . 3, 000
Rope 500 $00
Cable. wite s00 300
Poly-shssting ’ 500 300
Dp aets 200 200

Toral §10,900 5 3,200 $ M
5 = salvaged
U= usad
N = new
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TABLE 20,

e ]

PLAN A:

Totsl Cost

GLIC

(15,000) PROMUATION-RELATED EXPENSES

e

Source

Cyealde

Tatal Coax

GELC

Source

Outaide

Building Materiais
Lumber
Compnt
Stesl
Fipen

Fiberglass

Bgulpment
Hacvesting (replacement)
Procaselng {replacenent)
Sclentific (replscemerat)
Personnel carrierse
fruck b traller (& $3/a0)
Yront-end loeder (@ $5/ht)
Baar
Outboard engine
fadins
venarstors
Vacuue pusp

Busiding Materiale
Lusber
Comant
Steal
Fipes
Filberglasa
Mipcul laneous

Equi psant
Harveating (replacement)
Processing {replacement)
Scientific (replacement}
Peraonnal cATTieTs
Truck & tisiler {951/he)
Pront-end locder (@ $5/hc)
Boat
Dutboard engina
Radiom
Cenerators
Yecuum pump

tet Tanr of Production

2nd Year of Production

9 1,000 1,000 $ 00 4 00
100 00 100 500
100 300 0 300
2,000 L 000 41,000 300 500
2,000 2,000 1 /000 41,000
1,000 1,000 500 500
1 5,400 §2,400 $4 000 $7,900 $1 ,600 $1,500
1,300 1,500 1 4300 1,500
500 500 500 %00
300 i 00 Y00
2,000 2,000
1,000 3,000 3,000 3,000
1,000 k600 L) L]
2,000 2,000
500 500 500
50 259 50 3%
1 Q00 1,000
152 250
$11,100 35,400 $4 ,500 47 050 43 ,A00 $1 ,250
Az Year of Iroductien i | d
§ 00 $ 500 4 w0 0
L0D 100 100 100
300 300 300 00
500 500 500 400
b $ 0 500 3 00
haLy 300 00 300
§ 2,400 31,400 11 000 $2,400 81,400 31 000
t 4500 1,500 1,500 1,500
500 500 500 00
100 500 300 500
2,000 2,000
3,000 3,000 3,000 3,000
800 800 OO 200
Z,000 2,000
0 500 300 500
%0 50 %0 230
1,000 i,000
250 250
312,050 47,800 $4,2150 37,200 $5,800 31,500
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TABLE 20.

PLAN A:

(15,000) PRODUCTION-RELATED EXPENSES (continued)

p—

Snuree
leem Total Cost Cotalde Total Coat GEIT Qutaide
Suppl Les int Year of Production 2ud Yes® of Production
Harvesting $ 500 $ 300 ' w0 s 500
Liners (1750 pal} {@ 52) 600 600 &N 400
Shipping containera 1,000 1,000 250 250
{bagrape & procesned mgge)
Fertiiiear (8 §1U0/ton) 4,000 84,000 & 000 44,000
Murlap baga 300 300 500 500
Flour sacks 200 200 00 200
Muslin {9 50¢‘yd) 500 %] 200 700
Nets, trawis, mesh W00 . 00 500 00
Aulosntive sparen 1,000 3 D00 1,000 1,000
Seientiiic sparas 00 100 1563 o
Radio sparen 00 200 Fii no
Genwrator sparer 00 200 na FiL il
Bnating wsupplien & spares 500 SO0 5CHY 300
(utbcard sparen 100 100 100 100
49,%00 35,500 24,400 LR §5 4500 $3,1%0

Supplies

Harvesting

Linate {1F% gal) (& §2)

Shipping containerse
(baggaga & procesard egpe}

Pertilizer {® 5100/ton)

Burlap bags

Flour aache

Huslin (9 50¢ yd)

Kete, trawin, mesh

Autrmative spares

Scientific spares

Ratic spares

Ceneralor spxres

Bogting Aupplies & apares

Outboard sparzs

Ird Yanr of Production

Ath Year of Froduction

3 500
00
230

4,000
200
200
500
100

00
200

$8,050

} 500
600
250

§4,002

200
200
00
L ,000
100
e
100
500
o

$).350

$3,300

¥ o0 § 0
RO 600
250 250

& ,020 34,000

500 400
700 100
200 200
500 %o

1,000 1,000
100 100
200 700
200 200
500 L
100 100
&8 ,A30 $5,500 $1,350
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TABLE 21. PLAN A: PERSONNEL COSTS
Sowrca foures
Source of Kumber of -
Ttem Fersoonal Individuals Totsl Cost GHIC Duteids Tatal Coar GEIC Outetde
Labor ist Year of FProductiom 2nd Year of Troductics
Gensral Manager 0.C. 1 #18,000 418,000 558,000 418 500
Productlon Manager U.C, 1 15,000 13,000 14,000 14,000
{Blologist}
Consulting & 0.C. 23,000 5000 0,000 20 000
Oparastional Svca
Plological Tech [N 1 1,000 $ 1,000 1,000 $ 1,000
Hechanlc's Halpar L.C. 1 1,000 1,000 1,000 1,000
Harverting & L.C. 3 3,000 5,000 3,000 3000
Procensing
Congtruction & L.C. 1 1,000 1,000 L ;000 1 000
Msintsnance
Canara! Suppert L.C. 2 2 000 2,000 2,000 7,000
$48,000 919,000 438,000 $43,000 $10,000 $33 ,000
Ird iear of P-oduction Ath Year of Prodwctlos
Genaral Manager 18,000 18,000 8,000 18,000
Pyoduction Fanager {Blolegie’) 15 000 15,000 19,00 13 000
Conmutting & Operationsl Svce 20,000 20,000 0,002 20 000
Bivlogical Tech 1,000 1,000 1,000 1 000
Machanic'a Helper 1,000 1,000 1 Do 1 £00
Mervesting & Frocessing 5,000 % ,000 §.000 % (000
Construction & Maintenance L 1,000 1,000 L LO0d
GCeneral Support 2,000 2 O 2,000 7,000
463,500 $10,000 51,000 $6 3,000 310,000 %3 ,000

Cenaral Fuppnrt

Trewpertaction of persoansl {inci.
eonsulcaic} 16 RT (B $300 RT)
Frelght-lam e (& 54,800 l-way)
Freight-eaport {8 54,800 l-way}
Fuel & lubricants (20 gal/dsy st §70)
Yood (@ $)/¢ey for 0.C. prrsonnel)
Equipment repalt & maintensnce
Loglstice coordinaker {hatf-timel
Lantingency

iet Yrar « 7 $roduction

nd Yusr of Production

4 4,80 $ 4,550 $ 4,400 4 4 800
% ,600 9,600 3,500 + 600
9,600 9,400 9,600 * 400
5,110 $3,110 S4lo 33,110
3,205 3,188 1,285 EPEL ]

L 000 1,000 2,000 1 000
7,300 7,500 7 %00 7,300
20,000 - 20,000 20,000 70,000

$50,R95 48,3193 8§32 ,%00 351,098 44,193 353,300

3rd Year gf Produstion

4th Year of Production

Tryneportation of personnal &4 ;800 i B0 4 800 4 800

Freight-iapart 9 400 9,500 9,600 9,400

Fretght-enport 9,600 9,600 +,600 9,600

Fuel & Lubricante 5,110 5100 3,100 3.L10

Food 3,85 3,283 3,205 1,284

Equipment repair & maintenance 2,000 2,000 2,000 1,000

Logletics coordinator 7,500 7,500 7,300 7 4500

Cantingency 20,000 20,000 20,000 10000
$61 895 58,19% $53, 300 $ht A3 $n 354 433,300
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TABLE 26. PLAN B: CONSTRUCTION PHASE, FIELD WORK
{Channels, Gates, Water Control and
Lake Preparation, Hatchery)

———
Source
Lifs, coslL, Toral S
Liem Condltion  yrara cah Nmbor Camg CELC Gyraide
Al hbings (mater|aler
NMflee Area {2iW) aq f1
A S5y 102 5 g FRL % 1,400
Field annrmily srea «200 sq ft
a 5124w f1) L] 10 F o] 2,40
Fgqulpee ..t
affire jurmiture u 3 san 00
ST ce #uicment [ 3 250 %
Adult BS harvesling equi pesnt N 4 y 0 3 B SO0 $ 1,500
Maywr rond sal gates L] 10 6,00 6,000
Fimgs & plpeliure 1oy hatrhery L] . 4 4,000 4, K0
Channe} 1Aprosemsnt 3 2,000 2,04
Tide gacg:. # & water quality
woal i orleg N 10 2,001 2,009
Boar, traller & englne . 5.000 %, 008
Field laken fharcheey lawen
b dleld rel b leken) N 5 ,1m L] 1a,and 10, M)
Egg harvesting deviren ag
31 running fr N ] 1,000
Fiyru-produ. Pl aysten 24,000 25,030
Ietat’ S$H, 750 551, 100
Supplien
Histrflmie n materiaba
A aaps Lien 5 2,000 $ 72,000
Stlentifir auppl [en I, ong § 000
Scrrenn bl bl
¢l [ng FEE1 inge b dupplies B A0 1,000 o
SpafeR - puApe Hfif) AHE
Comeit Hon L1e]
Fomia, lumher 1.900 im0
Fetnror ing wivel 2} 00
Fidh poid n L) 1,000
Spates onthaard englne 0 g
Sparca - Aratler kN 100
Falnt n 50
Mpra, (ravin, meah mateclal
Tor winlt barawaibug {1bes) &,00) &, 000
Wope 310 300
Cikle, wlre SO0 kL
Poly-sheering 1,71 1.
DLy uria L im I
Tetal SIR, 1 4 3, 4W $12.150

A o= aalvaged
U = bsed

H n nrw
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TABLE 28.

PLAN B:

iten

Total Coat

Koutre

GEIC

Out alde

(30,000) PRODUCTION-RELATED EXPENSES

——

fource

Mutalde

Bullding Materiale
Lumher -
Cement
Steel
FPipes
Fiharglanse
Higr=llanroun

Rquipment
Harveating (replacesent)
Frrcanalng
Sclentiflc
Perannnel carrlers (purchase
52,000 #a)
Truck & tealler (@ $3/he)
Fromt-end luader (¥ $5/hr)
hoat
Outhoard engine
Radine
Cenrratore
Yacuws pump (4 9350 each)

Building Hateriala
Lumber
Cement
Stee,
Plpen
Fibecglars
Miace! lan=ous

Equipment
Harveating (replacement)
Pruceasing
Sclentific
Feraonnel carriers {purchans
$2,000 prq)
Trurk & tratiler (& $3/hr }
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TABLE 28. PLAN B: (30,000) PRODUCTION-RELATED EXPENSES {continued)
Sagrre
Itenm Tatal Cuat cFIe Outatde Total Cont GFIe Dt mide
Suppl Len - lat Year uf Froduciion Int Year wi Produckion
Harvealing $ 1,500 S S 1,500 §1 ,500
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TABLE 29, PLAN B: PERSONNEL COSTS
Suurre
Souvce of b mber of —— -----u "'-—--— Soure
Iten Permanne!  Individuale Total Cost  Celr Dutaide Toral Cost  rErc Dutelde
.8t ewr of Praductlon __ nd Year of Production
Coneral Mansger 0.5, 1 5 18,000 $18.,000 918,00 $18,000
Production Hanage- 0.5, [} 15 .00 t5.000 15,000 £ 8.000
iMologeetd
racilities Engineer 0.cC. 1 13,000 13,000 19,000 3,000
Operacional Serviceas Q.C. 15,000 13,000 13,000 15,000
Cmuulting Servires a.C. 20 000 20,000 10,000 IR ]
Biologsca: Technician L.C. 2 3,000 % 1.000 2,500 § 2,000
Machanlicn Helper L.Ce H i.000 2.0 2,000 2 000
Harvesting & L€, 10 10,000 0,000 10,000 0,000
Frocessimg
Conatructivn & L.C, ] 3 000 1,000 1000 3,000
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General Tupport L.C, - 1,200 1,200 20200 3,200
103, 20 TMY 200 $R 3,000 §93,200 $20 200 71,000
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Leneral Support
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Tranaportation of pereomnel 14 BT

(¢ $10 1)
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¥ & lubricanty
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Jrd Year of Producriea
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15,000 Vs 000
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13,000 [3,000
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1.0V A.bon
a0 L
$1LLT SiB,250 $91,30

lat Year of Producglon

Ath Year of Production
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I § 000
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7,0n0
P ]
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[l
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13,000
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10,000
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1,006

i ———
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__2rd Year of Peoduction

$ 1.0 b 700 $ 7.0 $ 1200
14,400 [ s ] 1& 00 L4 400
b9 14,400 18,40 14,400
LZ.37% 12,71 12,77y 12,775

5,078 5,475 513 5,075
000 500 7,500 2,500
15 .00 15,000 15,000 15,000
L0 ,000 40,000 o ,ho0 40,000
LR NL ] $LRn,2%0 §31,500 LIRSS §14,2%0 91,500
Jed Twge ol Production Ath Year of Production
700 7.200 1,200 7200
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12,778 12,775 17703 2,775
5878 7% UYL 5,478 3,673
PR .500 .40 2,¥0
1Y 000 175,000 15,0 19,000
a0 0,000 40,00 4040100
8111,7%0 $18,250 §91,500 $111,750 a8 591,500
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CHRISTMAS ISLAND FACILITIES

The onlv commercial activity on Christmas Island today is the Gilbert
and Ellice Islands Colony (GEIC) copra plantation which 1: known

as the Christmas Island Plantation (CIP)}., Apart from the airfield
ond saveral now.abandoned military installations,the most important
lard use on the island is for cocoaut culture, which occupies only
aboat 167 of the atoll's land area (Jenkin and Foale, 1968), Opera-
tion of the Christmas Island Plantation is managed from the settlement
of London, located at the tip of the narrow peninsula north of the
entrance channel to the main legoon (Plate 43)., Most of the island's
present population of about 500 resides in London village, although
pencanent settlements have been established at Poland in the south-
west curner of the island and at Binana Wells near Christmas Island
airfield.

Laborers on the plantation, with their families, are brought to
Christmas from tire Gilbert and Ellice Islands on a three-year con-
tract under which & copra cutter earns about $30 (Aust,.) per month,
His transportation te and from Christmas Atoll is paid for,along
with his housing and medical needs. Basic food needs such as flour,
canned corned beef, saloon pilot crackers, etc, are available at
the plantation store, but there 1Is no operating cold storage and
fresh vegetables are almost nonexistent, Food available locally
consists primarily of fish, which is ver abundant, scome loceal

pigs and chickens, and the products of a few small garden plcts.
Successful experiments with the culture of vegetable crops in plastic
greenhouses suggest that this activity could be expanded to provide
fresh produce for a larger population than is presently served,

In addition to the plantation labor force, there is a plantation
manager (presently Mr, John Bryden), the resident District Commis-
sioner {presently Mr. Kitiseni Lopati) of the Line Islands, and a
support staff including a radio operator and a small Colony Police
Force, The District Commissioner serves as Chief Magistrate for the
Line Isiands. At the present time there is no medical doctor stactioned
on Christmas, although a medical technician is available.

A labor force of up to ten men on a permanent basis and many more for

short-term periods (as might be required for unloading a ship) can be

supplied from the resident population, If a larger work force is re-

quired, it would be possible to import men from the Gilbert and Ellice
Istands. The Gilbertese on Christmas and those imported are carefully
screened,and many can drive motor vehicles and vperate equipment,
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The following facilities and equipment are located at London village
and/or are used in the plantatlion operations:

Power: Electrical power is availavle from diesel generators

(Plate 44) located near London village. Only one of thres gencrators
is presently operational, a 62.5 KW generator of 2207440 velts., (NOTE:
generators are British 50-cycle as opposed to U.S. standard €0-cvele.)
{oncerning the other rwo generastors, one has been stripped for parts
and the other is awaiting parts. Electrical power is supplied only
three hours a day from 7:00 to 10:02 p.m, At Poland there is a 12 KW
generator.

Fuel and Fuel Storage: Diesel fuel and gasoline are availablz for normal
plantation use; they are brought in now in 55-gallon drums. A new tank
farm »f 13 tanks (with a capacity of 11,500 Imperial galions each)

with pipelines to the waterfront at Londen ig located about one mile
north of the village (Plate 45). Although apparently not now in ute,

the complex appears to be in excellent condition.

Fresh Water Supply: Fresh water for drinking is supplied to London
village from Decca waterhole through a five-mile pipelinc to a 6,000~
gallon storage tank in the village. Brackish water for washing is
obtained in the village from groundwater pumped by a windmill.

Banana Wells Qilldge obtalns water from a trench well in the village
which is pumped into a storage tank by means of a windmill (Plate 48).
This source alsc serves the JOC camp via tanker truck.

Poland village is supplied via a pipeline from New Zealand Airfield;
the water is pumped by a windnill through the pipeline. '

Deraiis on the distribution of freshwarer lenses at Christmas Island
are presented by Jenkin and Foale. They estimate a total of more than
7 x 109 gallons of fresh water available on Christmas Jsland, and a
maximum output of 4,532,072 gallons per day.

The water resources were adequate to supply American fc oces between 1942
and 1948 when the island population reached 10,000, and during opera-
tions "Grapple” and "Dominic' between 1956 and 1964 when the population
. was as high as 5,000 persoms.

Port Facilities: The entrance channel to the lagoon and the port
facilities at London have bzen dredged several times in the last two
decades, most recently in about 1963. The channel has now silted up
once more to a depth of about 2 meters (6 feet). Therefore, most ships
anchor off London, md powe - launches (of which there are two),
lighters (of which there are four)., and a 40-ton-capacity barge are
used betweer ship and shore. Water alongside the pier is 5 to & meters
(15 to 18 feet) deep. A dockside crane capable of lifting three tons
and a marine railway in apparently good condition are included in

the pcrt facility (Plate 47).

138



Warchouses and Cold Stcrage: Numerous metal bulldings are avsilable
for dry storag . 4n ammonia freezer piant, last operated in 1965,
appears to be wn good condition, aithough associated machinery may
not now be operable and, being of British manufacture,requires 50-
cycle electricsl power. The plant consists of nine frrezer boxes,
each of approxinarely 1,300 cubic foot capacity (Plate 48). Obtain=-
ing replacement parts for the existing machinery might also prasent
a problem.,

fquiprent: The piantation now has in operation two tem-ton flatbed
trucks (for hauling copra), ¢ tractor and lowboy trailer, a tank
tratler for hauling fresh water, and several smaller vehiclzs includ-
ing landrovers and small trucks. Heavy equlpment consists of two D7
and on D4 tractors (bulldozers;, one Ford cubber-tire tractor, a
small mobile crane, a road grader, a bus, and a large RB38 crane with
dragline., Most of the equipment is in poor running condition and
presently occupies the time of a 12-man maintensnce staff to keep it
operational, Four new farm tractors are expected in the near future,

Supplies: The plantation store stocks only basic food items,
miscellaneous canned goodsy 508D, Kercsene, cloth, beery scft drinks,
and spirits,

The primary road system on the island is excellent and the secondary
-ocads are adequate; other than requiring read murkers, they provice
easy access to most of the remote areas. 4 tar-scaled primary road
(Al) connects London and Christmas Airfield and extends single-width
to South-East Point. The other main secondary roads (a2, A3, A% and
Carver Way) are compact, coral reads in fair conditlon (Plate 49),
Numerous “tracks" allow easy access to the shores of most of the
laguwon lakes.

Christmas Island (formerly Cassidy) Airficld is im good condition
(Plate 50). The main runway is 6,000 feet long, concreted, and can
therefore handle large aircraft. The U.S. Air Force has a warenouse
adjacent to the airport which presently contains abandoned vehicles,
ircluding & water-tank trailer and tractor, a forklift, and diesel
generatore, All of this equipment is in need of repair. No regular
air service is presently available to or from Christmas Atoll., The
only regular visits to the Atoll by ships are by the Colomy vessel
and a Bank line copra vessel which, between them, stop three or

four times a year at Christmas.

The former Joint Operations Center (JO7) (Plate 51) (later this was

a U,5. Air Force base called "Austere”) located near Main Camp, is

now abandoned. JOC is in berter condition than any of the other
abandoned militarv installations on the island. The JOC cempound con-
tains a mess hall, kitchen, sufficient quarters to accommodate
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Plare 48, Ammon’a freezer plant at London Plate 49. Section of macadam road near
village. London village.

Plate 30. Aerial view of Christmas Island Plate 51, Joint Operations Center (JOC),
(Cassidy) alrfield.
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about 100 people, a large warzhouse, repair sheds, generotor shed,
shower, toilet and washroom buildings, and a small wall-in freezer of
approsimately 350-cubic foot capacity. Water supply tanks are sound.
All electrical equipment and lights are American power, i.e., 100/220
volt, 60 amp, The entire base is enclosed by @ chainlink fence., The
buildings are ia falr condicticen, but the electrical distributlion system
will require overhauling. The air conditioning wnits for the mess hall
are in poor condition.

1f availazle, OC should be used as a management and supervisory base

for any operations contemplated at Christmas Atoll. The facilities

there are easily adaptable to comfortable living with a minimum of work
and the e.ectrical system is designed tfor U.S. power. Adequate storage
is also avallable on the site. The mess hall js a fully insulated build-
ing and could be air conditioned., Any operation should plan ro supply
its own generator, of a capacity to fit anticipated requirements, with a
smaller standby gener tor for refrigeration. It should also provide its
own vehicles and these should be of a common make, so that parts could

be interchanged. The nature of the terrain is well suited for motor-=
cycles as a means of rapid transportation for individuals. Food would
also have to be brought along. A large operation should provide its own
additional fuel, since large vessels caanot reach the dccks at London and,
anless offshore discharge facilitjes are constructad, use of the bulk fuel
tanks may not be feasible., Thus, drum fuel may have to be provided.
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DISCUSSION

This research program was initially based upon (1) a kncwledge of

the general biology of Artemia and its highly efficient energy con-
version characteristics,(2) a recognition of the advantages accrued
by an orgenism that could thrive at high salinities and temperatures,
(2 a general awareness of natural attributes of Christmas Istand, and
(4) a desire to bring these factors together in a manner in which pri-
vate enterprise might become involved to mass-produce auimal protein
to supply the rapidly expanding needs of aquaculture and the fish
hobby market, and perhaps ultimately for direct human consumption.

An additional attraction in the proposed endeavor would be to bring

a new revenue-producing enterprise to a developing country striving
to evolve ir the twentieth century largely on a one-crop agricultural
econualy. .

As the many facets of this project were explored, it becaze necessary

to involve other disciplines, with the final research team representing
a bruad spectrum of interests and skills, The initial reconnalssance
of Christmas Island in March,1971l,allowed the team to explore wvarious
portions of the island and to tormulate a plan of research based upon
a tentative Artemia-production scheme. Other than obtaining some gen~
eral information on hydrography, geology,and general phyvaiography,

this first expedition spent an inordipate amount of time dealing with
transportation and logistics problems which proved valuable in planning
a second expadition and in our later considerations of the construction
and operation aspects cf the proposed culture scheme.

As the result of recommendations made during the March, 1971, visit to
Christmas Island, a concept of utilizing the F-series of interconnected
lakes evolved. It was envisioned that the natural flow of water,
possibly utilizing controlled tidal flow, a siphon system,and even wind-
powsred pumps, might be used to manipulate water in which the shriaop

arc raised and aid in transferring them into high-salinity water Lo
initiate egg production. Because Artemia eggs are presently the highest
value brine shrimp product that can be produced, it was concluded that

a culture scheme should be devised specifically for their production,
with adult shrimp and possibly other aquacultural organisms being a
secondary consideration, It was envisioned that once a profitable brine
shrimp egg production scheme was operationaly other related activities
would readily follow.

The objectives of the second expedition were more clearly defined as a
result of the first visit, Specific physiograpnic, biological , hydro-
grephic,and geological studies were plenned and executed. It seemed a
certainty that iarge deposits of plant nutrients were to be found on

Christitas Lsland as the result of the huge bird colonies on the island.
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As a search for such deposits proved fruitless,we realized that periodic
heavy rainfall and the porous substrate typical of much of the island
must have resulted in a dissolution and washing of guano into the vast
groundwater deposits that lie under the island. As we had not antici-
pated this Finding prior to our second expedition, we ceuld only impre-
vise @ small well-drilling apparatus which was inadequate to do anytning
more than give us a general indication that ground water deposits were
high in nutrient content. The work of Jerkin and Foale (1968) made
extensive nutrient determinations of ground water which show:d a rela-
viveiy highk tevel of plant nulrients, but they did not sanple the salt
water below the frash water in the Ghyben-Herzberg lens complex.

In the planning of production facilities during and following the second
expedition; a great deal ‘of thought was given to the possibilicty of
utilizing available nutrients, particularly those in the ground water
resources near the New Zealand Airfield in the soutkwest coastal plain
at Christmas Island., A combinacion of our lack of specific kncwledge
regarding these resources and the high cost of transporting Jater over

a distance of about five miles to the Feseries lakes resulted in abandon-
ment of this approach in favor of imported fertilizer., We belteve that
the utilization of local putrient sources still has considerable poten-
tial and further exploration of the idea should be atteppted when cther
activities are initiated on Christmas Island.

It has been demonstrated by our experiments that phytoplankton can be
grown in enriched F-lake waters and that Artemia can be reared upon this
phytoplankton. Calculations are presented relative to the nutrient addi-
tions necded to stimulate maximum phytcplankton growth, the Artemia
productivity that can be expecced optimal at phytoplanhton densitics, as
well as che magnitude of egg yields providing the animals are properly fed
and manipulated., Much of this information was developed uncer ideal leb-
oratory conditions, but we are conrident that the process can be dupli-
cated in the field at lower levels cf productivity. :

& plan of production is outlined, invelving hatchery, phytoplankton pro-
duction, rearing, and egg-laying lakes; it provides for expansion as
warranted. The scheme has not been worked out in detail because the
rather simple requirements for production of Artemia products in the
F-lakes allow a number of alternatives and modifications. Thus if diffi-
cultios are encountered in modifying the F5 - F& channel, the operation
could be modified to utilize other adjacent bodies of water,

1t is envisioned that management of the lakes is going to be the principal
challenge in this preposed scheme, requiricg an extrewely resourceful bio~
logist (production manager) anc several assistants, It is obvious from
our laboratory and initial pilot studies in Hawaii that in order to main-
tain a2 balance hetween phyteplankton production, adult Artemia popula-
tion levels,and sustained egg production, careful monitoring and manipu-
lation of the various intcracting parameters must be executed. Cranges
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in salinity and the water level of some lakes during periods of heawy
rainfail will pose some mapagement problems that should be cornsidered
in the initial modification of the lakes for production., Pecause the
proposed scheme invelves a rather simple ecosystem, it should be
possible fo maintain a steady rtate, An attempt will be made to de-
velop a wmathesatical model to aid in the management of this production
scheme, 1If this is successful, certain environmental and poupulation
parameters could be mwonitored at Christmas Island and the essential
data relayed to Hawaii where predictions on future management practices
could be made with the aid of the model and & computer, This implies
the maintenance of momitoring and communications systems.

A number of assumptions were wade in developing the economic¢ aspects
of this study. These are our best estimations but we expect that
after further consultation with contractors, suppliers, etc., these
figures will be refined. They have been refined since the preparation
of the preliminary repoert (Helfrich et al, 1972).

The Artemia production scheme proposed cannot be undertaken without a
recognition of the risks involved, The risks in the proposed brine
shrimp culture venture may bc viewed as those inherent in the scheme
itself and those that relate tov other activities that might be under-
taken to share in the overhead costs. We have tried to explore most
of the elemnents of risk inherent in the culture scheme deemed impor-
tanty in order to eilucidate and winimize them,

We did not attempt any large-scale enrichment of lakes or production of
Artemia in natural bodies of wa.er at Christmas Island because of time
limitatiuns. We have proposed a sequence of developmental activities that
lead directly into large-scale production. This course was chosen because
of the high cost of transporting materials and heavy equipment to the
island, but is obvious that it invelves a greater element of risk for a
more rapid return on the investment made., A more conservative approach
might be considered, in which 2 pilot venture was first estabiished at
Christmas Island followed by full production if warranted. This approach
would have the added advantage of a!lowing more detailed site surveys

and production plans, but it sould probably extend the time until full
production was reslized by nine months to one year.

In selecting & site, our time and rec¢souices were sevarely litited.

We chose a location during our March, 1971, visit {the F-series of
lakes) arcund which we developed a production scheme., An important
factor in our consicderation was the fact the F-series were inter-
connectedy thus minimizing modifications needed, and that they were of
increasing salinity, These positive factors are perhaps outweizhed by
their remoteness from the supporting facilities such a&s the port, air-
field, and villages., A distinct advartage to undertaking an initiatl
pilot coperation lies in the fact that it would allow time for a further
evaluation of alternatives in siting.
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The role of other enterprises that might share in the cost of transpor-
tation, utilities and other overhead items cannot be overemphasized, as

a way of reducing the risks on the success of any single venture at
Christmas Island, An offshore fishing operarion with an ice plant and
other support facilities on Christmas Island, coupled with regular air
service to Honolulu, are presently being considered. Such ventures would
undoubtedly have a significant impact upon the overhe: ! costs of any other
enterprise at Christmas Island. Several other business ventures may war-
rant further investigations, including the following:

® Seaweeds are in high demand by the commercial colloid industry. Sea-
weeds are cultured for their carraszeenans, whico are used as emulsifiers
in dairy products, prepared foods, and cosmetics. A shallow-water,
labor-intensive culture has been successfully carried out in the southern
Philippine Islands under a program directed by Dr. Maxwell 5. Doty of the
University of Hawaii. According to data he presents, yields of 36 tons
per hectare are possible (Doty, 1973).

® A marine turtle is reported to nest on Christmas Islend (Bryden,
personal communication), which suggests that a culture scheme is a dis-
tinct possibility. Hatchlings from natural spawnings could be reared in
natural lakes equipped with low enclosing barriers. A number of products
including the sheil, leather, oil and meat are presently being marketed
from a turtle cul:ure farm in the Caribbean. If such a culture is under-
taken, strict conservation practices should be initir-ed in order to
maintain or increase the matural breeding stock.

® Other aquaculture programs involving species for which the technology
is presently being developed mignt be well suited to Christmas Island.
These include penaeid shrimp, mullet, jacks or peompano, homarid lobster,
and others. It should be noted that several species of fish might be
cultured with surplus Artemia as an important clement in their diet.

® A sport fishing resort might be developed. (See Appendix A.)

® Vegetables might be produced in plastic greenhouses. Jenkin and Foale
(1968) report that the American forces during World War II successfully
cultured vegetable crops at a point north of London village on Christmas
Island. Technigues have bu:en developed for the high~yield production of
vegetable crops in inflatable greenhouses in the tropiecs (Hodges, 1969).
Tnis technology should be readily adaptable to Christmas Island; whether
the produce could be profitably exported to the Hawaiiaa market would
have to be determined.

In an attempt to determine if this type of specialized vegetable crop
production was poscible at Chiistmas Islznd, a small pilot project was
initiated in 1972. An enclosed rigid-frome greenhouse was constructed

at London village and covered with translucent polyethelene film. With
the .-ddition of soluble ironm chelate to the porous atoll soil of Christmas
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Island, 12 tomato plants produced a total of 300 pounds of tomatoes
before the polyethelene ruptured and the experiment was terminated.

® A resaarch center might be operated. The physical location of
Christmus Island in the equatorial current system with strong, nearly
unidirectional winds and proximity to deep ocean waters all suggest
unusuzl oppertunities for research on energy systems. Of course, the
most obvious opportunities for biological research relate to the vast
lake system, high temperatures, and nutrient potentials for tropical
aquaculture.
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SUMMARY AND CONCLUSIONS

This report on the feasibility of brine shrimp production at Christmas
Island was the result of a team effort on the part of a number of people
associated with the University of Yawaii and its Sea Grant Program.

funds were obtained from the U.S. Sea Grant Progrun and from private
industry. Individuals from a variety of disriplines contributed te
various parts of the study and aided in the preparation of this report.
The principal investigator organized and courdinated this effort, edited
this document, and bears full responsib.lity for the statements contained
herein.

The initiel objectives of this investigation were: (L) to examine data

from an ecological reconnaissance of Christmas Island, in order to deter-
mine whether the lakes there can support a viable commerciai Artemia aqua-
culture scheme; (2) to determine, through laboratory studies, the require-
pents for the optimal production of Artemia under conditious found in poten~
tial culture lakes on Christmas Island and on Maui in the Hawaiian Islands;
and (3) Lo conduct product development, marketing, and economic feasibility
studies on the production of Artemia as a gource of protein for human con-
sumption.

Although the emphasis changed slightly {i.c., it proved impractical ta con-
duct lake studies on Maui) the major objectives were largely atrained. The
use of Artemia directly for human consumption was not thoroughly explored;
it will be the subject of future investigations.

Following is a summary of the major points covercd by this report and con-
clusions that we feel are warranted ar this timo:

® Artermia is a remarkable organism Lrom the standpoint of its energy-
conversion efficiency, levels of productivity, and its ability to with-
stand environmeatal stress, particularly hiph salinities. An increasing
world demand for a steady supply of higl-guality brine shrimp products,
plus recognized advantages afforded aquaculture of svue organisms in
rropical environs,prompted a search for large hypersaline bodies of water
in the trupics. Christwas Island was chosen aad this study conducted on
it as a potential site for a commercial Artemia culture enterprise in
recognition of its natural attributes, including the targe nu ber of hyper-
saline lakesyas well as its existing support facilities and labor force.

Christmas Island is located in the Line Islands approximately 1,000 niles
south of dawaii and 105 miles north of the equatour, It is so wtimes
reforred to as the largest atoll in the world with a totel arca (land and
lagoons) of 247 square miles. It lies in the equatorial dry zone with an
averapc annual reinfall of about 34 inches and extremes of 103 and 7 inches
recorded. Great variability in rainfall is cxperienced in the ecuatorial
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dry zone, relating to the movements of the intertropical front. Heavy
rainfall in the summer of 1972 and the spring of 1973 indicate that
this may be one of the wettest cycles yet recerded and lead to . an
expectation of another dry cycle of six or seven vears., The diumal
temperature fluctuates between 249C aand 30°C with an average relative
hupidicy of 70%. A relatively constant casterly wind with an average
speed of 8.6 knots 1s experienced at Chrisvmas Island; 1t is calm less
than 2% of the time. The mean annual sunshinc was 9,36 hours per day
with a range of 7.9 to 11.1 hours,

® The Line Islands are administered by the British Gilbert and Ellice
Island Colony from Tarawa, 2,015 miles to the west of Christmas Island.
It has no endemic population, & government-owned copra plantation is
operated on Christmas Island manned by contract employees from the
Gilbert and Ellice Islands. Christmas Island is visited several times
a year by supply vessels; it has no scheduled air service.

The island was discovered by Captain James Cook on Decezber 24, 1777, at

which time it was uninhabited. Varlous guano and copra enterprises have

been pursued on the island over the years. It was occupied by the military
during World War II and during the British and American Nuclear test pro-
grams (1956 - 1962). Irs present population consists of more than 500 Gilbert
and Ellice Islanders and a few Europeans.

® A study of the geolopy of Christmas Islend was underteken and the pro-
cesses involved im its geologic development are discussed. The island is
presently in the process of having its intcrnal lagoons and lakes filled
by aeolian sediment derived from the emerged coastal piain. As the lakes
become more isolated from the lagoons they are becoming more saline.

Nearly 50% of the total arca of Christmas Island is occupied by some 500
saline lagoons and lagoon lakes. These laigoon lakes are either connected
te the main lagoon by channels or they are completely isolated; some of
the isolated lakes are fed from groundwater springs.

A series of lakes was chosen for a brine shrimp culture scheme, These
lakes, consisting of nine interconnected lakes, were designated the
"F-series',

® A detailed study of the physiography of the "F-series" lakes was
accomplished. This series of interconnected lakes have a total estimated
surfuce area of 1,306 acres and an estimated volume of 853 x 100 £e3,

The range of salinities in thic series is frow 48 o/co to 101 o/ooc, and
the average depth is about 15 feet,

® Circulation througn the F-series of lakes and within individual lakes
received special attention in this study. The flushing rates, residence
time of water in each take, and the effect of tides and other facters on
flushing were determinec. The tidal effect on each lake relates toc prox-
imity ro the main lagoon; only the higher tides presently penetrate 6 and
F7. A plan for altering and controlling the flow of water through the
lakes is propesed,
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® The biological aspects of Artemia culture are reviewed. Artemia
may occupy a rather private ecological niche, in view of their tolerance
for high salinities (to 150 o/oo2) and other anpvironmental extrenes
tcmperature 99C - 35°C). A number of studies of Artemia that have
resulted in an extensive knowledge of the biology of this organism
are reviewed, Brine shrimp thrive in crowded cultures and have a
high food-conversion ¢fficiency. They have a rapid 1’fe cycle, reach-
ing sexual maturity two weeks or less after hatching, and they may
produce up to 200 nauplii every five days. A sizeable market exists
for Artemia as food for aquatic pets and for a rapidly expanding aqua-
culture industry.

Arzemia are herbivorous filter feeders that feed on a variety of wni-
cellular algae, Femeles have s higher food-conversion efficiency and
those feeding upon a more mutritious diet produce a higher percenta,e
of female offspring.

Artemia mey concentrate substances from their environment including
chlorinated hydrocarbons such as UDT, The present levels of DDT in
Artemia from San Francisco Bay and the Great Salt Lake make them less
acceptable as food for certain kinds of larval fish presently being
cultured.
@ The present production of brine shrimp and eggs comes from the har-
vest of wild populations, There are indications that the imposition of
- proper management could result in a continucus high yield of Artemia
and their eggs in the Christmas Island environment. The unique saline
lakeg, climate, peneral physiography, and support potential of
Christmas Island make Lt an advantageous location in which to cstablish
large-scale Artemia production.

@ An expanding market exists for brine shrimp products primarily among
fish hobbyists and in culture of a variery of aquatic organisms, Other
potential uses of Artemis might be ia the management of sewage ponds, imn
animal feeds,and for direct consumption by humans. It is expected that
the demand for Artemia eggs might exceed 50,000 gallons per year if
other uses are developed and the present price is reduced.

® The suitability of a selected lake at Christmas Island for Artemia
culture was investigated. Studies made consisted of: (a) a broad sur-
vey of Christmas Island lakes to determine in situ plant nutrient con-
centrations, (b) the phytoplankton bivmass in selected lakes, {c) the
response of possible Artemia rearing lakes to various nutrient treatments,
(d) the level of nutrierts in groundwater, and f{e) Artemia egg-hatching
experiments in F-lake woter.

The existing distribution of plant nutrients in Christmas Island lakes is
quite variable. Several correlations were identified, but generally their
distribution is complicated by the long residence time of water circulating
in the inner lagoon and in lakes,during which time it is influenced in
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varying degrees by groundwater iInfusion and other factors such as
pericdic heavy rainfall., Phytoplankton biorass is generally low
throughout the lagoon systemsand associated primary production is

less than one would expect in this environment., This is attributed

to the high salinities generally encountered which restrict numbers

of algal species that can survive in such an environment. Dunaliclla
salina, an alga that thrives in high salinities and is readily fed
upon by Artemia,was found in Christmas Island lakes and its growth

was stimvlated by outrient additions, No one area at Christmas Island
appeared to have any particular advantage for Artemia culture from

the standpoint of existing food substrate concentrations, Addition

of nutrients to stimulate phytoplankton growth was clcarly indicated.
Nutrient enrichment experiments were carried out to determine which
nutrients might be expected to limit phyroplankion growth at Chriscmas
Island., Addition of nitrogen and phosphorus significantly increased
phytoplankton growth in F-lake waters; total enrichment medium was. not
particularly advantageous when compared with B and N additions, Ground-
water sources contain plant nutrients, but insufficient data exist tc
predict the results of their use as a scle source of nutrients in an
Artemia production scheme,

Artemia egg-hatching experiments were carried out in F-series lake
water. Good hatches occurred in water from lakes Fl through F5. Poor
hatches in lakes F6 and F7 are attributed to high salinities.

® In laboratory experiments under conditicns for optimal growth,
Artemia reached scxual maturitv in seven to ten davs, Experiments cen-
firmed that sexually mature Artemia, when subjected to salinity in-
creases of 32 o/oo to 55 ofoo and 90 o/co produced egps within two Lo
three days. In order to insure maximun growth and survival, food cou-
centrations must be maintained in excess of 10% cells/ml. BRased upon
experimants using Bunatiella isolated from Christmas Island lakess pro-
jections on growth rates, reproductive rates, nutrient utilization rates,
and energy transformations were calculated, Based upon the possibility
of attaining 50% of the laboratory productivity at Christmas Island, and
upon a2 number o assumptions outlined, it was calculated that 2,232
gallons of Artemia eggs could be produced per ton of triple superphos-
phate and 7.15 tons of urea. These fertilizer requirerents are maximal
because they do not take into consideration recycling ~° animal

metabulites.

) It is esiimated that the more than l4 million birds that nest on
Christmas Island deposit 200 tons of nutrient-.rich guano per yesar on
the island, No significant guano deposits were discovercd there and it
ic speculated that deposits are washed into the porous soil by periodic
heavy rainfall, A reservoir of nutrients may lie in the shallow body
of groundwater and this should be investigated.

sl



[ A proposed scheme for a brine shrimp production, harvesting,and
processing system is presented. It is based upon an expected markel
demand for high-quality Artemia eggs of 40.000 to 50,000 gallons
within the next few years, 1The proposed system is based upon use of
the F-series of lakes but it does not preclude the use of other loca-
tions on Christzas lsland., The basic components of che system are
(EYhatchery enclosures,{(2} rearing lakes,(3) phytoptankton production
lakes, and(4) egg-production lakes.

A pilot operation on Christmas Island 15 a recommended alternative;

a smalli-scale operation can be attemptzd while final decisions on the
location, modifications, and methods of operating the production
facility are being considered.

Two alternate plans for Artemia egg production are presented: Plan A
(15,000 gals/vr) and llan B (30,000 gals/vr). These plans involve the
employzent of a’€ferent patterns cf use for lakes F4 and F7.

® The major steps in the harvesting, processing, grading,and packaging
of brine shrimp eggs are presented. In addition the harvesting,process«
ing,and freezing of adult brine shrimp are discussed, The potential of the
market for freeze-dried shrimp is also considered, Qualitv control is
emphasized in this scheme, as the entire venture is based upon the premise
that only with a superior quality product at a cumpetetive price can a
substantial portion of the expanding world market for brine shriamp pro-
ducts be captured,

The proposed levels of egg production for the first tnree years of
operation are as follows: Plan A -- 7,500, 15,000, 15,000 gallons per
year; Plan 3 -- 7,500, 20,000, 30,000 gallons per yeav.

® Cost projections for brine shrimp production are presented and dis-
cucsed. 4n attempt is made to break down costs into that portion which
can be appropriately borne by the Gilbert: and Ellice Island government

and that which can be borne by outside interests. A sequence and schedule
of cevelopmental activities is proposed that would allow production to
start within six months of a decision to proceed. A number of projected
cosss and expected profit tables for brine shrimp products are presented.,

A pretininary cash flow summary for brine shrimp egg production indicates
& positive cumulative balance of $7,521 from ths secund production year
(Plan A) and a positive cumulative balance of 4174,932 from the third
production year (Plan B)., The total cumulative balances from the fourth
production vear are $315,881 for Flan A, and §522,082 for Flan B.

A detailed breakdown of costs of construction and operation of the pro-
ject under Plans A and B is presented .
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L ] A number of unused camps and seldom-used airfields, roads, and
other support facilities make Christmas Island an attractive site
for a commercial venture. Some of the fecilities worthy of speciatl
note are diesel-powered generators, a butk fuel-storape facility
with a capaciity of }69,500 Imperial gallons, a fresh water supply
estimated at 7 x 10° gallons, a marine railway, and port faci.ities,
The port is presently usavle only by shallow-draft karges due to
silting of the approach channel, Numerous warechouses and a cold-
storage plant with a total capacity of 11,700 cubic feet exist, but
all are in need of repair. A 6,000-fcot paved airfield exists cn
the northern portion of the island with an additional paved runway
at tiwe eastern end of the island.

® The evolution of the research plan for Christmas Island Artemia
production and the rationale for utilizing the F-sevies lekes are
discussed, . We are confident that with proper nutrient enrichment,
monitorings controlyand manipulation, the laboratory-scale cperaci.ns
that resulted in shrimp and egg production in Hawaii can be duplicated
at Christmas Island at somewhat lower levels of efficiency, This will
require sophisticated mansgement practices by hnowledgeable and re-
sourceful individuals.

() Other enterprises pursued simultaneousiy with the Artemia venture
at Christmas Island would presumably share the cost of transportation,
utilities; and general overhead, and would greatly reduce rhe risk on

the success of a role venture, A sport-fishing resort development
appegrs to be ai attractive possibility as an additional venturz,y and

a tentative proposal for it is presented in the Appendix. COCther enter-
prises sugpgested include (1) the culrture of deaweed for marine colleids,
(2} turtle culture, (3) the culture of various species of fish and shell-
fish, f4) the culture of vegetakle crops in plastic greenhouses, and

(5) the use of Christmas Island as an equatorial research center.
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APPENDIX

TENTATIVE PROPOSAL
FOR SPORT FISHIKG RESORT DEVELOPMENT

The prospects for sport-fishing resort development at Christmas Isiand
were investigated. The ideas presented here are preliminary in rature.
The ratiounale for this development is to have several concurrent
activities that can share costs of transportation, supporc faciiities.
and other items of cverhead. It is proposed that the facilities at JoC
vemp be established as the common support camp for the majority of
compercial activities at Christmas Island. This chcice is made because
of its locarion relative te the proposed Artemia production site, the
airport, London village, and Barana Wells village. This would then
suggest that an ideal location for a resort develc:ient would be the
old Sailing Club approximately 1-1/2 miles from JOC caop. (See

Figure 33.) The old Sailing Club is adjacenr to sheltered waters

with access to the open lagoon. The site is served by a road oif the
main lagoon road, and it is centrally located to all of the mzjor
activities outlined above.

A small operation not exceeding 50 guests is envisioned, with "rough iz"
cpen~type facllities, catering to the light-tackle enthusiasts such as
those who are willing to make substantial expenditures to angle for the
2- to 5-pound bonefish of Florida and the Bahamas., Christmas Islaad
oifers not only superb bonefishing but exceller: fishing for jacks, tuna,
wahoo, barracuda, and a variety of other rcef and pelagic species.

Lagoon Fishing

This i1s a major attraction for the light tackle buff, requiring a zinicus
of equipment, and is easv sport in which to train natives s guides

ad boatmen. The key performer would be the bonefish (Albula vulpes)
which most sport fishermen consider to be one of the gamest fisn in the
world. The world's record for this fish on 20-pound test line is only

14 pounds., Net catches by Christmas Island natives vielded bonefish in
exdess of 25 pounds (Plate 52). Members of our party czaught znd released
spec wens in the 12- to 15-pound class. Many of the 500 lakes are con-
nected by channels with the main lagoon, and they har“or an abuncance of
bonefish, carangids (jacks), and other species providing 2 rich source of
recreation from the generally unobstructed shoreline or from a szall boat
(Plate 53). A network of trails that could support wheeled vehicles
could be laid out to make the inner lakes accessible from land. (any
such trails were laid out duvring the November, 1971, expedition.} Five
outboard-powered skiffs and ten 4-wheel drive '"Land Cruisers" slus canp
facilities should be adequate to starc this operaticn.

Precediag page blank
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Plate S2. Natives with net catch of benefish and awa.
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Plate 53. Jack or ulua taxea by shore casting.

Plate 54, Fringl.., ocean reet adjacent to main camp aread.
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Ocean-Shore Casting

Lively spurt can be obtained with light casting tackle and lures over
the well-formed fringing reef flat that surrounds most of Christmas
Island. A road that follows most of the ocean shoreline arlows eesy
accoss to the approximately 100 miles of the encircling fringing reef
(Plate 54). The fish most frequentliy raken in these reefs are carangids
(pompano, ulua, papio, jacks) from 1 to 20 pounds {Plate 55).

QOcean Trolling

Christmas Island's location in the equatorial zone of emrichment provides
an abundance of offshore game fisn including vellowfin tuna, wahoo,

ulua, mahimahi, billfish, skipjack tuna, barracuda, and sharks. (The
latter are considered by sote not to be strictivy a game fish.) The at-
tached list of large pelagic species is reported by Murphy and Shimura

to be based upon leng-line catches, but it ineludes "...those likely

to be captured by trolling or to be seen at the surface"™ (Table 31).

Diring military operations at Christmas Island sport fishing was a
popular recreational activity, and both the Americans and British
operated deep-sea Lishing boats which seldom failed teo produce good
catches. une of the fawved fishing locations is off the relatively
sheltered southwest point, a mere 11 miles from the port at London
village. Record catches frum the second period of aAmerican Joint

Task Froce Operatioms, fApril, 1962, to September, 1963, are noted

in a "Guide to Fishes of Johnston and Christmas Island". During
November of 1971, two trial recreation-fishing expeditions were con-
ducted to assess tiue potential for sport catches in the vicinity of

the SW pefnt at Christmas Island. On November 7, a party of four
persons went ocut o the 26-foot plantation vessel JAMES COOK. Under
the direction of Mr. Glen Fredholm, an experienced sport fisherman.
three trolling lines utilizing plastic lures were initicted with a
trolling speed of apyroximately 6 to 8 knots. Tire fishing was approx—
imately 4-1/2 hours or 13-1/2 line-hours. A gecond party with an effort
of 12 line-b-urs fished on November 8, 197l. Fhe results of these
fishing efforts, conducted largely by inexperienced fishermen, are
presented in Table 32 and illustrated in Plates 55 and 56.

One of the problems with sport fishing at Christmas Island relates to
tac agbundance o reef sharks that attack fish on the line before they
can be landed. These attacks plus jack of a fighting chair and gimbal
caused the party to abandon 'rod and reel" fishing after losing a tuna
estimated well over 100 pounds to sharks. Heavy handlines were used
for the balance of the fishing and only one large wahoo and two tuna
about 20 pounds in weight were lost to sharks; however, they were
observed pursuing other hooked fish. The work of Tester {1968) in
Kawail indicates that reef sharks probably occupy a territory and that
gustained iishing effort can rapidly reduce nuzbers in a given area.
It is conceivable that a special elfort to reduce the number of reef
gsharks could be undertaken, to improve this sport fishery.
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Plate

Ca rh of carangids from Vaskess Bay area,

Plate 56.

Crewmen unlouding catceh of waloo, tuna and variola.

Plate

57.

Broad sand beach aleny southwest coast,
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TABLE 31,

SPECIES OF FISH LIKELY TO BE CAPTURED BY TROLLING OR QBSERVED
NEAR THE SURFACE IN THE VICINITY OF CHRISTMAS ISLAND (after

Murphy and Shimura [1972])

Albacore, Thynnusg alalunga (Bonnaterre)

Barracuda, Sphyraena brrracuda (Walbaum)

Bigeye tuna, Thunnus obasus (Lowe)

Blue marlin, Maka'ra ampla (Pocy)

Bonita shark, Isurus glaucus (Muller and Henle)

Broadbill swordfish, Xiphias gladius {Linnaeus)

Cormon dolphin, Corphaena hippuris (Linnaeus)

Great blue shark, Prionace glauca (Linnaeus)

Lancetfish, Alepisaurus sp.
Sailfish, Istiophorus platypterus (Shaw and Nodder)

Shortnose spearfish, Tetrapturus angustirostris (Tanaka)

Silky shark, Eulamia floridanus (Rigelow, Schroeder & Springer)

Skipjack tuna, Katsuwonus pelamis (L:anacus)

Striped marlin, Makaira audax (Philippi)

Wahoo, Acanthocvbium solendri {Cuvier & Valenciennes)

White mwarlin, lstiompax mar.ina (Jordan and Hill)

Whitetip shark, Pterolamiops longimanus (Poey)

Yellowfin tuna, Thunnus albacarcs (Bonnaterre)

Rainbow runner, Elagatis bipinnuatus

Cravalles (Jacks), Caranx meclampvgus
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TABLE 32. SPECIES OF FISE CAUGHT BY TROLLING ON NOVEMBER 5 AND 7, 1971
IN AN AREA APPROXIMATELY 1 MILE OFF SW POINT, CHRISTMAS ISLAND

The total effort was 25-1/2 line-hours.

Species Landed

No. Approximate number
Common Name Scientific Name Landad {:ize in pounds)
Wahoo Acanthocybium 5 1¢74), 1{50), 1(40),
solanderi 2(30), 1(20)
Yellowfin Thunnua albacares il 1(30}, 7(20), 3(15)
Tuna (Ahi)
Oceanic Bonito  Katsuwonus pelamis 3 3(5)
(Aku)
Jacks (Ulua) Caranx melampygus 8 1040), 1(30), 4(25),
1(20), 1(10)
Jacks (Papio) Caranx melampygus 5 1¢a), 2(4), 1(3), 1(2)
Sea Bass * Variola louti 9 1(20), 5(15), 1(12),
{Variola) 2{10)

Total number landed: 42

Total weight: 795 1b

Average catch/line-hour: 1.65 fish
Pounds fish/line-hour: 31.18 lb

# Caught in shallow water

Note: One large Ahi (over 100 lb), one Cno (30 1b) and
two Ahi (20 1b) lost to sharks.
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Personal experience during the period 1960 to 1965 attests to the relative
constant nature of this localized sport fishery in the lee of Christmas
Island. Parties going out several times a week during that period
experienced no detectable decline in catches over that pericd.

Trolling in other arcas around Cnristmas Island was not assessed, but
reports from local residents indicate that SW poinc yields consistently
good catches, possibly due to oceanographic conditions in the area.
During th: 1962 military operations, it was named "Wahoo Alley”.

Ocean-Botton Fishing

Bottom fishing tor red snappers, groupers, and other reef fishes off
Cochran reef, within 1/2 mile of London village wharf, can provide goo!
recreation if light tackle is used, hut catches are quite variable. On
saveral occasions catches of baout 120 fish per hour were made of the
red snappers Lutjanus bohar and L. gibbus. (The catches were limited by
the time required to remove the fish and rebait the hook.) On other
occasions many hours were spent flshing in the same area, vielding only
a few fish. For further details of this fishery and problems relating
to possible clguatera fish poisoning in reef species see Helfrich et al
(1968).

Other Recreational Activities

Aithough sport fishing would have to be the principal activity of a resort
develspment on Christmas Island, a number of other activities could be
pursued by the visiting sportsman. These inelude collecting of spiny
lobster (also called sea crayfish or langouste) which can be collected

on the fringing reefs around Christmss Island on certain tides. Snorkel-
ing and SCUBA diving in scme of the rich coral areas off the west side

of the island, and in Vaskess Bay, are attractive prospectives. These
aciivities would allow the visitor to indulge in underwater photography,
shell collecting, and spear fishing in the clear, warm waters around
Christmas Island.

Sailingz was a popular sport during the late 1950's and early 1960's when
the dritish Royal Air Forcz established a sailing club to take advantage
of the persistent winds that blow across Christmas Island, Water skiing
and cycling were also popular sports at that time. Other activities that
may be of interest to the tourist -sportsman include beachcombing along
the extensive beach areas for glass floats, driftwood, etc., and observ=-
ing the vast bird populations nesting on the island (Plate 57).

162



Preliminary Economic Analysis

Charter aircraft would be used to convey fishermen on a weekly schedule
to and from Christmas Island for a week's sport fishing. Since lagoon
and shoreline fishing are judged to be the most interesting and
feasible sports activities, the week's attention should be focused on
these. Until an adequate shark-control program in initiated, open—
ocean trolling should be confined to handlines. One day could be
devoted to the very lively open—ocean trolling.

The employment of the local people would be a major value of the sport
fishing developmer.t, In addition, it is viewed as a very valuable
complement to the exlsting enterprises on Christmas Island. With
regular air sexrvice to and from the island, a vast improvement it
poscible in the variety of services, such as supply, personnel movement,
and medical services, that are dependemt upon transportation.

Preliminary estimates of start-up costs (Table 33), weekly expenses

and income (Table 34), and a manning schedule (Table 35) are presented.

As with every other new endeavor that is contemplated for Christmas
Island, there are significant economies in shared costs from several
operations. If a local beat=-building and fishing industry were to
develop, there are obvious henefits to both the brine shrimp project and
sport fishing, such as general construction and shop capabilities, freezer
storage, and trained small-bcat handlers.
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TABLE 33. STANDUP COSTS - SPORTS FISHING DEVELOFMENT

W e ]
Initial reconnaissance and planning $ 20,000
Czinp preparation 20,000
Ocean sports fishing vessel (1} 40,000
Lagoon sports fishing vessels (s) 70,000
Outboard engines, trailers, fishing pear (10) 9,000
Radio and electronics (7 sots) 7,500
Vehicles (10) 15,000
Other recreation equipment : 5,000
Promotion (initial) &0,000
Logisties coordinstion anq management 10,000
Estimated Initial Lnvestment $196 ,500
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TABLE 34. ESTIMATED WEEKLY EXPENSES AND INCOME FROM SPORTS FISHING DEVELOPMENT

Based upon full occupancy.

Full Occupancy

60% Occupanzy

{530 guests) {30 guests)
EXPENSES
Transportation $12,000 512,000
Food 2,100 1,269
Fuel 250 250
Maintenance supplies 200 120
Expendables (fishing gear, etc.) 100 60
Labor 840 840
Management and covrdination 1,625 1,625
Promotion 1,000 1,000
Total Estimated Expenses $18,115 $§17,155
Expenses/fisherman $363 §572
INCOME
Transportation charge:
Total 515,000 $ 9,000
Per fisherman 300 300
Support @ $50/day:
Total 17,500 10,500
Per fisherman 350 350
Total Estimated Income 532,500 $19,500
Income/fisherman $6350 $650
INCOME less EXPENSES
Total 514,385 $ 2,345
Per fisherman $287 $ 78
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TABLE 35. MANNING SCHEDULE FOR

SPORT FISHING DEVELOPMENT

Total Wages

Source of No. of Weexly
Personnel Job Description [ndividuals  Salary Per Week
0.C. fanager 1 $300 $ 300
0.C. Facilities & Food Supv. 1 250 250
0.cC. Equipment & Vessels Supv. i 250 250
0.cC. Tour Guides 2 250 500
0.C. Logistics & Promotion
Cooréinator (1/2 time) H 175 175
0.cC. Secretary 1 150 150
Total O0.C. $1,625
(@ $3/day)
L.C. Boat Handlers & Guides 15 21 § 315
L.C Drivers & fGuides 10 21 210
L.C Facilities & Food 5 21 105
L.C. Fquip. & Vessel Maintenance 5 21 105
L.C. Support 5 21 105
Total L.C. $ B4
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