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IHTPODUCTIOH

The Hawaii Institute of Harine Biology o. the University of Ha~aii
adopted as on> of its major goals a research progrrim to develop the
technology for the culture of aquatic organisms  aquaculture! in
Hawaii and in ot.>rer Pacific islands, Initial ly, this program was
largely exploratory> seeking organisms that would satisfy a number
of c -iteria esra~l ished for a viable aquaculture program in the
trop! cs, The overall objectiv«of this research was to take advantage
of those qua.'ities of. tropi al environs that could be employed tr in-
crease the production of aquatic animal protein. The advantages of
tropical over temperate-zone aquaculture relate to the 'bligh level of
solar er>ergy impin ing uptn the earth's surface in lower latitudes
and the increased growth rate of organisms at the persistent higher
temperatures. Thus with adequate plant nutrients, the highest
possible level.s of organ c productivity in the natural envi;onment
might be expected, and incieed are attained in the tropics  Odum > 1971 !
in arr as wt ..re ligl.t is nor. masked by heavy r. loud cover. Once energy
is fixed by plant organisms > an snimel with a high energy-conversion
efficicncyr capable of thriving nt elevated water temperature-., is
required to convert th's plant material into animal protein most
economical ly

The brine shrimp, Arternia salina, is such an animal; a truly remarkable
organism from the standpoint of energy-conversion ef fici>..r>cy and levels
of productivity, in addition to other desirable attributes upon wh ch
to hase a large scale pr duction scheme in the tropics ~ Because Artemia
thrives and produces eggr in high-s linity water, a site in the tropics
was sought thar would provide a large acreage of manageable > hypersaline
bodies of water. Christmas Island > in the equatorial Pacif fc, was
chosen as a potential site for Artemis culture primarily because it
possesses a number of desirablc attributes including some 500 hyper-
salinc lakes and sublagoons covering more than t0 square miles+ In
addition it is locateJ in a relatively i ow-rainfall zor>e with a favorable
potential for support facilities, an inexpensive labor force > and the
socio-econo>r>ic benefits that migir> accr>re f r>xr> a cr»r>men lal ArtemiR cul-
ture venture that are subs.antial

Initial discussions on the culture of Artemia in the tropics were held
at the conference on aquaculture at We Biologische Anstalt at
Hel�oland, Germany, in 1959. 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 LJ.S. Sea Grant Program in 1970 � 1971
and in 1971 " 1972. Two separat = fielu studies were carried out in
Harch and november, 1971, and Laooratory investigations were corducted
>ver the entire period,



Aquaculture has received a great deal of publicity in the popular media
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 �972!. It is
somewhat of a paradox that Artemia 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 is used as food, mostly for the larva of at least 25 organisms,
including carp, salmon, pompano, puffers, porgy, plaice, sole, paneid
and macrobrachium shrimps, homarid and palinurid lobsters, and crab
larvae. For some species of fish it is the only suitable food known to
satisfy their nutritional needs during certain phmes of larval life.
In addition to its demand of aquaculture, A temia 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 Francisco Bay, where it thrives in salterns used primarily for the
commercial production of salt, Thus the principal source of this va!uable
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 is concerned > and undesir-
able levels of pesticides have been reported from the Salt Lake source
 Bookhout and Costlow> L970!. Th» combination of factors has r»suited in
the San Francisco Bay Art»mia being the most in demand by aquaculturalists ~
This latter source is harvested by the San Francisco erin» Shrimp Co. of
Henlo Park> California, using rela ively crude techniqu»s to tak» both
live aduLts and "eggs"  actually blastuias!.

The proposed scheme to culture Artemis on C!!ristmas Island was based upon
a rapidly increasing world demand for high-qual ity Artemis products at a
'ower price than presently available to the consume r. IL also propos»s
more sophisticated culture and management practices than have been pre-
viously employed for the production of Artemis.



GEOGRAPHY AND HISTORY

Location

Christrrras 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 �46 km or 153 mi distant!, Washington �81 km or 238 mi
distant!, and Palmyra �72 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 157o 34' W and latitudes lo 42" N and 2o 03" N.
It is only 169 km �05 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 35K of the
earth's surface. The reg'on of the Line Islands is dominated by a sys-
tem of four major surface or near-surface ocean currents: the North and
South Equatori.al 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 km2 �24.08 mf2>
of land area. Certainly it surpasses in size all other low coral islands,
considering only land above sea level, and it exceeds the combined land area
of the 36 other islands that make up the Gilbert and Ellice Island Colony
 Tudor, l972!. 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 Sou heast Point, is 52.7 km �2.8 mi!,
while the maximum southwest-northeast distance is ?1.0 km �9.3 mi! .
 See Figure 2,!

Weather

Christmas Island is located in the Equatorial Dry Zone which is a narrow
belt extending across the central and eastern Pacific  Gentilli, 19=2!.
Rainfal 1 normally decreases from north to south in the Line Islands with
a maximum at Palmyra end a minimum at Christmas Island. A great varia-
bi 1i~y exists in rainfal 1 in the Equatorial Dry Zone > relati.ng to the
movements of th inter-tropical front which normally lies between 5o and
8o N at this longitude  Seelye, 1950!.

The clematis of Christmas Island is summari.zed by Jenkin and Foale �968!
as f o 1 1 ows r

"On the average moderately dry, with an average annual rainfall
of 873 mm �4.37 in.! but varying from very dr: 177 mm �.00 in,!
to wet 2 >62.' mm �03.18 in.!; a diurnal emperature fluctuating



aCI

I III

C E llI

IU
ETIr

~ ~~ ~

X
I ~

a 'X

BIIr
R
~z Q

8

3wsl

IOO
II

n ~~ Ie
V

4I, a

0 X C 0 0

4
s+

III
Cl

LI
CI

0
4J
II!

a<
m

BQ
gg XE a

O- + rSl ~+e

ILI III

4J
III

Q CL Ig
VI

8�
E4i 4!

C
0 ~
III M
4l IlI

C
0 A
Cl. W
E C~ IQ

III
III
CI N
C III

6L
III

'0 L
5 C
III V
0
O.
0 ~

0
Q. ~
OI '
C V
~ J lr

IL4-
0 Q
Q4J

~ � C
Vl

l/l
0 0.
C
IO 0 ul

C7I M
'0

III C

4J III

L L
0
Ig
E
L
Q

UJ C
0
0



o

m +
0
IL
A Z

I-

K O EL
Z
0

I-
tO
4i
I

X i
I- 0

0 Vl

>o a
0 u. g.Vr



between 30 C  86 F! and 24 C �6 F!, an average relative
humidity of 70%%u, a more or Less constant easterly wind
of 4 mls  8 kn! and an average cloud cover of 4 oktas
 eighths!. The rainfall is usually heaviest in Natch
and April arrd l.ightest in October and November."

There is litt!.e vari. ation in air temperature at Christmas Island; the
mean annual maximum is 30.3 C <86.6 F! and the mean annual minirrrum i"
24.6 C �6.3 F!. Temperature extremes recorded arc 36.7 C  98.0 F!
and 20.8 C �".r F!. The average mean relative humidity is 7l.l%%u.
with a high of 80.0%%u and a low of 75.5X.

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 M-y . It is cal,. less than 2" of the time  Jenkin and
Faale, 1968!.

Evapotranspiration or open-water evaporation is summarized by Jenkin
and Foale �968! who calculated it an a monthly basis utilizirrg seven
different formulae. Their average results were 1350 ram/yr or 53.16 in/yr.
They painted out that patential evppotranspiration is considerably higher
in most months and in most years than rainfall, but their calculations
did not consider evapotranspiration of soi' moisture. Thus in coastal
areas where infiltration and percolation inta the soil is rapid, evapora-
tion is relatively small, while on the relativeLy impervious lagoon flats
evaporation is rapid.

The excess of evaporation over rainfall at Christmas Atoll is responsible
for the high saiinities 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 Lagoon lakes and r hence ~ pre-
dictabil.ity of occurrence of rainfall extremes would be cf concern to a
brine shrimp industry'

Cloud caver and sunshine are alee summ-rized by Jenkin and Foale �968!.
They faund the annual,.verage cloud cover, in tenths, at three times of
day, to be as follows: 0800 � 4,7; 1400 � J.l and 2000 - 3.7. The mean
monthly sunshine in hours per day at London village wa calculated fram
cIoud-cover data, In 13 hours from 1953 to 1965, the annual mean sun-
shine was 9.36 hours per day, with a range af 7.9 to 11.1 hours.

fT rpiczL of most of the earth's arid regions, the Equato"ial Dry Zone is
characterized by considerable variability in annual rainfa11.  Compare
r.he wettest year on record, 1941, having over 100 inches of rainfall,
with the driest year, 1954, having only 7 inches.! In 35 years for whi.ch
there are records, six years had over 50 inches of rainfall and five years
less than 15 inches  personal communication, Ron Taylor, LLav~ii Institute
of Ceophysics! . Tae means and extremes af monthly and annual rainfa11
are summarized in 'i'able 1 and illustrated graphically for 160oW in Figure 3.
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Periods o= greater-than-average rainfall are associated with a south-
ward shift in tire Intertropical Cor>vergence Zone  IYC!. For reasons
related to gLobal meteorological processes. a southwarr> shiftin�of
the ITC will generally occur during the southern hemisphere summer.
Such shifts, however, are non-periodic an1 may not oc.ur in every
yea.-  Dooeritz et al, 1967!. Doberitz describes the rainfall anomaly-
pat>;em of the Equatorial Dry Zone as an "interruption of very Iong
dry periods by more or less short intervals of hen>y rain which gen-
erallyy a"e connected with  a rise in! tropical sea t.emperatures."
Intervals of high rainf all  wet anomalies! are imposed upon the
a;,nrrat cyc,.e  with a wet season in Harch � April at Christmas Island!
sa that maximum monthly rainfalls du'ing such anomalies occur in Decem-
ber through March. The longest and the "wett~='." anomaly record d in
the Line Islands was of 36 months duration �939 - 1941!. Since that
time, wet anomalies have occurred in 1957 � 1958, 1964 - 1965, and most
recently, beginning in Hay, 1972. Rainfall for January, 1973, amounted
to the greatest positive deviation from a mor'thly mear> on record  Ron
Taylor, personal communication! . Although it is preserrtly not possible
to predict in advance during which years wet anomalies will occur,
spectral analysis of rainfall records for nearby Fanning Atoll  Dot ritz
et al, 1967! indicate a som what unstable periodicity of around six or
seven years.

Government

The Line Islands a'e administered by the British Gilb .t end Elli ce Island
Government until: r a R=sident Commissioner in Tarawa, 2,<'15 miles to the
west of Christmas Island. The inhabi "ed Line Islanos  Washington,
Fanning, and Christmas! are administered by a District Commissioner who
resides in London village on Christmas Island. The government-owned
Christmas Island Plantation Compar y until recently operated a copra
plant'ation with contract labor from the Gilbert and Ellice '. lands. The
northernmost of the Line Islands, Palm; ra, is under U.S. control.

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

History

Christmas Island was discovered by Capt.ain James Cook on December 24, 1777,
although there is speculaticn that .'.t may have been disccvercd in 1537 by
Alvarado who called it Aces Island. r'he Polynesians traveling nort'n and
south across the Pacific probably vi.' ir ed Christmas Isl:>nd. Until early
in this century the island was mint abited e> cept for the hapless crews
of ships occasionally wrecked on tha island.

The United States Guano Company ac,uired rights tr> the island deposits
in 1358 and worked the island for several years, In l865 another company
leased guano rights, but the lease was cancelled in 1869 because the
island proved r:o be unproductive.



In July, 1872, the USS NARRAGANSETT took formal possession of the
island for the United States. This was followed in l888 by a formal
annexation to Great Britain by Captain William Wiseman of HHS
CAROLINE, despite American protests. The British leased Christmas
Island to Lever's Pacific Pier.tations, Ltd., in June, 1902, for 99
years. They planted 72,863 coconut palms and introduced silver tip
pearl shells to the lagoon. In 1913 Father Emmanuel Rougier,
catholic priest, took over the lease from Lever Brothers and in 1914
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 American troops landed an Christmas Island to establish a
base, construct an airfield, and dredge a channel north of Gook
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
lease from the Rougier family and began to se =tie GiI.bertese on the
island. Since that time the government has operated the copra plan-
tation with laborers on contract from GEIC.

In 1956 the British government established an atomic test site on
ristmas and Halden Islands and devices were detonnt d 30,000 feet

over Southeast Point, on Christmas Island. In 1962 the Americans took
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 the island at one time. Before leaving the island ln
1964 these operations had established a number of installations and
redredged the channel, which has again resilted.

In November, 1971, the population of Q~ristmas Island included ~bout 500
Gilbert and Ellice Islanders 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 passible combinations
of saline lakes. Verying amounts of excavation, drilling, and manipula-
tions of the substrate may be required as the program 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 portion of a notthuest-
southeast trending volcanic ridge. The oceanic crust surrounding the
northwest 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 southwescern slope shows three "cone-like" features of probable
volcanic origin {Ritchie, 1958!. Coral thickness is 30 meters at Natu
Tabu {Figure 4! and exceeds 120 meters elsewhere {Northrup, 1962;
Jenkin and Foale, 1968; John Bryden, personal communication, 1911! .

Geologic Development

The similarity of the structural trend of Christmas Island Ridge and
thc "izc and ridge position of Christmas Atoll evoke a comparison with
the evolving Hawaiian Ridge to the north. Differential spreading rates
and directions 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 co southeast along such
a zone with the southernmost vclcanically active island of Hawaii being
the youngest and largest. If a similar formational mechanism applies
to the Christmas Island Ridge, the volcanic complex upon which Christmas
Atoll formed is the youngest of the northern Line islands, having devel-
oped in early Cenozoic time  Menard, 1964!.

The basic shape of an ecol 1 is largely dependent on the distribution of
its volcanic basement  Wiens, l962! but the surf icial detail is con-
trolledd by sea-level fluctuations and further climatic and tectonic in-
fluences. The irregular shape of Christmas Atoll is probably due co the
arrangement of voLcanic peaks similar to those observed on the southwest
insular slope, The development 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 simultaneous
gradual northwestward tilting of the enti.re atoll. Roy and Smith �970!
speculate chat Fanning Atoll> 320 kilometers to the northwest> has iilced
up co the west' whereas the nearest southerly land, Jarvis Atoll, 420
kiLometers to the southwest> hat .. filled lagoon floor eight Eeet above
sea level. Evaporite crystals in the deepest depressions indicate recent
emergence for Jarvis  Weins~ L962!.

11





Preceding page blank
r$





During the post-Wisconsin eustatic rise of sea level, a rectilinear
pattarn of ~Acr ora  coral! ard Trtda na  plant cl ! p tch rcafa
developeu on the immersed lagoon floor parall l or transverse to
dominant modes of wind direction. Linear patch reef devi lopmf nt
transverse to an eesterly wind mode is p-.esently occurring in the
wirrdward !agoon and l.inenrly arranged patch reefs oriented downward
or, more rarely> transverse to tl e main wind direct' on are rrresent
in several atoll Lrfgoons  Weinsp 1962! including a rectilinear pat-
tern in Fanning Atoll lagoon  Roy and Smith, 1970! ~ The patte.l! of
lake marFina on Christmas Atoll presumably underlain by reefs p hints
at a former dominance of nortlreast 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
deveaoped during the Wiscon.-:in low stand. ln the latter scheme p
patch ".eef development would have been less in the leeward lagoon
aue to g:eater bar devel.opment 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 p
resulted in he northwest Passes.

As sea level reached a maximum positive two-meter 1 vel several thou-
sand yeats ag<  Fairbridge, 1952! Chris'mrra Island was nearlv entirely
submerged p although lagroon patch reef development kept. up with the
rising sea level. Dr.:ing the brief still stand and t'ne subsequent
eustatic fall of the sea to its preserrt level, the reefs were planed
off, supplying sediment to the emerging rakes, Beach rock fc rrration
on Leve!ed > exposed reef tops incorpc rated bivalves anu other blogenlc
d bris. Aeolian se<'.iment derived from the emerged wir dward coastal
plain and the seaward beaches fo..aed the coastal inLand and lagoon
dunes and also accumulated in the lake basins with eutocthonous bio-
genic s~c.'iment. Wave transportation and deposition of sediment were
effective in plugging breaches in lake peripheries. The lakes progress-
ively filled and became i.solated from the amain lagoon, although tidal
exchange maintained some ephemeral shallow channels. The jncreasing
sa' inity curtailed reef and invertebrate growth, and the hells of hivalve
and gas,ropod moilusks accumulated in berms on the lee ~ard lake shores.
he southeastern border of the main lagoon is in an incipient stage of

lake isolation, whereas the interconnected lakes are indica ive of the
next stage of isolation. The totally isolated lakes of the goutheast
Peninsula continue to shoal due to precipitation ot evaporite-, princ-
ipallv gypsum and halite.

The sedimentation rate, or at least, reworking of sediment in the lakes
has been extremely rapid in recent time. For example, ha' f-meter-deep
ruts in the windr rrrd nearshore of F2 were pertia'ly fi 1 led end smootired
with algal ooze and aeolian silt in the s ven-month period between
March and Novemberp 1971. A core of sa»ny carbon»' e mud from the wind-
ward subaeriar edge of 27A provided evidence oi minimum sedimentation
rate of 1.8 to 2.7 centimeters per year fr l the last ten to fifteen

Preceding page bIank
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years, based on geiger count detection of a nuclear blast horizon
 D. Knutseri., personal communication!. The sedimentatian in this core
appeared ~ormal and continuous for this location �7A-l, Table 2!.
A care �6A-I! fram the windward shore of 16A sho~s a regressive se-
quence, whereas a longer core �6A-' !  Table 2! indicates cyclic
variation in sediment type and presumably, lake conditions.

A further possible indication of rapid sedimentation is t?<e presence
of a reducing environment i<m«ediate?y below the sediment surface in
all lakes. The process of burial of organic matter is apparently
faster than that of decomposition ~ However < +his prevention of total
< ecomposition of organics prior to ouri-.l could be explained by the
in? ibition of decomposers 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 report.

General Morphology

Reco«naissance observations on the general geology and sediments of
Christmas Isla;sd were reported by Wentworth �931! and Wentworth and
Ladd  '931!. A aetailed analysis of landforms, soils, and hydrology was
included in a reoort on the coconut-growing potential of the island
 .;enkin and Foa!e, 1968!. .'he sails have been further investigated by
Ha<maond   ?969!. The presumed existence of geologic data gathered by
British scienti. ts prior «nd subsequent ta a 1957 nuclear test  " Opera-
tion Grapple"! conducted in the atmosph<.re above the southeast point
and by private guano and phosphate reck enterprises is acknowledged~ but
rema as l.argely unavailable to us.

On the basis of mcrphology and sediment type, the island can be class-
ified into nine subaerial and two submarine landform units  Jenkin and
Foale, '968!. The maximum elevation is 10.7 meters in the coastal dune
unit rlong the Bay of Wrecks  Jenkin and Foale, 1968!, although �,.asses
of reef rock distributed throughout the is1and'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 stalls due to
the scarceness of organics and the common chemical nature of the parent
mixed calcareous debris. Thus lateral soil differences result mainly
from variations in the size and depositional mode < f shell a«J coral
fragments, whe-eas 'ncipient soil profiles develop only as a response ta
increased compaction and a decrease of organics with depth.

Up to a «eter -- but more commonly less than IO centimeters -- of beach rock
 b5osparuditc, Folk, 1965! caps extensive areas of reef ro< k  coral bio-
lithite and 'ntrasparudite! and unconsolidated medium calcirudite on the
lagoon fIats. The thick beach-rock sections were exposed along walls of
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TABLE 2. SEDIMENTATION IN CORE SAP' ES

Sediment

16a 16e-I 0-2

2-10

10-15

16- 30

30-59

i6a 16a-2 0-2

2-9

9-10

10-84

0-627a 27a-1

6-63

63-120

Lake Core Interval, cm

Pebble-size halite crystals in ground
mass of green algae-carbonate-halite
mush with some pebble-si e pelccypi<
fragments.

abdal sedimen ; whole pebble and
cobble size shells in ground mass ot
sand size shell fragments.

Coarse sand-size orange gastropods �0K!;
rounded and subangular pebble-size shell
fragments and silt-size shell fragments
partially cemented with calcium carbonate .

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

Occasional gastropods and pelecypod frag-
ments in pink carbonate mud matrix.

Brown elga ooze

Pink alga ooze

Pelecypod shell -fragment layer

Laminated tan clay; cccasional peoble-
size pele =ypod fragments; whole pebble-
size pelecypod halves.

Sand and silt-size fragments partially
cemented together with calcium car enate;
occasional large ~ circular benthic
foraminifera.

Same; abundan t rounded beach-rock pebbles
vith black algae on exterior.

Carbonate mud with occasional aeolian up-
rated pebble.



collapsed spring channels which feed many of the enclosed lakes  e.g, q
lakes 19e and 27b! and on the edge of islets in Lcke 27a These expo-
sures indicate cycles of deposition 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
ageing channel entering lake I9e, Tn eit ~Ac cra and Tridacna reef
complexes are exposed along some lake margins, Repeated attempts at
deep probi.ng of the inter lake margins between I4 and F7 and on the
southeastern shore of 27a met with an impenetrable horizon at approxi-
mately 6.5 meters below 'and level,

Lagoon and Lagoon: Lakes

The physical parameters of the lagoon and particularLy those of the
lagoon lakes are dependent upon the reLationship between precipitation
and evaporation that has existed over some severaL months prior to an
observation peri.od. Observations presented in thi.s 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 g considering annual totals for the
years 1967 through 1971 g only the rainfall measured i.s 1969 exceeded
one-half the. 33-year mean of 31 inches  800 rrmr! annually. Additional
direct observations were made during August of 1972 during a seven-
day period spent on Christmas Island Beginning in July, L972 g
Christmas Atoll received exceptionally heavy rains w!,ich resulted
in significant changes in the physiography of the lagoon-lake complex>
RainfalL records for the months prior to the 197L and 1972 observation
peri.ods are as follows:

Monthly Rainfall 9 in inches

Jan L'ebYear ~Ar

5.25

M~a

0.66

June

0,39 0.39 1 2L1971 5. 30

0.94 3.561972 Oa02 7 ' 431 ~ 57 0 ' 71

~Ju 1

0 ~ 63

~Au

0.91

~Se Oct

0.14 0.39

Nov Dec

'1 971 0.00 0.51

5,688 F 851972

Nearly 507 of the total arerA of Christmas Atoll is occupied by saline
lagoon lakes and Lagoons, The semt.circular main Lagoon, covering
160,55 km �1 99 mi !  Jenkin and Foale > 1968!g comprises half of the
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total area of lagcon lakes and lagoons. Much of the main lagoon is
quite shallow and its maximum depth is 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 tne impression obtained from maps of Christmas, including
Figure 4, the shoreline of the main lagoon is not readily located in
the field. Tidal sand-shoals and flats, peninsulas and islands sepa-
rated by flats and channels p all tend to obscure any definite shoreline
encompassing the main lagoon zs a unit. Linear reefs, coral knolls,
peninsulas, ard smsl1 islets dot particularly the eastern portion of
the lagoon, making navigation even in shallow-draft vessels uncertain.
The shoal nature of the lagoon is 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 is open to the ocean along less than 25K
of its leeward side. Evaporation generally exceeds rainfall received
by the atoll, which contributes to the establishment of a salinity grad-
ient increasing from the passes across the lagoon in all directions.
Surface water just north of Cook Island had a measured salinity of 35.9
o/oo on March 23, 1971 � the salinity of oceanic water around the atoll.
Salinitles measured along the north, east, and south shores of the lagoon
on August 30, 1972, were: 34 to 35 o/oo in the vicinity of London;
36 o/oo in the northern part; and 37 o/oo just: west of "Little Plantation"
 B-series lakes!.

Approximately 25'i 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 lagoon lakes vary in size from Hanulu Lagoon �A!, covering
15.98 km2 �.3.7 mi2!, to small salt pans several meters across and a
few centimeters deep.

Reconnaissance sampling indicatee lakes of two basic types, sub-evaporite
phase and evaporite phase, dependent upon the degree and durat'on of iso-
lation in regard to water excha»ge. Most lakes lacking e-aporite depo-
sits are connected by shallow, narrow channels to the main lagoon. Inter-
connected series of lakes open at one end of the series to the lagoon
 "open" lakes! have salinity grad.'.ents which reflect their proximity to
the main lagoon. These gradients may be explained entirely in terms of
restricted exchange with lagoor ~ater and evaporation, although springs
entering some lakes undoubtedly have 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 th island struc-
ture.  for a discussion of freshwater lenses on atolls, see Cox,
1951, and Aznow, 1954. ! According to Char1es �960! and Jenkin and
foale �968! permarent or semi-permanent underground freshwater lenses
are most likely to occur on the coastal plains along the northern por-
tion of the atoll.~ in the Poland and New Zealand Airfield areas  south-
west!, and along the north to northeast portion of the Southeast
Peninsula. Jcnkin and Foale   1968! estimate the vo!ume of fzest; water
in all of the northern sites or. Christmas Island to oe 4.3 x 10
gallons �9 x 10 kl! and of the southern sites to be 2.06 x, l09
gallons  9.4 x 10 kl!. The relatively low salinities measured in6

"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 :he former lakes to low-salinity groundwater. In addition,
there are fewer shoaling linear reefs between the passes and the A-
series lakes than between the passes and the F-series lakes, suggesting
that the residence time of lagoon water in ' he north may be somewhat
less than the residence time of lagoon water near the eastern shore.

Sprin,;s entering lake Alg through two "streams" had salinity values of
24 o/oo and 16 o/oo in Harch > 1971. Paradoxically, the heads of these
and two other streams entering lake AIB contained wz'.ez at selinities
between 20 and 32 o/oo on August 25, 1972. Direct association with the
Ghyben-Her@berg lens is not indicated by the 1 972 data.  In addition to
selinities being higher than expected under the conditions pre iling
in 1.972 ~ no flow of water was observed iss»ing from the "spri»gs" at a
time when fresh water in the groundwater body sl.ould have been expanding
toward the i s land marginsi !

Figures 5 through 8 show salinity gradients along the northeast lagoon
shor'e based on surface ~ster samples taken in Harch, 1971, and August, 1972.
Sampling stations are indicated by triangles. Although r'..e isohales are
drawn across the land to separate lakes of differing salinities, ground-
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. Isohales are drawn in parts-per-thousand steps only
where space permits Wzter 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
meters above the lake-water level and feed streams flowing over beds cut
deeply into the fl,at between the lakes. These stream cuts often have
the appearance of collapsed underground caverns,;.nd the elevational 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 investigated
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Plate 3. St.re~ cut showing
elevetional difference
between stream bed and
hardpan surface of the
interlake flat.

in Harch, 1971, with tb~ 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 water.
The total input of water from the several springs at the northern
end of lake 16A was estimated at less than 0.01 cubic meters per
second  9,510 ga'lons per nour! .

Cot tinuous long-tern flow from one particular spring was indicated
by the presence of a peculiarly s'harp inverse temperature gradient
prev.'ously noted by Vorthrup �962! .

F.-.equently deaf fcrences of a meter or more between adjacent lake-water
levels were observed; e.g., K2 was 1.2 meters higher than 16A  Novem-
berr, 1971! These differences may be explained by variations in lake-
w;ter budgets. Successive rings of shell berms or a border of evapo-
rite crystals, e~ther gypsum and halite or gypsum only, indicated past
higher shorelines aro tnd most lakes. Large fluctuations in surface
area result from elevation changes of less than a meter, due to the
generally gently loping and shallow configuration of the lake basins .
The lakes appeared to be at their lowest recent level in Yovember, 1971.
Hanulu Lagoon  lake lA! was partitioned into smaller interconnected
lakes in contrast to maps constructed by Jenkin and Foals �963! from
aeria1 photographs taken in the 1950's. Asymmetric basin profiles with
recently exposed windward shores indicate active aeolian deposition
in some ] akes  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 ca es 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 resul ted 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 Lagoon or into open
lagoon-lake.". YwnuLu Lagoon was no Longer part'tioned into smaller
lakes. Water flow under "The Bridges" was observed over several days
in August to be aL>viys out of Hanulu  into B2 and the main Lagoon}.
The Level of water in 16A was above that in the adjacent open lake>
E2, and water was f1owing over the low Lip separating the two lakes.
Water fl.owing between the open Lakes.. 04 s.nd D2 q at a place called
"The Ford" inundated the road to a depth oi nearly on meter, making it
all but impassabLe to ~ehicles,

+rings flowing into closed lakes could not. be investigated in August~ as
the water levels in these lakes were abov:. the elevations of the springsi
In mo t cases it was 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
centimeters at that time.

During periods when long-term evaporation predominates over precipitation,
lakes actively depositing chemogenic 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 associated with a range of hype. salinity,
i.e., in 1971, approximately 200 to 300 o/oo.

Relatively isolated lakes, e.g., 19d, 19e, 33a, are less than two meters
deep and have salinities greater than 3CO o/oo. 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 receiving shoreline seepage by the presence or
absence, in the evaporite ring, of halite crystals which are rapidly dis-
solved by contact with Iow-salinity water.

The spring-fed evaporitic lakes are also less than two meters deep but
exhibit a smooth bottom consisting of a one-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 charm~Is 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-
meters deep transported water over the beach rock crust from F6 to F7
during spring tides. Perhaps during and after infrequent heavy rains,
water of low salinity and under-saturated with respect to calcium car-
bonate initiates dissolutio~ of the hardpan while flowing between lakes.
Once the crust is weakened, the silt and clay would be eroded by the
water flow, laavleg a aedtnant doalnated by pelecypod ~ nd ~acro ora frag
ments. A more advanced stage in this process is represented by an
i«active channel between F2 and F4. At the F2 end, the beach-rack crust
is absent along 20 meters of the channel length and the channel is filled
with pe1ecypod shells. Once the channel bottom is eroded below the
water table �.5 to 1 meter on the lagoon flat!, extensive widening may
cccur from lateral seepage and undercutting as evidenced by blocks of
beach rock tens of meters in diameter slumped into vne channel. An
example of the initiation of the final stage in this cycle is fcund in
an inactive channel between F4 and F5. A hypersaline pudd'e is bounded
by a shell st osl at the F4 end and a shell berm at the F5 end. As the
puddle water eveporates and through capillary evaporation elsewhere,
beach rock is forming to stabilise the unconsolidated shells.

Nearshore bottom sediment type varies considerably in these "open"
lakee, but the dominant type for F-series 1akes is a sandy, pelecypod
and ~Acro ora fragaent gravel. Ihe berne around the lake aatglna con-
sist of well-sorted pelecypod and gastropod shells and she11 fragments.
A core in windward nearshore Fla penetrated 16 centimeters of pink
organic "fluff" to an extinct pelecypod bed. Windward sedimentation
for reworking is fairly rapid in these open lakes, ns evidenced by fivc-
month-old rute partially filled and smoothed by "fluff" and aeolian silt.

A reducing environment indicated by hydrogen sulfide odor was present
immediately below the surface sediment in all lakes sampled. A semi-
diurnal increase in foam reported previously by Wentworth �931! was
observed along the leeward shores of many enclosed 'akes, and in the
larger interconnected 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 i.llustrates the distribution of
selected organisms in lakes of increasing salinity. The basis for the
disco«tinuous 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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DISTRIBUTION or SELECTED ORGANISMS IN SALINE LAKES, ARRANGED
BY INCREASING SALINITY

Data obtained dnring Harch, 1971, axpedition-
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53-58
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PHYSIOGRAPHY GF THE F- SERIES LAKES

A detailed study of the F-series of lakes at ".hristmas Island was
undertaken because they seemed to offer a mechanism for Artemis
production that would allow the use of natural empox;dments require-
ix.g a minimum of alteration and of tidal flow to aid in water move-
ment. An inportant aspect of the Arts ia c lt re s lees heing pro-
posed is to the prcdoction of eggs, ohich notnally float and are
blown to the downwind shore where they are harvested. The slope and
composition of the substrate along th downwind shoreline therefore
recieved special attention in our consideration of the F-series of
lakes.

The Nine F-Series Lakes

The F-seriea of lakes consist of nine interconnected bodies of water
that lie along an approximate north-south axis ad!scent to the main
lagoon  Figure 4!. For purposes of identification these lakes were
numbe'ed Fla. Flb, F2, F3, F4, F5, F6, Fl, and 21  Figure 9!. The
distance from the roughly defined mouth of Fla to the southern shore
of F7 is 3-1/2 niles �.6 km! . These lakes are all interconnected
and subject ro socx tidal influence. There is a salinity gradient
from about 48 o/oo at the mouth of Fla to 101.5 o/oo in F7  Figure 9!.
'fhe total surface area of the lakes was estimated, using a plinometer,
to be 384.5 af'res �55.6 hectares! and the volume of the lakes was
calculated to be 853 x 10 f"3 �4 .14 x 106 m3! .
The depth of the lakes was surveyed utilizing a Raytifeon Model DE-F19
Fathometer Depth Recorder, battery powered and mounted on a skiff.
Tracks and positions were located on charts enlarged from Christmas
Island Chart P2 published by the Directorate of Overseas Surveys,
ace le 1:50,000. A magnetic compass, a mariner's sextant, and an
engineer's level on shore ver used to determine loc tions . The
figures that follow have depth contours plotted in 5-foot intervals;
t.olid lines indicate areas in vhich fathometric recordings were then
taken, while dotted lines are approximations based upon the data from
ad]acent areas and features on an aerial photograph made by the Royal
Air Force  scale � approximately 1:29,000!, North is oriented to the
top "f the paper.

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

Due to limi ations in time, not all shorelines an<'. 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.



~ IIIII
0
4 tlP LI h V

4
P»

a

0
4 00

0

e0
0 0

n
4 0 A4 0

o~ CD
CD A
A A

4 a4
4 o
Clt

4
0 4

0
A

O ~ eN g 'et ee- Cea � «i» K ID 4 P.dl

C

UJ

4.

Ok
IA
0
O

lA
4

O

CA
4
O

31

Ctt 4e

a t
Ctt Ctttt

a
a 0 0

0 0 4
A 0
A W ECt
AAA

4
0 4 4
4 4 4 I

N lt,4 4 0
Cb
AARON

0 I ~
ox 4

~ 0
0
CD A W
At

C
0

Ig

C Cl
Ll



Fl GURE 10. Depths in feet of lakes Fla, Fib, and F2.
Many shoal areas and peninsulas are i ll-defined,
emerging from beneath the water's surface wi th sl ight
tidal changes. Depth soundings along trac.'ts in feet.



Lakes Fla, Flb, and F2 are the largest of the F-series  total 281.2
a r'.s! and because they would not lend themselves readily to water
management without extensive construction of walls, etc, it was decided
to concentrate our efforts on lakes F3 through F7 and an lake 21 which
is connected to an arm of F3.

In the plates that follow, an attemot 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 utili=ing Koda-
color filI from which black-ana-white plates were made. Numbered cones
on Figures 10 thraugh 17 depict th' 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-series are af particular impor-
tance because some of them will have ta be modified with gates and screens
in support of the Artemis cu1ture scheme.

Shoreline and Channel Description

a. Lakes Fla, Flb, F2 �81. 2 acres'I  Figures 10 and 11!

These large 'agoon lakes lie in a roughly north-south axis so that
the western shoreline is downwind to the prevailing easterly winds.
Because af the size and large openings to the lagoon, these lakes were
not considered as suitable for the initial Artemia culture venture;
therefore only a cursory shoreline survey was made. These bodies of
water have a series of finger-like spits snd shoals extending fram both
the east and west shorelines. These pra]ectians could serve as a base
for barriers that might be constructed should these lagoon lakes be
needed for future controlled enclosures for aquaculture.

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
caral and mollusk fragment substrate.

The downwind shoreline of lake FZ follows a narthwest-south ast axis.
The lake has several shoal areas and small islands. The downwind shore
consists af alternate sections of ov rhanging eroded beach rock and mod-
erately steep shell and rubble beaches as shown in Plat«6. This is in
contrast to the southern point of the lake  Plates 7 and 8! and small,
embayments along the sautheastern shore  Plates 9 and 10! that all have
a flat, hard-packed substrate of sand, shell fragments, and fine sediments.

b. Channel gaining F2 and F3  P!ates 11, 12, and 13!

Thi,s is the last well-developed, deep channe1 in the F-series of
laker as one moves toward F7, The F2-13 channel is approximately 100
mete;s lang and 10 meters wide, with a maximum depth of 4 meters. In
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longitudinal section, it is concave with a bar and delta development
at both ends of the channel  seen as light line in the background of
Plate ll!. The channel is asymmetrical in cross-section, with thedownwind side exhibiting a much gentler slope. The bottom sediment !.s
a semi-consolidated pel cypod ~Acro ora fragcmnt biorudite.
c. Lake F3 �5. 9 acres!  Figure 12!

The downwind shoreline hss a slightly curved configuration along
a roughly northwest-fdoutheast axis. A beach-rock outcropping interrupts
a beach consisting of deep windrows of shells of the bivalve ~pra um~fz um  Plate 12!. Plate 14 shows an inactive chanrel berwsea p2 snd
F3. Beach rock extends as a shallow shelf into the lake  Plate 13!.Plate 15 shows the relatively steep sloped beach along the downwind side
of chis lake consisting predominan ly af 'loose P. ~fra um shells up to ameter in depth. Further along toward the F3-F4 channel, the shell beach
has periodic intrusions of eroded beach rock  Plate 16!.
d. F3-F4 channel  Figure 12!

In cross-section this channel  Plate ll! is a broad, flat, channelonly 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 eastern shore as seen in the background of Plate 17.
e. L~c F4 �9.5 acres!  Figure 13!

This oval-shaped lake contains no major shoals or islets ~ Its longaxis is generally east-west. The northwest portion of the downwind sbore-
line consists of beach rock and shell  Plate 18! which gradually becomedeep deposits of loose shells toward the west end of the lake  Plate 19!.In the foreground of Plate 19 can be seen the beginning of beach rockthat extends around to the F4-F5 channel. Along the southwestern shore
an undercur. beach-rack shoreline has a parallel offshore strip of con-solidated shell and rubble that is about 15 feet wide and is exposed at
all phases of the t'de  Plate 20! .

f. F4-F5 channel  Figure 13!
This is another broad, shallow channel, similar to the F3-P4 channel.It is bordered on the west side by a flat rock shelf approximac~'v 100meters wide which is covered with scattered mounds of shell  Plati 21and 22!. A delta extends from the channel into lake 5  Plate 23!.

g. Lake 21  Figure 14!
This lake is connected to the northeast arm of lake F3 hy means ofa narrow channel. It is of particular interest because its relatively

small size and proximity to other F lakes suggests 'ts passible use as
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FIGURE 11. Lake F2 with 5-foot depth cootovrs.
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FIGURE l2. Lake F3 with 5-foot depth contours. Shallow channel in the upper portion
of figure joins wi th Lake 2'l.  See Figure I4.!
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FIGORE 13. Lake F4 with 5-Foot depth contours.
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FIGURE l4. Lake 2l with 5-foot depth contour
inte rva 1 s. The sha I I ow channe I connect ing i t
to F3 is seen at the left of the figure and a
portion of F3 is shown at the bottom of the
f i gure.
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FIGURE 15. Lake F5 with 5-foot depth contours.
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FIGURE 16. Lake F6 with 5"foot depth contours.
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FtCURE 17. Lal;e F7 with 5-foot depth contours.

41



Plate 4. Fla

Plate 6. F2

42



~l.ate 8. F2 Plate 9. F2
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Plate LQ, F2 Plate ll. Chaste L F2-F3
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Plate ri  limni ~l r3Plate lb. F3

Plat.e 18. Chasnel F3-F4 Pl te 19.
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Plate 20. F4 Plate 2]. Channel F4-F5

P'ate 22. Channel F4-F5 Plat.e 23. Channel F4-F5



Plate 25. Lme 21Plate 24. Lake 21

'JCCCF'

P late 2 7. Lake 2 1Plate 26. F3
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a hatching or sub-culture pond. It is a small, oval-shaped lake which
has relatively flat, firm slsorelines  Plates 24, 25, and 26! with an
offshore bar extending across the southern end  Plate 27!. The north-
western shoreline has a shallow accumulation of shells  Plate 28!, and
it is joined to F3 by a curved channel with a maximum depth of I meter,
with bars at either end  Plates 29. 30, and 31!.

h. Lake F5 �1. 5 acres!  Figure 15!

This is a kidney-shaped 1ake with no shoals or islets. Its long
axis is north-south. The northwest shoreline consist of mounds of
loose shel.ls 0.5 meters deep. The western extremity of the lake has
a narrow, exposed strip of shell mound extending offshore  Plate 32!
behind which is a relatively flat ~ hard plat form. The southeastern
shore is a broad, flat platform with little loose material  Plate 33!.

i. F5-F6 channel  Figure 16!

This channel is a straight, shallow connection aligned in a nearly
east-west direction. It has beach rock and ~hell berms along the south
shore  Plate 34! and deltas at both ends. The delta in F6 is shown in
Plate 35. The greatest depth of this channel averages only a few centi-
meters at low water, with a shallow sill ar. the F5 end that Is exposed
at low tide.

L&e F6 �3.6 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
rough y one-third of the area of the lake being less than 5 feet deep.
J1ge northwestern portion of the shoreline consists of relatively fla eroded
teach re k with samer a fragments f ~lice era serai and fridacna elena
embedded in it. A shallow mound of mollusk shells occurs about 10 f'eet
I ack from the water's edge  Plate 36!. Along the southwest shore the
beach widens to about 30 feet, with the same eroded beach-rock ffgrmation
and sha1low 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!. It has a
beach-rock crust base without significant shell fragments. On the south-
west shore approximately 50 feet from the channel are mounds of weathered
bivalve shells.

1. Lake F7 �2. 6 acres!  Figure I7!

This highly saline lake has ~ irregular shape with the longest axis
in a northeast-southwest direction. It has two shoal areas and a projec-
tion from the south shore. It has a broad, almost flat teach-rack beach



with very few weathered mollusk she. 1 fragments  Plates 39 and 40!. The
lee shorelines of lakes F6 and F7 are suit "blc for vehicular traffic and
probably have the best configuration for the collection of Artemis eggs.

Artificial Channels

As production facilities are expanded, the construction of artificial
channels might be advisable. Such construction of channe!.s, e.g.,
between F7 and L4, should not present ma]or problems, since the beach-
rock crust is less than 30 centimeters thick and is underlain by five to
seven meters of unconsolidated biorudite and biomicrite in this locale.
ELsewhere the dividing ridges may be immediately underlain by reef rock
infilled with recrystallized calcite, which would be much more resistant
to excavation. Construction of control gates in the F-series channels
should pres:nt little difficulty. However, some head loss by tide-
forced gro~ adwater seepage will be inevitable.
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Plate 28. Lake 21 Plate 29. Lake 21

Plate 31. Channel F4-F5Plate 30. Channel F3-Lake 21
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CIRCULATION IN THE F-SERIES LAKES

During the Harch, 197l, econnaissance of Christmas Island various
possible schemes for the productionof Artemia were considered utilizing
the available lake systems. Since Artemia eggs were an attractive
possibility as an ini.tial product, inducing stress situations  such a.
raising the salinity! which would stimulate egg production was examined
in relation to available bodies of wate-. 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 Artemia from
low-salinity to higher-salinity bodies of water.

Tides

Water levels in the lakes were studied to determine  l! the existing
flushing rates or residence times of water in each lake; �! the volum s
of flow that could be expected if tides were used to produce a net ci,rcu-
lation through the lake series; �! whether there are naturally occurring
tidal-phase differenres between lakes that could be used to promote net
flows; and �! the mean-water-Level differences between lakes that could
be used to promote net flows.

Water levels were measured in each lake at the locations shown in Figure
9. Readings werc taken every hour from ll00  local tice! November 5 a.o
2000, November 10. During the same period, hourly readings were taken of
wird velocity and surface~ater temperature in lake Flb. The relative
elevati;.ns of all gauges shown ia Figure 9 were determined by survey, so
tnat differences in mean water level between lakes could be computed.

The tide records will be disco=sed starting with the outermost lake, Fla,
which is the one most directly connected with the main Lagoon, and moving
landward through the series, passing toward lakes that are sequentially
farther removed from the la~eon.

Tides in the Hain La oon

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 lagoon, but we note that wherever the lakes are interconnected
by fairly wide passages there is negligible distortion oF. the tide wave
over short distances. This sho~s clearly in tbe similarity of the records
from Fla and I4, which are connected via the main lagoon. Thus we regard
the reco.-d from Fla as the tide in the local, inner portion cf the main
lagoon. This tide is shown in Figure ! 8. The range is about one foot
�. 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 ~hole lagoon. When a large lagoon has
limited communication with the surrourdi.ng acean, the tide in the inner
parts of the lagoon will lag behind that wh'ch 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 here. The tide is routinely recorded in the lagoon at London
village, and relatively simple empirical formulas could be derived to
give the tide in the inner lagoon from the London measurements.

The distortion of the lagoon tide is interesting to note. The water
rises quickly and recedes slowly, with the crest shifted forward in
time a patt«rn that characterizes nonlinear utstortion ot the wave.
In general there are two processes that can produce nonlinear distor-
tion of a tide: passage of the wave through»xtensive regions nf shalLow
water q and bottom friction  Gallagher and Hunk, l37L!. Al though both pro-
c»sses are undoubtedly present in the lagoon, the shape of the wave indi
cates that th« first is predominant here. The lagoon is large enough so
that a nondistortnd tide entering from the open ocean will undergo a
shoaling transformation, becoming ste«pet in front. somewhat Like an
ordinary swel! wave approaching e beach.  A good example of frictional
distcrtion appears inside the Lake series; it w LL be discussed later.!
Th« nonlin«ar distortion of the lagoon tid« at Christmas Island is very
pronounced; the island would be an excel 1< nt place to conduct field studies
of this ph»nomenon.

It was considered useful in examining tht data to co pare the Christmas
Island Lagoon tide with the Honolulu tidi . both curves are given in
Figure L8. There is no simple relation which would give accurate lagoon
predictions based on Honolulu. However> rough es imatr s could be made;
the lagoon tide has somewhat less than half the Honolulu amplitude q high
water lagging hy about two hours and low by about f ive hours,

Tidt s in th» F-Lzk» Series

A s«t of hourly water-level readings, throuph the lake series, is presented
in Tigur». '<. Tides in the outer lakes, through F4, fellow the local La-
goon tide with Little i.f any discernable differences. This is simply
because these l ak»s are connected by relatzv«ly large passes which permit
appr«ciabl«volume flow,

The first noteworthy tidal dif ference occurs bet~can F4 and F5. These
lakes are connected by a shoal pass about one foot deep and roughly
25 feet wide, which impedes the tidal flow. The impedence displays the
character of a nonlinear frictional process. High tides in F5 are reduced
'n amplitude by as much as a factor of two and may lag those in F4 hy as
much as two hours. The nonlinearity 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 be used for limit«d prac-
tical purposes, and this will be di,scussed later.
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The channels connecting F5 with F6, and F6 with F7, are less than 20 feet
wirre and less than one foot deep. In fact> the sil ls of these channels
lie above the mean water revel of F5, so that only the higher tides
penetrate into F6 and F7. These penetrations do not cause normal tides
in 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 r and the curves in Figure 19 show an evaporar.ion rate
of about one-halE inch/day. From the evaporation ratet the height of the
tide in F5> and the measured difference in mean water levels between FS
and F6, it can be concluded that the occasional penetrations of water
from FS must occur at least as often as once a month. It 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 rowqabout every two weeks.

Vclrrme Exclan es and Residence ..imes

Lake Volumeq rt * 7. of Lake Volume Residence3

Exchanged Per Day T irrre, days

189 x 10
6

L54 x 10
6

274 x 10

105 x 10
6

42 x 10

30 x 10
6

8.8

11.4F lb 8.8

r1 ~ 48.8F2

11.48.8F3

11.4F4 8.8

4.5 22.2

Based on an average depth of 15 feet.

Lakes FS and F7 do not have normal tidal exchar ~ and must be thea ed
differently. Volume exchange has been calculated for the observed cycie
of evaporation and occasional refilling. The numbers below refer to
water, hut not to dissolved subst-nces.
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Resioence times and daily percentage volume exchanges are tabuleted beLow
for the lakes which have normal tidal flushing. For the computations r a
mean depth of 15 feet was taken for all lakes - and lake areas were plani-
metered from a map based on aerial photos. Residence time is computed
as tne volume 'of the Lake divided by the tidal volume-exchange rate . If
a lake r ere perfectly mixed at all times, then on the average a water par-
cel would stay in the lake for the residence tim . Since tne lakes are
probably not perfectly mixed in reality, the computed residence times
should be treated as minimum values,



Lake Volume, ft 1' of Lake Volume Residence
Exchang d Per Month Time, months

27 x 106

32 x 106

6.7

F7 6.7 15

Mean 'Wa er Level in the Lake Series

Mean water level for each 'ak is listed below, where the elevation in
Fl a has been used as an arbitrary zero level. Errors in tbe levels 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-
oc. the outer lakes, as would be anticipated from their free communica-
tion with the lagoon tid . Note that 14, which lies ad!acent to the most
landward F-lakes, is in gold communication with the main lagoon and shares
the same wat e r le ve 1.

Lake Mean Water LevelMean Water LevelLake

-0.05

-0.64  on 9 Hov.!

-0.65  on 9 Nov.!

0.00 ft

F60.01Flb

F7-0.04

-0. 05

-0. 04

0.0014F3

F4

Temperature and Wind

Surface water temperature and wind velocity were observed hourly during
Vovembor 8 through 10; the data are presented in Figure 19. Surface
temperature in lake Fib undergoes a diurnal cycle, peak-';.g near mid-day
with a range of about 5oC. Since no tidal ef fects are seen, this curve

Unlike the other table entries, the water levels listed for F6 and F7 do
represent steady, average values. As mentioned bef ore, water is added

to those lakes only during spring tides; the rest of the time their levels
are fall.ing, cue to evaporation at the rate of about 0.50 inch/day.  In
the rainy months, January t.hrough May, the average net rate uf evaporation
over precipitat'on would bc reduced to about 0.25 inch/day.! At the time
of our hourly monitoring, F6 and F7 stood about 0.65 feet bel.ow the mean
water level in the outer lakes. Their monthly or sem.-monthly range of
water ievel ia probably between six. and twelve inches. Generally, or per-
haps even all tne time, F6 and F7 stand below the mean water level in F5
and la -- a tact which could be used in a system of flow control.



is probably typica' of most of the outer lakes in the series. A similar
range could be expected in F6 and F7, but the actual temperatures would
probably be higher.

'Hzc southeast trade~ aro present a1most constantly at Christmas Island.
Culms occur less thar. 2Q of the tie~ {Jenkin and Foale, 1968!. During
the measurem"at period the wind bowed a clear diurnal pattern,
strengthening to about l2 knots at mid-day and dying of f to 5 knots
during the night. Wind directi.on was also diurnal; the lighter wind
blew toward about 260 magnetic and shifted to 300 as it grew stronger.
The winds produced no measured water-level changes in the lakes except
in F6 and F7 where during the mid-day hours when wind velocity 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 Figure '9.

Temperature and wind have an effect on evaporation which in turn relates
to the salinity of these lakes. Figure 9 gives surface-salini.ty readings
taken in ifarch and November of l972.

Possibilities for Altering or Contro1.ling
Flow Th rough the Lakes

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

It would be relatively simple to pri duce a one-way flow in either direc-
tion through the inner 1akes in the F-series. This is due to the for-
tunate circumstances that lakes c f the adjacent I-series lie quite close
tn those F-series lakes, and have the tid«l c!iaractrristics of the local
main lagoon. For exa=ple, a one-way gated barrier across the pass
between F3 «nd F4, in combination with a one-way gated channel from F5
to 13, would produce a unidirectional flushing through F4 and F5. The
flow could be set in either direction and would be entirely driven 'oy 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 'nter-
connecting passages would involve much more extensive construction work.

If F6 or F7 were to be inc1.uded in the tidal flushing scheme, the channel
entering each would have to be deepened. This cou'd be desirable, but it
might also be useful to leave F6 and F7 in their present state and take
advantage of th=ir unusual pattern of evaporation and occasional renewal.
This natural flow pattern produces monthly or semi-monthly salin'ty cycles
in which salinity may vary by five or ten percent of its mean value. Other
periodicities could be achieved by minor alterations of the inlet channels.

A third possibility exists for. making use of naturally generated flow.
Because of the nonlinear impedence of the F4-F5 channel, the water in
F5 is lower than in F4 or 13 iuring most rising tides -- by about three
inches. This head dif ference could be used to produce periodic flows
through tanks or small pools constructed «djacent tc F5.



Internal Structure and Circulation in F6

Structure

The internaL structure and circulation in a single Lake were studied
to determine how nutrients might be dispersed in the Lake: in particular,
those nutrients that tend ro be trapped in stagnant, Lower waters. In
addition it was necessary .'o know how passively floating brine shrimp
eggs would be used to col ect them for harvesting.

In general, questions such as these are very difficult to answer in com-
plete detail for natural water bodies. for a body the size of an F-lake,
a carefully planned, fully instrumented study lasting several manmeeks
would be necessary. In the present case, such time and manpower were not
available and advance knowledge of the lakes was inadequate for planning
a comprehensive study. However, one lake was studied for three days with
crude techniqu s. Tentative answers can be offered, and if a complete
study should be necessary, it could now be planned.

F6 was selected for the preliminary survey. It is favorable because of
its s,~11 size and simple shape. By working during a period when tidal
effects were absent, the isolated influence of the wind could be studied,
rather than the nore complex patterns that would be present if circula-
tion were driven by both wind and tides. This simplification not only
increased the chances of discerning sensible patterns during a short
survey -- it may aLso be relevant to actual condf tions in an aquaculture
operation. Quit.- possibly certain stages of brine shrimp culture  espe-
cially egg production and harvesting! might be conducted in lakes such
as F6, which are periodically 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 2l.. The data
were taken in mid-morning over a period of about one hour. Subsurface
readings vere made with an instrument of questionable reliability. The
device showed serious zero dri.t,, and it was nearly impossible to get
good absolute readings. The general nature of the vertical profile at
each station was adjusted so that surface temperatures 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 th 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 is accumulated along the leeward shore. Its tem-
perature and position indicate that it must be the least saline water
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W I III D

LOCATION OP VERTICAL
TEMPERATLIRE PROf ILES

X fIXEO REPERENCE MARr
~ DROGUE FOLLOWED Oe Ib NOV,

CIROIpuE fOL OwEO ON I j NOV.

FIGURE 21. Tracks of drogues set
at a depth of one foot ln fake F6.
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in the lake; its origin is probably thc monthly o«semi-monthly inflow
from F5. During the night when the wind .-.Iackcns > 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 f'.ats. The
amount of this water and its physical properties are probably quite
variable in time ~ Along the shoal shel f adjacent to tlic windward shore
there is also appreciable solar war .ing and evaporation. This appears
to form water of internediate density which sinks ala;ig the bottom and
spreads out, with mixing at medium del ths. The exact extent of the hori-
zontal spreading indicated by tl.e isothcrms in Figurc 20 is speculative.
Ehc i otL<al cf the deep portion, if the lake is overlain by a layer of
warmer  ar3 therefore sal tier ! water which app»ared to be less than a
foot thick. It is probably renewed  or partially renewed! by the occa-
sional formation of unusually saline water � probably in the windward
shoals, as discussed above. In co«ncction with this water, it is noted that
most of the lake's bottom, except along the leeward shore, is covered wit"..
a thick, pink, gelatinous growth «f blue-green algae* which seems to thrive
in some of tiie more saline environments at Christmas Island. The distri-
bution of these algae in F6 tends to ir Picate 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 he thai an anoxic condition

2
is produced inside the gelatinous layer  which is several inches thick! >
or that the thin, bottom layer cf water is anoxic. The existence of the
warm bottom layer and its possible anoxic condition both indicate that
this water is relatively stagnant. Certainly th» iowest foot or so of
water is not subject to vigorous mixing. Hi wever> it is unlikely that
a potcntiallv serious nutrient trap exists. Eve.l if mo!ccu!ar d'.ffu-
sion is the only mixing process present, a foot-thick bottom layer would
have a half-life on Lhc order of one we«k, the bottom layer would lose
over half of its excess concentrati«in of any substance within seven days.
So although the stagnant layer could tie up some of the lake' s nutrients >
it cannot act as a sink or a p«rmancnt trap.  Of course > it would be
necessary to minimize nutrient use by b»nthic algae, hut this ~ould be
true whether the oottom layer vere stagnant or noi > !

The surface salinity of F6 was 74.5 o/oo when measured with a refrcc-
tometer. The salinities in F6 were above the upper lim!,t of the field
instrument �0 o/oo! used to measure salinities at different depths so
distributions of thi,s property were r ot 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 ad]acent to the
ends of thc lake. The gross features of tlie structure shown are likely
to be present nearly a11 the time,

* Blue-grec« is t!..e common name for the taxonomic division of Cyanophyta



Circulation

Currents in F6 tended to be slow and complex in patt .rn. In this situa-
tion> relatively litt.le would be learned from a 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
ot the lake and natural features an the shoreline were used in estimating
the positions of the drogues. Any single position may be incorrect by
100 feet or so> but the overall forms of the drogue tracks are fairly
accurate. Figure 2l gives the tracks of the surf,. e  one-foot! dragucs,
and Figure 22 is a construction showing an average surface-f Low pattern
which seems indicated. The wind drives the surface water in two Large
eddies which have narrow return .'laws against the wind at the ends ot
the lake. This layer of surface circulation extends down less than five
~eet in the central portion of the Lake, and to greater depths  probably
exceeding five teet! toward either end of the lake. In addition, the
less-dense watrr along the windward shore seems ro move in two elongated
eddies as shown. A typical surface current speed is three feet per
minute.

The dragues set at five feet traced the patterns shown in Figure 23.
General ly the currents at this depth are as st arrg as those at the
surface. UnfortunateLy, nothing raore can be done with the subsurface
f Low than to present the drogue tracks ~ 'i&at,ever is going on is more
comp l icated than the surface f l ow, and the data are insuf i icient to
al low int ernretatir a.

wo additional points should be mentioned in connection with the lake's
circulation. Firsc, freely floating objects having even a small expo-
sure 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 estimated at 12 knots. A defi-
nite pattern of Langmuir circulation was established aver most of the
surface of the lake.  In this farm of circulation, water particles in
the surface layer are driven downwind, in paths hich are roughly
helical. The helixes have axes in the direction of the wind and lying
parallel to the water surface. The sense of rotation in the helixes
alternates regularly from one to the next, so that alternating barrds
of surface =onvergence and divergence are created between them. Foam
and floatin; organic material are collected along the convergences,
producing charactcrist'c, parallel "wind slicks".! From the spacing
of the slicks observed in F6, it was estimated that the Lan�muir circulation
was stirring the surface layer to a depth of about three feet. hhen
this condition is established during strong blinds, the hcrizontai eddies
pictured earlier probably cease to exist, and i loating objects woulo be
advccted tankard the Le~ ward shore by tho Iwngmuir cells.



FIGURE 22. Surface cIrcuIatIon In
Iake F6 as IndIcated by drogue tracks.
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FIGURE 23. Tracks of drogues set
at a depth of 5 feet In IaI.e F6.
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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 and/or by
Langmu r circulation  assuming the eggs float at or near the surface!.
Eggs that di~ noi go aground would tend to collect at the convergence
near the midpoint of the leeward shore, under the a:tion of the horizontal
eddies that exist during light -to-medi~ winds.
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BIOLOGICAL ASPECTS OF ARTEMIA CULTURE

The brine shrimp~ Artemia salina ~ are unique an'mals, In nature they
occupy an unusual ecological niche shared with very few other animals
and a few algal organisms upon which they graze for food, This observa-
tionq and the e~idence presented in the following sectionsq argue
favorably for the initiation of large-scale aquaculture investigations
of Artemis as a protein source for both human and livestock consumptioni

Ar<eaia Bialo<<y

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
ecosystem' and limits the plant life to only a few algae and bacteria,

In the naturai habitat, Artemis graze upon single-"ell algae at all
stages of their life cycle. They thrive in crowded cultures �,000
adults and L2,000 nauplii/m3!  Bowen, i968!, and both larvae and adults
are phototropi".. The efficiency of food conversion is eery high;
maximum values of 20+, '!3Z, snd 79X have been obtained by different
investigators  Reeve, 1963d; Gilchrist, 1960; Sick, 1968; von Hentig,
1971! .

Artemis have a rapid generation time, achieving sexual maturity on the
average in two weeks after hatching  Gilchrist, 1960; von Hentig, 1972!,
srd will th n reproduce continuously throughout their six-month to onc-
year life span. 1!ifferences in growth rate and time to attain sexual
maturity cited in the literature are probably a function of �! the
species of algal food available; �! the presence or absence of bacteria;
and �! the physiological state of the algal food  Sick, 1968  Gibor>
l953!, inter alia. As already indicated, adult Artemia have been observed
to give birth to about 40 live nauplii  the first larval stage!i per day
throughout their adult life's This repr.esents a high Level of fecundity
which> if mortality can be controlled> can result in extremely high
yields of adult Artemis

Teramoto et al �961! reared Artemis to maturity in one week, growing
them on a mixture of yeast* and vi=amins. Bowen �965! and Bowen et al
 l966! have brought Artemia to sexual maturity in two ~eeks, growing them
in a mixture of brewer's and bakers' yeast.



Tne suitability of Arcemia for aquaculture is enhanced by the fact that
the physical cultural conditions, e.ge p temperature, salinity, pH, 02
tension, ecc, are t!le same for the larval stages as for the adults.
That is, th're is no special nursery environment required. Further-
riore, all stages of the life-cycle graze on tue same microalgae, so
th- t specialized environments and feeds, such as are required for the
penaeid shrimps, need not be maintained. Cannibalism does not occur,
since Artemia are filter-feeding herbivores wd consume only sma'1
particulate natter such as single-cell phytop ankton, yeasts, and
bacteri a.

Arcemia in cheir natural habitats appear in dense clouds of adults
where wind and wave action concentrate them in the shallows of salt
lakes and saiterns {Baker, 1966!. Even in normal d'spersion, parker
�900! reported 1.203 Artemis per cubic meter in Lake Urmi, and ki son
�967! reported the pooulation in Hono Lake in the summer months to be
4,003 adults and 12,000 nauplii per cubic merer.

As ->oced, Ar em'a are filter-feeding herbivorcs, pumping sea water by
means of coliary- ype action and seieccinp nut the appropriate size
class of parti culate matter. s'he unicellular a1gae snd bacteria are
concentrated in an o~al groove or gullet, and ingested. 1n the high-
salini'cy waters in which Artemia occur, relatively few unicellular algal
species norma' ly occur. 'one w.irk of Giber {'9'6a, 1956b, and 1957! and
o' !'rovosoli .t al {l959! indicate that Bunaiiella v< ridis, ~Plat monas,
and Stev~hano cora oracillus are suitable helophy ic microalgae as feed
for the culture of Artemis. Carpelan �964! noted that in lakes of low
salini:y, St ichococcl.s has been found to dv .-.'nate, he phytoplankton
co~unity being essentially a unial gal culture. ln lakes of higher
aalinicy eich r 9«:ka'ie'la cling or ~S- h .;. rer Sra ilia pr'dcalnace,
nnd ..Stree cheer lacier idee are pre'eared: ed  Sick, lphd; Cihnr,
1956! we sha': 1 indicate the conditicns that favor these organisms,

0unaliella sp. salina was found in large no~Gers in several of' the slaine
lakes at Christmas island. High temperatures, such as those encountered
on Christmas Island �' oC � 30oC, Jenkin and Foale, 1968! are well wirhin
the tolerance of D. salina whip h was shown co prow best at 30oC. Well
suited co high sali. condition", D. salindl sass shown to grow 60i, 120Xs
and 1'5~ faster in waters whose -.especcive salinities were 2, 3, and 4
times that of normal sea water  Giber, 1956a!. An autotroph, D. salina
demands no orgaric supplements and requires cnly inorganic nucrients such
as phosphates and simple nitrog nous substances, e.g,, urea  Gibor, 1957!,
for gri wth and reproduction. gea water, concentrated by evaporation,
probably contains copious amounts of t'h e required trace minerals  Gibor,
1956 s.

lhirura �9>3! reports chat Chlamvdomonas, a common algal:pecies often
used as feed for filrer-feedinp marine ~avert braces, inrerfered wrth
the grazing and growth >f Artemis wiien rhe aicai cell concentrations
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were high. Ree'e �963a, 1963b, 1963c! and Cilchrist �960! report that
Artemis did not discriminate between Chlorella and Dunaliella in mixed
algal cultures. Reeve's studies show that the filtration rate -- the
number of phytoplankton ce'ls filtered per unit time -- decreases as th.-.
algal ce11 concentration increases, and a constant maximu~ ingestion rate
is attained. Tais maximum ingestion rate is also inversely related to
algal cell size. The maximum efficienc! of growth was at a salinity of
35 o/oo with 75 - 30 algal cells per mm . The experiments were performed
at 30 C with the shrimp in the log phase of growth. The highest effi-
ciency in the weight of animal produced per ~eight 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 ratio than
males. Sick �968! points out that broods produced from organisms feed-
ing on a more nutritious food supply, such as D. salina, contain higher
percentages of females than broods from organisms grazing on less nutri-
tious algae.

Pood-conversion efficiency was studied by Mason �963! by measuring
the dry-weight gain of Artemis divided by th dry weight of consumed
algae. Independent measurements were made comparing Cig uptake in
Art mia with that dost from the medium. His val s range between 9
and ZO percent. Sushchen!ya �9629 1964! reports similar vaisaes9 whi.le
Cibor �956a! and Reeve �963d! recorded higher ef iiciencies. Cibor
found 53X efficiencies by measuring wet weight of shrimp gain, compared
to wet weight of algae fed. The shrimp naupiii gazed on Dunalf ella
viridis. The ef ficiencid s measured by Reeve ranged from 0 to 79X,
depending on tenverature, salinity, and the age of the shrimp culture.
!le conc'uded that under appropriate cultural conditions an ef ficiency
of 50X could t e maintained for the conversion of plant to animal tissue.
Fujinaga �969! calculated productivities of 50 grams of Artemis per ron
of water per day.

Ideal conditions for the growth of Artemia may be maintained in saline
lakes by adjusting the salinity and nutrient content of the water to
select for a monospecffic microalgal culture of appropriately sized
�-15p! cells, and a substrate population density of 20,000 - 100,000
cells/ml. At appropriate salt concentrations ocher herbivores such as
rotifers, protozoans, and cladocerans, which would compete for the algae,
can also be excluded.

The only 'tns!wn diseases of Artemia are due to certain parasites such as
the larva of the tapeworm of the seagull  thrs cestode is probably
~Csticotccs! tcpott d by ileldt �926! and Yooot  !992!, and a yeast,
Netsct nikawis kd!eiensku, reported by Kamienski �899! and Spencer et al
 ]96!d! . Bowen  personal communication! believes a spirochete may also
be a parasite on Artemia.
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Although extremely euryplastic, certain chem'cal er vironm»ts nave
been demonstrated to retard growth and/or inir«ase mortality. Artemia
do occur in high-carbonate �2,125 mg C03/I! Lakes, e.g., tono L ke,
California !L'unn, 1953!, although high concentrations of 003 and
HCO3 were shown to be lethal o rhem  Co! and Brown, 1967'j. This is
believed tc, be a result of the narcotic effects of bicarbonate.
Crop@~ <1958a! and Boone and Bam-Becking �931! dl.scussed the problem
of potassium toxicity. These papers stated that concentrations of
potassium greater than 100 m««/I are lethal to Art«mia unless the iVo/K
ratio 's at le st ten. Gilchr«st �954, 1956, 1958! and Dutrieu {1960!
showed that a lack of 02 strongly lmpedes growth of A. salina. Since
G2 consumption in crust aceans is a function of body surface area, growth
of the larger females is more retarded by alck of 02 than that of the
smaller males. Nathias �934! observed that gravid fern les survive
for only s'bort times in 02-impoverished water Dutrieu and Crista-
Branchome �966! stated that adequate 02 is criti sl during the emerging
phase, and sh" uld be greater than 3 ml/1, though adults have less strin-
gent respiratory tequirements.

Artemia are not known to be toxic and both the nauplii and adults have
been fed to f'sh and shellfish for many years. Purports of pesticide
accumula'ion in Utah brine shrimps and tneir adverse ef feet upon the
nutrition of larval organisms have come from several sources  Grosch,
196'7; Fhrlich, 1968; Bookhout and Cost low, 1970!, but this is an
environmental pollution effect, md is nor inherent in Artemia. In
an analysis for pest icides in Artemis reported by Bookhout and Costlow
 loc c't! brine shrimp nauplii from California cont-ined 2,300 ppb
DOT wht]e rho-e from Utah had 7,050 p»b DDT. Arcemia naupli«also
accu ulat ~ copper when grown in aquaria treated with copper. Herald
and Dempster !1965! reported that toxic symptoms app ared in fish that
were fed brine shrimp from these aquaria.

Pesticide acc~ulation in Artemia continues to be a problem of g=eat
concern among aquaculturalists attempting to rear organisms through
delicate larval stages. As recently as July 17, 1972, Dr. M. Fu;iya,
Director, ."ansei Regional Fisheries Research Laboratory, rcporteo h st
eggs of Artemia salina from both San Francisco Day and Salt Lake con-
tained «"nificant q entities of DDT whic. ~e stated w ~ apparently
r'. sponsible for the poor growth of fish in controlled experiments.
On July 21, 1972, the presence of D3 in Arremia eggs was furtner
verified by Dr. K. Shigueno, Director of the Fisheric~ Research Station
at Kagoshima City, Japar, who determined the Iev~ t of contamination to
be 0.2 ppm  Cordover, personal communication!. tr i re~unable to
assume that Chri ";mas Island is remote from the major sources of DDT
contamination and the levels in Artcmia eight bc expected to be minimal.
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Potential as a Culture Organism

The highly speciaLized adaptation of the osmo-regulation mechanism
of art m! a., t ich snag!es them to tolerate, grou,and reproduce in
an environment that is hestlle to most orher 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.
Adaption to an extremely wide range of salinities  euryhal inc
tolerance! is not the only characteristic of Artemia that makes it
attractive as an animal tor husbandry. The reproductive cycLe of
artemis is very welk suited to a cut .ural system,

Artemis are uniquely suited to aquaculture because they reach
maturity within two weeks  Gilchrist, 1960; von Hentig, 1972! snd
repred "- conti:iuously [up to 200 nauplii every five days or less
 Mcbber, 1969!] during their life span of six «onths to one year.
Artemia gain weight rapidly and, being herbivores, nourish themselves
entirely from algae  phytoplankton! which can be cheaply supplied.
Furthermore ~ Artemis larvae demot>strate food habits which demand no
unique or special requireKents. Their fecundity is unimpaired by
confinement or crowding, and their eggs and larvae are hardy and
readily respond to manipulations controlling their production.
They are resistant to extremes of temperature  9"C - 35oC! and
salinity � o/oo - 1'0 o/oo! and their life history is well known.
Ideally, Artemis.> can be cultured at controlled salinities where rhe
ecosystem consists primarily of the brine shrimp and one predominant
phytopiankten species. ln summary, artemia successfully satisfies the
criteria for an aquaculture organism proposed by Bardach et al  ?972!.

Present production of brine shrimp ard their eggs comes from the har-
vest of wi>d populations upon which lit tie or no management has been
imposed. There are indications that with proper management a cont n-
uous high yield of both brine shrimp and their eggs might be expected,
Linder relative!y uncontrolled conditions > Rakowicz  unpublished!
attained a production of 3>000 gallons of brine shrimp eggs from one
28'-hec>are �0&ere! salt lake in San Francisco Bay in a four- month
period in L96~, Production of brine shrimp eggs .o this extent in the
salt lakes of San Francisco Bay is a rare cccurrcncca Little efforr.
is made to control or produce Artemis in San Francisco Bay ~
Instead > water- systems management is di rected towards sa I t production >
and brine shrimp a-.e simply a by-product of the operation, Producrion
of salt requires water management that may be unfavorable to Artemis
production, High;yroduction of brine shrimn and their eggs in t.ltc San
Francisco Hav lakes comes at unpredictable times when conditions are
ace idenral!y sui table,
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Wnagement of saline lakes for the production of brine shrimp has
been studied by Rakovicz  unpublished! in isolated lakes and minia-
ture systems, The results of these studies indicate a high prob-
ability of success for Artemis culture on Christmas Atoll. Land
values near populated areas have been a deterrent to developing such
a system of salt lakes in the United States> where the cost of con-
structing an Ar temia lake production system would be substantial.
Favora'Jle sites rnywhere in the vorld are mosr. limited~ for the
c.'' sate should be tropical or subtropical~ vith low average rainfall,
end th .~ites should be ad]acent to the sea.

The unique pnysiography of Christmas Atoll- - a large> low-lying island
with numerous chai.ns of shallov saline lakes, situated in a trop;cal
area of low rainfall � makes this site most suitable for the production
of Attemiai Disadvantages of Christmas Atoll are its remoteness from
markets and the lov nutrient level. of the lagoon and lagoon lakes.

A key factoi in producing suitable brine shrimp eggs is that they be
free of pesticides. As previ.ously discussed, various persistent chea-
icals in the chlorinated-hydro-carbon category -- the most notable be'ug
'JDT -- 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 Artemis free of harm-
ful pesticides. The atoll has little agriculture aside from the
coconut plantations, and therefore should remain relatively uncon-
t aminated.

Narket Potential

In 19~7 A1vin Scale of the Sceinhart Aquerium~ San Franciscoq di s-
covered that the encysted form of brine shrimp  referred to as "eggs"
but, ectual ly a blastula stage of development! vi 1 1 remain viable for
at least ten years when stored in a dry and cool place > and wii 1 hatch
in salt water. Since then the eggs have ~een collected in large
quantities from their natural environments, and marketed commercial ly
throughout the world as a convenient source of constant live food for
aquarium fishes  Dees~ '.961! ~ Live Artemia are seined from the salt
evaporation ponos of Leslie Salt Company > adjacent to San Francisco Bay>
and frozen for shipment to pet shops all over the i+rid  Zenre q 1960!.
There is also a sizeable market for li.ve brine shrimp which are ai.r-
shipped free the San Francisco Bay source, as well as for whole freeze-
driedq and a dry> fla'.~ed Artemia product  Fishman > personal communication! ~

In addition to fulfi.!ling this market of fish hobbyists, Artemia are
presently utilized in aquacultur» as food fc r a variety oi organisms
including crabs, penaeid shrimps, and fish. Srine shrimp eggs now
command a high price for fisheries use in the V.S.A., Europe, and



Japan in culturing prawns, estuarine fishes, etc, and in the aquarium
trade for tropical fishes. As world aquaculture expands, it is exp«cted
that the supply of high-quality Artemia eggs, now periodically inadequate,
will more frequently be unavailable in sufficienr. quantity to meet the
demand. In the future Artemis may also be used to harvest single-celled
algae whi ' have grown on sewap,e or agricultural wastes, thus converting
these algae to animal protein of greater nutritional valve. Dried brine
shrimp might be used as an alternative to the fishmeal presently utilized
in the diet of people in the developing countries, and for animal feed.

:stimated annual sales of Artemis eggs in the United States, Japan, and
Europe amount to an excess of 14,000 gallons. About 90X of the total xs
used in the production of tropical fish for aquarium hobbyists. The ~n-
tire anriual harvest of good-quality brine shrimp eggs is normally sold
out each year. The present rerail price of approximately $50  U.S.!
per gallon, largely determined by the supply, is the limiting factor pre-
venting a more vidaspread use of Arts i.a eggs. Ihe produ tion of a
pesticide-free Artemis egg in quantfty vould open additionai aartets. 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 easi.ly expand sales further to 50,000 gallons or more per vear.

Shrimp en!oy almost universal popularity as food, and in an economic
sense the limited availability of natural stocks greatly in«re'fses their
-.aquaculture potential. Des>ate steadily rising prices, shrimp consump-
tion in the U.S. has reached a million pounds per d:,y. In addition to
playing a key role in the culture of penaeid shrimp, Artemis Jfer se,
although small in size, possess both the flavor and high protein. content
necessary for rhe development of an edible shrimp product. Preliminary
analyses conducted by Bri.ck  unpublished data! at the Hawaii Institute
of Narine Biology indicate a protein level as high as 62.78X.  See
Tabl«4. !

Unlike 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, }obsters, and crabs. The exoskeleton or
shell of brine shrimp is only about one micron  Ipf1000 mm! thick and is
so delicate as ro be undetectable when eaten. The elimination of peeling
and offal disposal should reduce processing costs significantly.
Horesay reports that Artcmia have been used as human food! by the American
Indimgs, and Delga et al �960! reports that Artemis are eaten by the
peoole of Libya. Several oriental recipes using whole brine shrimp
received very favorable evaluations in taste tests conducted in Hawaii.
FinaIIy, live fqfrtemia are being investigated as a pass'ble live bait for
certain tuna gdisheries.
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Protein, Fat, Calori.ea/g
Stage Age  Nx6.25!  ether extract!  ash-free! Reference

Egg . 26.0652.31

Naup 1 ius
2 hrs 8 Brick  HTNB!,

unpublished

50.21 15.92

660042.50 *

5800

Coehn  Scripps!.
unpublished

50. 00 5896

"Juven 1 le"

day 6 0+ 59.72 7. �

Adult
day 10 8 62.78 Brick  HIHB!,

unpublished

6.51

Based on protein N only,

8 Based on San Francisco Bay material.

75

fev hrs

feM hrs

day 1

TABLE 4. COMPOSITEON OF ARTEHIA SALLVA

23.20

15.04

27.24

Brick   HKMB!,
unpublished

Dutrieu i 1960

Khrse leva, 1968

Brick  HlHB!,
unpublished



FIELD AND LABORATORY STUDIES

The maintenance of phytoplankton populations to provide food for Artemia
is basic to any brine shrimp culture scheme. Therefore several facets
of algal productivity w=re investigated. These phytoplankton studies at
Christmas Island co.>sisted of  l! a broad survey to determine the in situ
concentrations of t'.ie major essential plant nutrients  nitrogen and phos-
phorus! in the lakes and lagoons; �! quantification of the range and
characteri! ics of phytoplani ton biomass and productivity, with special
emphasis on the F lakes;  .!! nutrieiit enrichment experiments on several
types af Christmas Island water to identify potentia1.ly Limiting nutrients
as well as to determine the resultant growth response of the phytoplankton
to enrichment with these nutrients; and �! groundwater nutrient measure-
ments to investigate the feasibility of utilizing these waters as the
supplemen ary -nutrient source needed to sustain the high phytoplankton
productivity required for a large Artemia yield. In addition, hatching
experiments were conducted ro determine if the waters of the F Lak~s would
support normal hatching of Artemis eggs.

To describe accurately the gri zing ki,.~ties, growth dynast %cs, hand egg pro-
ductf on of Arte u.a salina, it wa necessary to cuLture these 'ustaceans
in a closed system, providing them witt~ a ~ .|scant non-limiting food
supply. This was accomplished through the use of a modified chemostat
system in th Laboratory of the Ha;.sii Institute of Karine Biology at
Coconut Island, Oahu.

Methods and Naterials

Field Studies

Chlorophyll determinarions were carried out by the flunrometrfc method
 Strickland and Parsons, 1968! using a Turner Fluorometer Hodel ill fitted
with a high-sen,>Itivity door. Fluorometer readings were converted directly
to Chlorophyll a concentrations by a previous eel fbration of the instrument
used. Primary productivity was estimated by the C-14 technique  Strickland
and Parsons, 1968!. dater from some of the Christmas I~Land lakes was ex-
tremely difficult to filter due to Large concentrations of organic matter.
To minimize errors duc to Incomplete filtration, water samples  from the
surface! were taken in smalL-volume glass 309 bottles �50-mL capacity!.
One light and one dark bottle were filled at each station and transported
tc the incubation site at the Sailing Club boathouse where each was inocu-
1 cted with labeled sodium bicarbonate � VCI/2 ml! and suspended at a depth
of 0.3 � 0.5 meters in lagoon water with string from a horizontal line
strung b tween two posts, The samples were exposed to full sunlight and in-
cubation times were usually six hours, from 1000 hour to 1600 hour. Upon
completion of the incubation period, the bottles were removed irom the line
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and the contents immediately filtered through 25~am Hil Li pore HA
filters r which vere then rinsed with fi 1 tered sea water, glued to
copper plenchettes, and stored in a dessicatnr fnr Late. analysis,
.he s=tivity of the filters was determined by using a Nuclear
Chi»ago Cas-Flow Geiger Counter  Hodcl l042! vir.h e Hicrnmi l ! end-
vindov. The counter vae calibrated by the Llr!uid scintillation method
of @olfe and Schelske �967! ~ Determinations of totaL alkalinity vere
done according to the metlrod of Strickland and Parsons �96b!. Salini.ty
was determined with an American Optical refractometer. Rater samples
for nutrient analysis were taken in poly thylene bottles and frozen
until they could be analysed at the Hawaii Institute of Ywrino Biclvsy,
Ammonia measurements vere determined by the method of Solorzano  l969!,
~bile nitrate and phosphate concentrations we re determined by the pro-
cedures outlined in Strickland and Parsons  -'968! ~

In the absence of grazing organisms,phytoplsnkton growth rate is typic-
ally regulated by three environmental parameters in the natural marine
environment, These parimeters are  L! light intensity, �! temperature r
and   ! plant nutrient concentrations - - any one of vhich may limit phyta-
plankton growth. Because of the canstant high light intensity and high
ambient temperatures in the shallow-vater environment at Christmas Island r
it is assumed that phytaplankton growth is regulated  or ' imited ! by the
availability of essential nutrients, Tne purpase of the nutrient enrich-
ment experiments was to identify which class of nutrients  i.c. > major
nutrient s> trace metals> or vitamins! vas potentiaLly Limiting the phyto
plankton growth response+

The nutrient nrichment experiments vere carried aut using tvo water
samples from the group C lakes  F2 and. F4! and one samp'e fram the iso-
lated group D lakes �6a!  Figure 24!. The lakes vere grouped according
to their salinity gradient zones at. Chrisrmas Island vh'ch relate to their
proximity to the open ocean  Figure 21! . Because only one nutrient at any
time can be limiting phytaplankton growth, selective addition of the essen-
tial nutrients to water samples and rrmasurements of the resultant growth
response yield a reliable qualitative determination af the limiting
nut rient .

V ta«r vas collected on the first day of the November > 197l > survey and was
divided into four sub-sampLes;  L,! a control with no nutrient enrich-
ment; �! a sample with tatal enrichment: nitrate r phcsphrrte> silicate>
trace metalsrar~d vitamins  referred to as "A'L medium"!; �! a sample
with phosphate and nitrate additions only; end �! a sample vith trace
metal additian only. AM medium  Antia and Kalmakcff > l965! vas used in
half strength as th» enrichment source, but stil.L containea concentrations
of nutrien's in excess of phytoplankton requirements, The samples vere
incubated in Lagoon water at ambient temperature and light at the Sailing
Club boathouse in 20-liter carboys fnr L2 days' Daily biieass measure-
m»nts vere made with the fluorometer to de ermine the grovrh respo nse ~

I-F2 > 0 control r vas accidental ly d»strnyed on th» rhi t~1 day and
hence no r urther measurements werc made on this sample ~
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FlCURE 24. Croup designations of salinity gradient zones at
Christmas island which relate to their prorimi ty to the open
ocean.
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A.
8.
C,
D.

Oceanic 37 a/oo
Hain lagoon 37 - 40 o/ao
Connect ing ponds 40 - 75 o/oo
isolated ponds 75 o/oo



1}atching experiments were carried out on water collected from each of
the F Lakes The water was placed in pans exposed to Cull sunlight
and the hat ch vas reported as "good" or "poor", sir.ce there was no suit-
able m ans available to quantify the results.

Labor

The chemostat used in laboratory studies in Hawaii is a rlouble~alled
reaction chamber which allows for the continuous culture of phyto-
plankton under constan' 1!ght, temperature, and nutrient conditions.
T}ie upper portion is equ,pped with a series of three ports: one tor
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 pair of sterile,
20-liter nurrient res".rvoirs, via a peristaltic pump. A sterile-
filtered carbonate-saturated air supply is bubbled through the system
to insure the availability of bicarbonate for photosynthesis, and to
facilitate adequate mi,xing  Plate 41! .

ht a given rate of nut "lent supply, i.e., a given pumping rate from
the medium reservoirs, the phytoplankton population eventually reaches
a steady state in which the number of cells being produced is equal to
the neer expelLed via the overf;ow. This usually took Cour to seven
days under the conditions imposed for these experiments ~

The overflow, containing the phytoplankton cells, was collected in a
small-volume secondary reservoir connected to a multi-channel peris-
taltic pump which provided a constant and uniform cistribution of food
to a series of heroivore flasks, Thus, Artemia in each flask grew
under identical food regimes while other parameters  i. e,, salinity!
were altered.

Filtered vatcr o,' known salinitv was introduced into the herbivore
flasks from the ~ orrespcnuing salinity reservoirs via a third peris-
ta1tic pump. This system of separate slainity reservoirs made it
possible tc impose a spectrum of salinity regimes whiLe maintaining
constant food conditions.

The Artcmia flasks consisted of 2.8-liter containers, "ach with 1.5
liters of solution. The stoppered flasks w re fitted with an air
supply and ports for sampling, input, ard overflov. The flasks were
gently agitated on a shaker table to prevent the phytoplanktcn from
settling, thereby insu.ing their availability to the filter-feeding
Artemia  Plate 42!

The conc- nt ration of phytoplanktcn in he chemostat, th. input cham-
ber, anc the herbivore flasks was determined daily, using a Celloscope
par ic le counter or a Model A Coulter Counter. Chlorophyll determina-
ticns ve.e accomplished by the glass filter technique described ln
Strickland and Parsons �968!. Phosphate concentrations were determined
by the phosphomolybdate technique  Strickland and Parsons, 1968! .
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Plate 4l ~ Chemostat apparatus used for che steady-state culture
nf phytoplanktvn. "acedia is added continuously by a
peristaltic pum <rii;ht!, is mixed by a stirrer and
the air 'nput  leit!, and is forced out  center! into
the si cvndarv reservoir.

C 1

F~~ «+  ~/~'s~~ »

Plate 42, From the res~ rv.>i r tile t3nyf '.ip! ~LKL un-rich solution is
transferred through small din|uter t.uh np to the
herbivore t lasts,
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Nauplii carbon budgets were compiled using the gas chromatagraphi
analys! s with an F 6 I! Scientific 1853 Carbon Hydrogen grit rogen Anaiyscr.

Results

Field Stud~ glesults

Since the marine waters associated with Christmas Island show a wide
range in salinity, a function of circulation and evaporation, tl.e study
area was divided into four groups based upon these nlinity character-
istics for convenience of analysis. Those groups include:  a! ocean
stations with the lowest s&inity values;  bj main lagoon stations with
a salinity range of 37 � 40 o/oo;  c! lagoon-"onnecting lakes with a
salinity range of 40 - 7S 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 nitrogen and phosphorus roughly in a ratio of 16:I.
 ll-'P! by atoms. Thus, a consideration of the available environmental
nitrogen and phosphorus in terms of ratios can give some insight as to
hlch nutrient might potentlallr llmlt phytopla kton growth. Open-ocean

samples at Christmas Island sl.owed a phosphate concentration of Oe96
ug-at/1,. The resulting 'N:P ratio of 8:; is about half that required by
phytoplankton. In this case, however, the relatively high in situ con-
centrations oi nitrogen indicate that phytoplar.kton growth in this area
is not limited b this elemenr.. Excluding rhe sample from station K.F
in which the phy.sph ce concentration was 100 time,", that ut the other
stations, the .'l:P ratio �:9! again reflects a r. d«ced ratio in the
natural enviror.aeg r, but high gl values preclude l.ts being the lief. ting
factor. Low Nrp ratios prevailed for "roup C anti 0 lakes. A complete
correlation analysis of these dara revealed only three signi-icant rela-
tionships:   l ~ nitrate concentration had a significant posi-ive corre-
lation with salznity at the 1X probability leuc'  r .62; d. f, ~ 23!
throughout the >vstem; �! phosphate concentration had a significant.
positive correlation with salinity at the 1X probability level  r ma .66;
a. f. am .'4! for groups A, B, 'and C; and �! chlorophyll a concentration
had a significant negative correlation with saliniry in the isolated
lakes  the 0 series! at the lX P level  r " -.51; d. f. = 23! .

The general i.sck of correlation  e.g., nutrients with chlorophyll,
nut rients with productivity j berween the measured parameters can probably
be ascribed to the complex physical at tributes ol the atoll. Under normal
conditio.gs, one woui,d 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 tn be extremely slow, as evidenced by
the general increase in sal inity duc to evaporation, The prolonged resi-
dence times during wlgich this water remains separa.ed from ocean circula-
tion probaably r~gnity rhe influence of localized phenomena such as
nutrient input from groundwater and the input of excreta from large
colonies of birds preser.t on the island.
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TABLE 5. SALINITY, NVTRIENTS, CONCENTRATIONS OF CHLOROPHYLL IL PIGMENT ~
AND PRODUCTIVITY AT SELECTED STATIONS ON CHRISTMAS ISLANDs
MEASURED IN NOVEMBER, 1971

Sa!tatty Crnupa 4, 8, C, end 0 are shave ln rlauce 74. productivity indra or
nasl ~ l 1 ~ clan ratln ref lerta the nuit ahl lit y n[ the envt rannvnc for phytaple kton
8rauth,
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Day Croup and !g - apt I I t e r

a loo Pov-P llof vnO! -k Itnv-II
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phyll ~,
net»'

St at lou
Sanple
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e

LS. 41
!. 88

10,4S
8. 11
9,44

O.08 0.22
0 1.00 0, SO
0.� o pt 0.46
0. 31 3, 45 0. 1'9

17. 72
'l. 94
4. 81
1,54
6,51

�.0
!9.0
39,5
40.0

0, 013
0. 0 I 4
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'9. 0 I

!8,0 0. 19 1,44 o,sd2.27

Cbnur 0

I.e! 0, 31O,L451,0 !. 75
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4.8!
0

1�.00
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47.25
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a

5. 48
0. 77
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4
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0,01 1.0$ 0.49
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101
125. 5
24! eat.
255 vaC.
265 eet.
off ~ c ~ I ~

I'7 11
� 6
lve 4
lee
28a 4
27 ~ 4

2.47
0
5.07
0
0

. 9,052. 101,27175

Oarh count esceede llahc count, lndlcatlad aero productlvl tv,
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Thus, it is meaning1ers to consider these measured parameters on an
average phosphate concentration in group B and 6  Table 5! because of
extrerrre values such as those at the getty and at SPAL  ML.F!, F5, and
F6, Likew'se, the vide range of nitrogen concentrations in the iso-
later' lakes  group D! precludes any generalizations regarding "typical"
nutrient characteristics. Much less variability was found in phyco-
plankton biomass, as expressed in ch1orophyll a concentration, and
productivity characteristics in group A, B, and C. The productivity
data obtained from r.he isolated high-salinity lakes are unreliable due
Co the apparent precipitation of the radioactive sodium bicarbonate
solution at these high salinities.

The phytoplankton biorrass is typically low throughout the lagoon sysCem
 A, B, C! and the associated primary production is less than one would
expect in a eutrophic nearshore, Iow-lati~ude environment  <operon et al,
r97l; Krasnick and Caperon, in press!. These lov biomass levels
could be the result of the harsh environment caused by high salinity .
Pot only are few species cap-..ble of growth and reproduction at suc!r
salinities, but those able to su~ive are forced to divert copious
energy expenditures from growth to osmo-regulation, with a con-
comitant suppression of the standing stock. Such is not the case with
Dunaliella salina, an alga Chat thrives in high salinities if nutrients
are available and serves as a suitable food for Artemis  Gibor, 1956b!.
Another possible explanation for the observed low biomass levels
grazing pressure. In a nutrient-limited system phyt.~plankton may be
grazed as rapidly as chey are produced.

The inference is that no one area at Christmas Island   >E those inves
tigated! has any particular advantage for intensive Artemia cur ture over
any other area in terms of existing Eood substrate concentrations and
supply n te. These data al o indicate ttnt without enriching the
Christma Island waters there is presently insufficient phvroplankton
productivity potential to support the proposed Artrmia culture scheme ~

The enrichment experiments vere carried out to determine ~>hich, if any~
nutrient species were limiting phytoplankton productivit> at Christmas
Island. The resulr.s of this experiment are presented in Figures 25 and
26 and Tables 6 and 7. No significant growth response was recorders in
t!re non-enriched controls  series l! <Table 6! ~ A significant grot .h
response, however> was noted in Doth oE the F !akes  group C! enriched
vith total growth medium,and a less marked increase in those enric!red
with onLy nitrate an<! phosphate. awhile some variability is evident in
the growth rate response  the total enrichment response heing higher in
both cases than the nitrate-phosphste enrichment! > the resul ts indicate
that p!rytaplarrkton growth in the F lakes is Limited by ni' rouen or p!ros-
p!.orus and can bc significaritly increased by the addition of only niCro-
gerr and phosphorus
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FIGURE 25. Phytoplankton grwth response in lake F2
~ater inrubated ~i th phosphate and ni trate addi tioss
  o ! and total enrichment medium   n ! at ambient
temperature and light at the Christmas Island Sailing
Club Boathouse.

~ mean grawth rate measured in mg of Chlorophyll a
m-3 t l.
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FIGURE 26. Phytoplankton growth respnnse in lake F
water incubated with phosphate and nitrate additions
  ~ > ~nd total enrichment medium   o ! at ambient
temperature and l fght at the Christmas island Sai 1 ing
Club Boathouse.

~ mean grmth rate measured in mg o. Chlorophyll a
m3t l.
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TABLE 7. RESULTS OF AN ENRICllMENT EXPERIMENT UTILIZING LAKE WATER FROM TWO
LOCATIONS ON CHRISTMAS ISLAND

Samples were incubated at ambient temperatures in th Christmas
Island lagoon at the Sailinc, Club boathouse.  See text for method.!

Source Flask
Date of Water Numbers

11/5 7.780.70~ 09

I. 1/ 1.0 F4 10.434.07.39

11/14 F4 6.37 9. 10.70

ll/10 8.64F.2 1.90.22

11/14 14.02 13.09F2 1.07

11/16 0.14 7.00.C2

Flask >i2 - Total enrichment  nitrate, phosphate > trace metals
and vitamins !.

Flask 03 - Phosphate and nitrate additions only.

Flask 84 - Trace metal addition only.
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Chlorophyll a,
8/m3

* Flask fkl - Control with no nutrient enrichment

Productivity
Productivity, Index,

C f>red C f> d
m ihr



Hicroscopic examination of these sample- revealed that diatoms tertded
to be more prevaLent in the totaL enrichment experiments, while
~Cr toaonce ep,, a earl'. flag l late, ana a c ccochlortd-ttke blue-green
alga were predominant in the nitrogen-phosphcrur enriched samples,
It is surmised 'haL the total enrichment medium provided a nutrient
required speci  ical ly by diatoms, most likely silica g which resul.ted
in the faster growth-rate response and higher finaL yield of the total
enrichment "amples, Since diat~sg having a siliceous xoskeletong are
often passed through grazers' intestinal tracts undigested p their cul-
ture for aquaculture purposes ir not particularly provident

The use of commercial fertilizers to stimulate phyt~lankton growth at
Christmas Island presents some obvious cost and logistic problemsg and
the possibility of using groundwater as the primary enrichment source
was therefore investigated. Mater lying beneath the ground at Christmas
Island has been reported to contain significant quantities of nitrogen
and phosphorus  Jenkin and Foale g 1968! at Least in 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,

Mhile the specific nitrogen and phosphorus requirements of Christmas
Island phytoplankton are not known precisely> yield coefficients
calculated from data from Gibor  L9S6tD indicate tl at 20 - 30 x g"- cells
can be produced per A:8-at KH2POg. The combined nitrate-ammonia con-
centrations from thc groundwater sampl.es are well above any known
phytoplankton growth -rate-5iiniting concentrations  Ceperong 1972;
Eppley et al, 1969!. Existing evidence �:uhs, 1969! suggests that
this is also the case for the phosphorus concentrations~ but our
laboratory studies investigating this were inconclu..ive.

Preliminary data suggest that groundwater enrichment of th F lakes
might provide the required concentrations of nitrogen and phosohorus
if sufficient vol..cafes of both were available. There are insufficient
deca to support a program using groundwater as the sole source of
nutrients 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 Artemis culture at Christmas IsLand
revolves around the suitability of the indigenous phytoplankton comm-
u".city as a Eood substrate for Artemia growth, Artemia have been
raised through three generations using Dunaliel la sp. g isolated from
Christmas Islandgas the sole food source. Experiments carried out
to determine the feeding efficiency of Artemia raised on this particu-
lar species are discussed below.
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Artemia hatching experiments were carried out. in water samples f rom l'!
thr<>ugh F7. A good hatch vas found in Fl through F5 wet< r  salin! ties
48 - 58 oioo! after 48 hours. A poor hatch occurred in Fb water
�4 o/oc! after 72 ho»ts and no hatcl; occurred in F7 wrter �0l,5 o/oo!.
These field ! atching experiments agree with botir laboratory experiments
and literature evidence which indicate thaL hatclring is reduc< 8 in
salinities higher than 55 o/oo and will not occur in sallnities <<bove
90 o/oo, While the high salini ties in F6 and F7 may have aEfect .d tbe
hatching responser these waters alsc contained a mucus-like substance
w!rich may have adversely affected hatching.

labors tot Stud Re sul ts

Under conditions described in the "Metho<is» section of this report �
Artemia were grown to sexual maturity in periods ranging from seven to
ten days at 32 o/oo saLinity and a temperature of 26.0oG. This r presents
a notabLe reduction in generation time from values reported in the
literature which is believed to be caused by �! constant dilution of
toxic waste products which would otherwise inhibit growth, and �! the
physiological state of the phytoplankton used as a food source, i.e ~,
Logarithmic-phase growth. The latter facet is important in terms of the
"goodness" of the food soutce because in t!<is phase of growth the bio-
chemical cor».ent of the phytoplankton is such that it results in opt<mal
growth conditio<is in organisms grazing upon it, Botlr con<.inuous dilution
of waste products and a phytoplankton population in the logarithmic-growth
phase strongly suggest that a continuous-culture type of aquaculture on
Christmas Island would be most provident

In Figure 27 the growth response of our system is compared with results
obtained by other workers using non-Eood-lirrited cultures ~ It should be
noted that whi le the actual growth rate is similar in most cases  except
KhmeLva! r there is a considerable shortening of the initial log phase in
our system which results in faster maturation of the Artemia.

Egg production experiments were conducted in which the Artemia w re grown
to sexual maturity in water of 32 o/oo salinity and then imposing a
salinity change to 55 o/oo If food conce»trations remained non-! imiting r
gravid females vhich vere exposed to such a change expelled eggs after
tvo 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 lrrcremental
steps of 32 o/oo to 55 o/oo and 55 o/oo to 90 o/oo.

After expelling eggs at 55 o/oo sali»ity, females became gravid again
immediately. If another salinity stress was not imposed, this sr cond
brood was produced viviparously r demonstrating the acclimation of the
adu!t female to the 55 o/oo vater

89



IP
9
6

6

0

0 0I
,9
6
F

4

CI

X
m
IL

.a9
.as
.ay

z .Q6
05

,pa

. 0'3 0

2 3 a 5 6 r 6 9 IO 0 12 I5 la 15 Ie

TIME ides ~ I

FIGV% 27. Artemi~ growth curves  mg dry weight per individua! vs time!
from various investigators, representing a variety of cuiture conditions.

IIawal I Institute of IIarln~ Slology. Continuous culture
experiments, 27"C, 6 x 10 eel Is/ml.

llason, 0. �963!. 20 r, 6 x 10 cells/day, medium
changed dally

Reeve, H. �963d!. 100 cells/~ , starved for 3 days3

after hatching, 20 C, medium changed dally,

Khmeleva, H. �968!. 25 C, food concentration not
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Furthermore p it was shown that when the salinity changes occurred
over periods as short as 24 hours.. the timing of the insposed
salinity change became critical in terms of determining ovovivip-
arous or oviparous production of young. If rhe salinity change
occurred prior to the time that the females had formed cysts g
they became acclimated to the raised salinity by the time the
eggs developed and they hence exuded live nauplii.

Our experiments suggest that caution should be exercised to insure
that the salinity changes are not completed prior to the onset oF
gestation, and that food concentrations are kept non-limiting
�5,000 cells/ml! ~

The importance of a non-limiting food supply i.n attaining a maximum
growth rate of Artemia cannot be over-emphasized, The growth of nauplii
to adults was measured on both a ~eight and carbon-nitrogen basis
 Figure 28!. Concurring data show that freshly hatched nauplii  average
weight> 0 ~ 026 mg! demonstrate a rapid> logarithmic increase in body
weight up to the attainment of sexual maturity � - 3 mg! ~ Though graz-
ing continues to increase past sexual maturity, the rate of increase in
the mean body weight declines as a result of copious energy expenditures
toward reproduction, Separate experiments, measuring various perameters
of growth, nave demonstrated that this initial logarithmic increase vill
level off prematurely if food =oncentrations fall below 104 cells/ml. Tn
addition to prolonging genera' ion times> limiting food concentrations have
been shown tu decrease surviq,al of the adults and reduce the size of
broods ~

Productivit Pro'actions

Initial laboratory results indicate an Artemia productivity of
5 to '/ mg per unit phosphorus per dav � - 7 mg C/mg P/day!. The
phytoplankton turncver rste in the laboratory experiments was as
high as 1.3 divisions pe= day, as opposed to .35 divisions per day
determined for the F lakes on Christmas Island in field experiments .
Since the phytoplankton organismg Dunaliella, used in the laboratory
experiments was isolated from Christmas Islandg it is reasonable to
assume the phytoplankton turnove= rate under non-nutrient- limited
conditions at Christmas Island could approach 1.3 divisions per day

Based on the previously discussed egg to nutrient calculation of 2 pl.25
eggs per mg P and per 7 mg N, 9.07 x 1011 eggs can be prrduced per
ton of phosphorus fertilizer ana per 7.15 tons of urea per sever
days, Using 1.5 x if! eggs per c>ic inch, this represents 6 x 105
cubic inches o Arts ia eggs 'being produced pa to cf phosphorus
fertilizer a d per 7.th tons urea per ceo days, One quart equals
67.2 cubic inches; therefcre, a production of gg930 quarts of eggs. or
2,232.5 gallons of r ggs, can be expected per ton of triple superphns-
phate coupled with 7.15 tons of urea in a seven-day period.
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The Nutrient Prob.'em

Considerable effort was made to 1ocate a source of nutrients on Christmas
Island before it was decided to import commercial supplies of the plant
fertilirers 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 �970! 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 species, and 14 million sooty
ternst 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 deposition of guano
annually, no significant deposits of phosphatic guano have been discovered
on Christmas Island  Hutchinson, 1950; Jenkin and Poale, 1968!. It is
speculated that due to the periodic heavy rainfall and the porosity of
the coastal plains  where most of the birds nest! much of this fertilizer
is washed into the groundwater lens. Its distribution in the salt and
freshwater components of the groundwater beneath the island, and the
feasibi3 ity of recovering this resource for aquaculture, were not within
the scope of this study; they should be investigated i.f brine hrimp
production is fr~ tiatei on Christmas Island.
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POTENTIAL FOR COMMERCIAL CULTURE
OF BRINE SVRIMP AT CHRISTMAS ISLAND

The suitability of Christmas Island as a site for brine shrimp egg pro-
duction hss been established. Out!ined here is a general proposal for a
production, harvesting, and processing system for brine shrimp eggs.
While additional brine shrimp products 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 Wo production
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. One factor is a rapidly expanding
business supplying tropical fish hobbyists who are already significant
cvnsumers 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 infancy 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 t! e problem of
pollutants such as DDT which have a detrimentaL effect on the development
of larval organisms. High-quality, pesticide-free Artemia products from
Christmas Island should occupy an advantageous position on the world
market. The market potentisl for Artemia products should be assessed
mo re 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
 Hei frich et al, l972! 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 demand
suggested rhe inclusion of a second production scheme, designed for an
ultimate production level of 15,000 gallons. The 15,000-gallon production
scheme i designated as "Plan A" and the 30,000-gallon scheme as "Plan B."

Egg Production

The production of brine shri=p eggs in each production s.heme is based
upon the fer"i lization and manipulation of water n the F-series lakes
with possible involvement of other closely allied lakes or lake systems.
The princip~l considerations in this project involve the production of
phytopl< nekton as food for Artemis and the ability to control and manipu-
late salinity of the lake water to obtain the production of brine shrimp
eggs.

94



Although the entire scheme is based upon . dc.e]ooment of a production
facility in the F-ser'es of lakes, this does r.ot preclude the possibility
that it could be located in natural or artifi..ial empoundments at other
locations on Christmas Island, It was necessary to make a decision on a
potential production site after a rather cursory reconnaissance. so
the limited time available on Cirristmas 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
techniques 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 fa.ilities, and to weigh the advantages and
disadvantages of each.

The F-series lakes contain water with a salinity ranging from 40 or
50 o/oo to 100 or 110 o/oo. The scheme presented is based upon a can"
sideration of these salinities as well rs 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:

l. Hatchery enclosures 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 lakes.

3. Phytoplankton lakes to produce a continual supply of
Artemis.a food.

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

A small hatchery facility, possibly consisting of plastic-lined swimming
pools, will be used initially to hatch 'crine shrimp for controlled stock-
ing cf the rearing lakes. 7'h se 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 production of live young to expand
the number of animals to the carrying capacity of the rearing lakes and
to produce a harvestable surplus. It vay be possible to abandon hatchery
tanks after the management of shrimp populations in the r'earing and egg-
laying lakes is fully accompli hed.

Our recent experiments indicate that a system of lakes, pipes, and pumps
=-hould be constructed for intensive production of phyto,plankton of the
proper type and quantity as food for Artemia. The objective would be to
gain control over the preferred food species such that optimum selectivity
and efficiency may occur in food production and conversion. Exactly how
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this will be accomplished will be de.eloped in pilot studies at Christmas
Island. Portions of adjacent lakes or artificially consrructed lakes
might b~ considered. There also remains the possibility of direct
management of natural bodies of water in production.

If ample food 's available, adult Artemis will continue to produce live
young ir. the rearing lakes as long as they are maintained at a rel-tively
constant salinity. A marked change of salinity will trigger the produc-
tion of eggs by sexually mature Artemis. This will b. accomplished ty
transferring adult shrimp to a lake of significantly higher salinity.

In the 15,COO-gallon production scheme  Plan A!, it is proposed that
the rearing lake be F5  salinity of 58 o/oo!. A svstem of gates in
modified chanreI~ will be built connecting F4 with F5, and F5 with F6.
Once these modifications are made, the lakes must be pcisoned to remove
predators and then carefully managed to control changes Ln the water
level and saLinity, and to guard against the introduction o ' predator
eggs and larvae. By contro] ling the water flow into F6, it can be
developed aud maintained as a natural hi~a-salinity egg-laying lake.

The transfer of adult Artemia from the rearing lake to he egg-laying
lake is required, to secure a constant yield of eggs. This is accom-
plished by concertrating gravid adults in anchored harvesting devices
and/or with a 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 F6, presently about 75 o/oo, will
be maintained at a level sufficient to induce egg:iroduction in all of
the shrimp introduced into it. It will also be fertilized in order to
maintain an adequate food supply for the egg-laying shrimp.

In the 30,0GO-gallon production scheme  Plan B! F4 becomes the rearing
lake, $5 becomes the first egg-laying lake, and F6-F7 becomes a second
egg-laying lake at a sufficiently higher salinity. This scheme therefore
will "equire an additional gate at the passage between F3 and F4 ard
sufficient dredging of the passage between F6 and F7 to make it effec-
tively e single body of water.

Both these schemes will become temporarily static with respect to salinity
control, which will requizo careful monitoring of the dynamics of salinity,
fertility, and phytoplankton population control. As static systems, the
salinities of all lakes will be increasing, hopefully together, with
obvious efi=cts upon the limits of food production and conversion efficie~cy.
Preliminary studies indicate the efficiency is highest at the initial
salinity o f F5. In Plan B where higher populations are sought, the
decrease in productivity and efficiency in the second egg-laying lake
makes it appropriate to consider the joining of F6 and F7. Periodically
the entire system will need to be flushed and recycled. The passages
between lakes should be developed with a consideration of this need.
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Egg Yarvesting and ?rccessing Storage

Eggs released by gravid females in the high-salinity lakes are positively
bouyant and float ta the surface. They are then blown by the wind to tto
lee shore wnere they amass and can be collected by one of several methods.
Steps in twa praposed egg-harvesting procedures ~re outlined here.  See
also Figure 29.!

la. One method would emplay an egg-harvesting device consistiag of
a bar=ier about five feet fram the lee shore which facilitates
the concentration af eggs for more efficient harvesting.

lb. Another, less preferred methnd, is to deva.'.ap an approximate
one-in-twenty slope ~n the lee shore to be cover. d by a plastic
sheet. With this method the eggs coilect along or above the
shoreline through the action of waves and wind.

2a. ~ne eggs are scooped fram the egg-harvesting device along the
edg of the lake with nets made of 60-mesh ny'an material.
This operation is performed periodically when the egg concen-
trations reach a magnitude to warrant it.

2b. Similarly, eggs tnat are calle ted on the plastic sheets are
brushed, shoveled, and netted into containers.

3. Th~ wet eggs are allowed to drain; the drained eggs are trans-
ferred to large burlap sacks.

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

Egg Processing

It is envisioned that the eggs will undergo most nf their processing on
Q:ristmas Island. The processing ab3ectives are to separate the good
eggs from the impurities that were simultaneously collected during
harvesting and to preserve the viability af these good eggs. The
processing of eggs requires fresh water; therefore the location of this
activity shouLd be near such a resource. The important steps in brine
shrimp egg processing a"a outlined below, ana Figure 30 provides a
diagram of this process.

1. Eggs "hould be washed with fresh water in a specially desi~ed
box that separates viable eggs fram "empty" eggs, debris, and
sand.

2. Viable eggs collect at one end of the washing box ~d may be
emotied $nro flaur sacks through a hole in the uoztom of tha
box. They 're quickly rinsed ~gain while in the flour sacks.
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FlGURE 29. The egg-harvesting process.
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F I GURE 30. InI t I a1 egg process I ng.
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Maximum txme for washing and rinsing should not exceed 20
minutes. Expeditious wahning and drying are essential for a
high-quality product. 'Cue principal measure of quality is the
percent of eggs that are vi.able. 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 volume by 200K; i.e., the volume of eggs wi.ll
naw be 6 cc as measured in thc graduated cylinder.

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

4. After the eggs have dried for appraximately 24 hours on the
muslin-cavered tables, they should be brushed into sacks.

5. Y~isture checks of the dried eggs should be made before bulk
packaging. The level should be below 12K; the optimum is about
7X.

6. The eggs should be put into 55-gallon drums wi.th air-tight
plastic liners and clamp tops . They may be either vacuum-packed
or flushed wi.tb nitrogen gas. The system proposed here anly
vacuum packs the bulk eggs. Repackaging into smaller containers
will probably bc performed as required, at a distribution 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 send, debris, and empty eggs not previously
removed are separated from "good" eggs. A recamvended device for this
operation consists of a small V-shaped trough with a slit on the bottom
wide enough ta allow a thin curtain of r-w material to faI.1 through.
This trough ia mounted at the end af 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
aiz through stacked straws creates a contralled laminar flow of air.
Across the bottom of the box is a coarse netting covering the drawers
placed side-by-siRe at right angle to the air flow.

As th» thin curtain af eggs falls into the flow of air, sand, debris,
goad eggs, and empty egg» nor previously 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 goad and empty eggs
may be found in the third drawer  these may be reprocessed ta sart aut
some of the good eggs!; and the ourth drawer will contain most ty empty
eggs.
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A quart of good eggs should we'gh between 14.2 aud 14.6 ounces. Ln
orcer to insure a high-quality product, ir. is recorded that hatch-
abi'icy tests be run on each batch of eggs; batches may then be blended
'to yield a more consistent product. If 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 stationary harvesting
device, while a second method uses a moving harvester. Each of these
methods has advantages; for best management both should be available
for employment as the situation dictates.

a. ~gtatiooar Hatvester: This harvest'ag de 'ce coosists oi a pipe
or box intake which can be raised or Lo~ered to harvest at different
depths of water, and a connected trough with a paddle wheel which
draws water from the pipe or box intake and then deposits shrimp and
water into a rectangular net enclosure 10' x 4' x 4' deep. This
enclosure is Lined with 12 to 20-mesh material. The harvesting
device should be anchored in the rearing lake at a point where natural
conditions cause a concentration of shrimp.

population cont rol may require the operat'on o; several of these units.
The operation of the harvester is facilita.ed 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 Christmas
Island. The screened enclosure has a mesh size that retains the adult
shrimp bur. allows the juveniles to pass through the mesh and return to
the main body of the lake, The concentrated adult are removed with a
dip net from the enclosure and placed in cortainers in an adjacent boat.

b, Nov~in Harvester: This method of harvesting brine shrimp allows
considerable flexibility in removing shrimp from natural aggregarions
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. As the craft is propelled through
the- water, the net concentrares the Artemis into the removable cod erd.
Wh<n the cod end of the net is full, the shrimp are emptied into con-
ta..ners in the deck and the harvesting continues.

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

An expanding marke exists for frozen and freeze-dried brine shrimp. It
was not within the scope of this study to explore the nature of this
market. However, both of these items are potentially valuable by-
products of brine shx imp egg production and should be considered in
the overa!.1 scheme of activities. The production of frozen brine shrimp
is outlined below and a diagrammatic flow chart is presented in Figure 31.
It is envisioned that conventianal freezing is possible with existing
freezers an 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 them shipped to a freeze-drying facility
elsewhere 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 alternatiie means of processing shrimp for human and/or
animal consumption.

The freezing procedure for brine shrimp is as follows:

l. The harvested shrimp require transportation to the processing
plar t  presumably at London village! in enough water to keep them
alive.

2. 'i%e shr mp brought to the processing facility are placed in
specie!!y constructed V-shaped troughs about ten feet long and
twa feet high, fi!Led with fresh water. At the bottom of each
trough is a perforated pipe through which air is forced to cause
rapid circulation of the trough contents.

Washing in fresh water with violent "gitation causes the shrimp
to "c'ean" themselves. An lnitia' wash take"- 10 � 15 minutes,
while the second takes 5 � 10 minutes. Each trough should be
large enough to wash 200 - 250 gallons of live shrimp.

4. The shrimp are then thoroughly drained in mesh baskets.

5. The wasned shrirtp are tien transferred to a filling happer. With
the proper amount of water added to facilitate filling, each
quart of shrimp contains from 1-3/4 to 2 ounces of water. The
water content of frozen Artemia is an important quality criterion.

6. Wout 1.25 to 2.00 pounds of shrimp are bagged in each "polybag".
'll.ese bags are heat-seaLed and frozen either in a contact freezer
c" a tunnel freezer at -20oF. The bags are most easily frozen
and handled when they are 5' x 10" x 5/8" thick. alien frozen,
rhey can be bcxed in 50- to 75-pound quantities and placed in
freezer s=orage. As such, these frozen shrimp are a valuable
commercial product, A further freeze-drying process changes t oth
their form and value.

102



Eggs FIGURE 31. Pdu1t shrimp harvesting and I rocesslng.
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Resource Development

A sequence of resource development and capital investment is proposed
here, based nn alternate schemes to produce brine shrimp products at
Christmas Island snd on the ability to offer a superior-quality product
at a competitive Trice and thus capture a substantial port'on of zn
expanding world market for brine shrimp eggs. The plan also foresees
th.e pr~duction of supplementary products such as frozen and possibly
freeze-dried brine shrimp, as well as the development of o her related
aquacultural ventures. Figure 32 outlines a proposed sequence of deve-
lopmental activities leading to the production and processing of Artemia
products.

Following a period of negotiation and planning, the staging of material,
its transportation tn Christmas Island, and the constructi=n of facili-
ties could be completed over a six-month period. It is envisioned that
preliminary production tests could be accomplished before Phase I con-
struction is completed. At the end of this period an operations center,
a field office, the hatchery and hatchery lakes, a motor pcol, a limited
number of homes for local contract workers, and the first rearing and
egg-laying lakes will be readied. Renovations vill also be completed on
staff housing, egg processing and storage areas.

A is 7,500 gallons of eggs in
gallons in the second year
the yield is projected at
the second year and a plateau
year.

The time distribution of production for Plan
the first full year of production and 15,000
and thereafter. In the first year of Plan B
7,500 gallons, followed by 20,000 gallons in
of 30,000 gallons to be reached in the third

he costs and earnings projections made for these systems attempt o
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 borne by the Gilbert w<d Ellice Islands Colony  GEIC! on a cosc-
sharing basis. Further allocations of costs are possible to bring the
GEIC participation up tn 50 percent.
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The weight of the additional equipment and material which brine shrimp
egg production on Christmas Island would entail is estimated tc 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 island becomes better equip,ed.
However, since there are only two interchangeable methods for moving this
quantity of material  air freight or serai-annual shipping!, estimates were
based on charter air-freight rates. Therefore freight charges may be
somewhat over-estimar ~ d, but these represent a ceiling on tbe cost of
"immediate and direct" deli very.
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Plan B projects a more intensive 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 productio~ system, the condition
of the available freezer equipment and fac.'lities should be determined
within a short period after the arrival of the construction crew on
Christmas Island. If the markets are of sufficient 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 different production levels. This
annual production is converted to a daily basis, giving expected eaily
production and the value c f the produ'ts.

Brine Shrimp Egg Production Potential and Field Approximations

If our predictions are valid, any of the F~eries lakes under very inten-
sive management possess the potential to equal or surpass the potential
annual world supply of brine shrimp eggs �0 f000 � 50,000 gallons! in the
space of a few g neraticns.  See Table 9.! These predictions are based
upon a duplitati n of ~ttnal ~lahotat.. eonditiona in the field et ex-
tremely high levels of fertiiization, salinity control, harvesting
efficiency, and overall management of the acne',.

Maximum proff»ctivity in the rearing-lake system should not be attempted
because of the risk of catastrophi" losses if maxim=.~ 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:rmnts! . Table 10
predicts the potential production of Artemis eggs at efficiencies expressed
as a percent of production under optimal laboratory conditions, After the
projected initial staging and construction period of about six months, egg
production will be based on attaining different levels as previou~Ly
discussed. These final production 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 freeze-dried brine
shrimp is largely unknown at this time, there are indications from
personal rerrespondence and fragmentary information that the market
potential may be attractive for both these products. As with brine shrimp

106



TABLE 8. I EVEL OF ARTKMIA EGG PRODUCTION AND VALUE DURING INITIAL
STAGES OF DEE'ELOPHEHT

Annual Production,* Daily Production, Value of Daily
gallons x 1000 gallons Production, U,S.!>*

Year of
Operat» on

PLAN A: Maximum production at 15,000 gallons annually

Ist 7.5 20.5 $ 410

41..12nd 822

8223rd 41. 115

41.14th 15 822

PI.AN B: Maximum product on at 30,000 gallons annually

1st 7.5 20.5

54.8202nd

3rd 30 82.2

1,6444th 82.2

At production efficiency between 1X and 10X of me. 'mum production
under ~ooratory conditions.
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** Based upon $2Cjgallon FOB Christmas Island.

$410

1,096

1,644



TABLE 9. F-SERIES LAKES: THEIR VOLUHES > POPULATIOiV DENSITIES, AHD
POTENTIAL DAILY PRODUCTIVITY

Eggs Produced
in Enriched

Water,
ga'/day**

Potential
Population

Density,
adults/kl*

Vo lumeF-Series
Lake cubic feet kiloliters

Fl > F2

F4

F5

F6

F7

* 8 ised upon a density of 40 adult Artemis per liter  Bienfang,
personal communication!. 40 adult Artemis have been sustained per
liter it>der continuous flow conditions where food was non-limiting.

** Assuming a 50:50 sex ration and 10 eggs/female/day.
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617 x 106

105 x 106

42 x ]06

30 x 106

27 x 106

32 x 106

17.28 x 106

2.94 x 106

1.18 x 106

~ 84 x 106

~ 76 x 106

~ 90 x 106

4x 104

4 x 10

4 x 104

4 x 104

4 x 10"

4 x 10"

85. 71 x 102

14.58 x 102

5-85 x IO~

4.17 x 10~

3.77 x 102

4.46 x 10
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TABLE ll. PROJECTED PROCESSING COSTS AND RETL"iS FOR
FROZE 5RINE SHRIMP

Cost per pound
or per itemOperation or input

Transfer of adults from egg-
laying ponds to plant

Washing and rinsing

Cost of "polybag"

Filling bag

Storage

Shipping

2c

1Jc

llhcTotal Cost  Honolulu!

Projected wholesale price: 30 o 35c/lb

Pro!ected margin: 129 to 174c/lb+
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* On the basis of 1,000 lb per day, the margin above
operating costs would be $125 to $175.



TABLE 12. PROJECTED COSTS AND RETURNS OF PFDDUCING
FRREZE-DRIED .'RINE SHRIMP

Operation or input

S 2.70

2.50

.00

.10Packaging

Total Cost  Honolulu! $6. 30

111

9 pounds of frozen brine shrimp

Charge for producing 1 pound of
f reeze-dried product

Shipping 8 IOyilb
 9 lb frozen to Taiwan; 1 lb
dried product to Honolulu!

Projected wholesale price: $8.00ilb

Projected margin: $1.70/Ib

Cost per pound
or per item



eggs, frozen and freeze-dried Artemia vill enter an expanding world-wide
market. Row~ver, this is not a marks~ that will absorb unlimited
quantities o: Artemia products; ther; fore, a better understanding of the
market potential should be acquired. A rough estimate of the cost of
production of both frozen aud freeze-dried brine shrimp is given in Tables
11 and 12

Cost Kstimates for Brine Shrimp Egg Production

aha 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 field station, a hatchery and related
ponds, and a processing and storage area are among the high-priority
items in the const.~ction phase. The cash-flow summaries for brine
shrimp egg production by our proposed schemes are presented in Table 13.
These summaries are based upon a value of $i0/gallon which will presumably
give the operation a good cc~titive advantage in tne world market.

.he f. llowing t,hie.s outline the cos of the resources required to reno-
vate, equip, and prepare facilities for brine shrimp production  Tables
14 through 30!. These are the current best estimates. An attempt was
made to indic~ e a rough breakdown between the costs that might be best
carried by the outside investor and those costs that are typical of
those already being incurred in the normal activities within the GEIC
operations extant at Christmas Island.
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TABLE 20. PLAN A: �5,000! PRDPJCI'ION-RELATED EXPENSES

Source Source

lire Zotel Cost CSIC Ovr ~ Ide T*I ~ I Coat ccrc 0«> ~ e I dr

~t««r « le4 Year of Production

Sl >000
100
300

I «OOO 51 >000
2 >000

~I
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TABLE 20. PLAN A: �5,000! PPODUCTION-RELATED EXPENSES  cof!f.i2!t!edj
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TABLE 28. PLAN B: �0,000! PRODUCTION-RELATED EXPEN. ES
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CHRISTMAS ISLAND FACILITIES

The only commercial activity on Christmas Island roday is the Gilbert
and E11ice Islands CoLony  GEIC! copra plantation which i: known
as the Christmas Island Plantation  CIP! ~ Apart from the airfield
c nd s verai. new-abandoned military installations, the most important
lard use on the island is for coconut culture> which occupies only
aba.it 16/ of the atoll's land area  Jenkin and Foaled 1968! ~ Opera-
tion of the Christmas Island Plantation is managed from the settlement
o" London~ located at the tip of the narrow peninsula norrh of the
entrance channel to the mein lagoon  Plate 43 !. Most of the island's
present population of about 500 resides in London villagers although
peri anent settlements have been established at Poland in the south-
west cc rner of the island and at Banana Wells near Christmas Island
airfield,

Laborers an the plantation> with their families > are brought to
Christmas from ti e Gilbert and Ellice Islands on a three-year can-
tract under which e copra cutter earns about $30  Aust,! per month,
His transportation to and from Christmas Atoll is paid for> alang
with his housing and medical needs. Basic food needs such as flour>
canned corned beef ~ sa1oon pilot crackers, etc, are available at
the plantation store q but there is no operating cold storage end
fresh vegetables are almost nonexistent. Food available locally
consists primarily af fish, which is ver abundant, some local
pigs end chickens, and the products of a few small garden plots.
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 res..'dent District Commis-
sioner  presently Mr. Kitiseni Lopati! of the Line Islands ~ and a
support staff including a radio operator and a -mall Colony Police
Force. The District Commissioner serves as Chief Magistrate for the
Line Islands. At tne present time there is no medical doctor stationed
an 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
Islands. The Gilbert.ese on Christmas and those imported are carefully
screened>and many can drive motor vehicles and operate equipment.
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The following fac~lities and equipment are located at London village
and/or are u"ed in the plantation operations:

Power: Electrical power is availaule from diesel generators
 Plate 44! located near London village. Only one of three generators
is presently operational, a 62.5 Kvl generator oi 220/440 volt.s.  NOTE:
generators arc Rriti h 50-cycle as opposed to U.S. standard 60-c icle.!
Concerning the other two generators, onc 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:G3 p.m. At Poland there is a 12 KW
generator.

Fuel and Fuel Stoma e: Diesel fuel and gasoline are availabl for normal
plantation use; they are brought in now in 55-gallon drums. A new tank
farm nf 13 tanks  with a capacity of 11,500 Imperial galions each!
with pipclines to the waterfront at London is located about one mile
north of the village  Plate 45!. Although apparently no now in u' .e,
the complex appears to be in excellent condition.

Presh Water Su ' : Fresh water for drinking is supplied to London
village from Decca waterhole through a five-mile pipeline 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 village obtains water from a trench well in the village
which is pumped into a storage tank by means of a windmill  Plate 46!.
This source als" serves the JOC camp via tanker truck.

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

Details on the distribution of freshwater lenses at Christmas Iceland
are presented by Jenkin and Foyle. They est"mate a total of more than
7 x 109 gallons of fresh water available on Christmas Island, anil a
maximum output of 4,532,672 gallons per day.

The water resources were adequate to supply American f~ 'ces 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 persons.

Port Facilities: The entrance channel to the lagoon and the port
facilities at London have b'en dredged saveral 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 � feet!. Therefore, most ships
anchor atf London, md powr r launches  of which there are two!,
lighters  of which there are four! . and a 40-ton-capacity barge are
used between ship and shore. Water alongs'de the pier is 5 to 6 meters
�5 to 18 feet! deep. A dockside crane capable of li ftrng three tons
and a marine railway in apparently good condition are included in
the pert facility  Plate 47!.
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Warrh u. er .r d C id S~tra.rr Nue ua ate! bu'-!dint. are aur ' leb!
for dry storag An ammonia freezer plant, last operated - n 1965 p
ufrpears to be %f1 good condition, ai.though associated mach' ne y may
not now be operable and, being ef British manufacturep requi.res 50-
cycle electric!i power. The plant consists of nine froezer bobbies>
each of approx'ra.ely lf300 cubic foot capacity  Plate 48!. Obtain-
ing replacement parts for the existing machinery might also pr .sent
a problema

5~lies. The plantation store stocks only basic food items >
miscellaneous carrned goods, soap, kerosene, cloth p beer, soft drinksp
and spirits,

The primary road system on the island is excellent and the secondary
'.-oads are adequate; other than requiring road m"rkers > they provide
easy access to most of the remote areas. A tar-sealed primary road
 A'! connects London and Christmas Airfield and extends single-wid'th
to South-East Point. The other main secondary roads  A2 > A3 p A4 and
Carver lttay! are compact, coral roads '.n fair condition  Pla e 49! ~
Numerous "tracks" allow easy access to tire shores of most of the
lagoon lakes.

Chris ma» island  formerly Cassidy! Airfield is in good condition
 Pla« 50 !. 'Iue r.ain runway is b,000 feet long, concreted p and can
therefore handle large aircraft. The U.S. Air l'orce has a warenouse
adjacent to the airport which preserrtly contains abandoned vehicles,
including a water-tank trailer and tractor, a forklift, and diesel
generat.o"'. All of this equipment is in need of repair ~ 'No regular
air service is presently availd ble to or f rom Christmas Atoll.. The
only regular visits to the Atol l by ships are by the Colony vessel
and a Bank l.ine copra vessel which, between them, stop three or
f our ti mes a year at Christmas,

51}  later this was
near Hain Camp, is
any of the other

The JOG compound can-
to accommodate

The form. r Joint Operations Center  JO'.!  Place
a U,S. Air Force base called "Austere" ! located
now abandoned. JOC is in better condition than
abandoned:<litary ins allations on the island.
tains a areas hall, kitchenp sufficient quarters
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~Rui .ent: The p antation now haa in operation two ten-ton flatbed
trucks  for hauling copra},; tractor and lowboy trailer, a tank
trailer for hauling fresh water, and several smaller vehicl s includ-
ing landrovers and small trucks. Heavy equipment consists of cwo D7
and on D4 tractors  bulldozers j, one Ford a~bber-tire tractor, a
small mobile crane, a road grader, a bus, and a large RB38 crane with
dragline. Host of the equipment is in poor running condition and
presently occupies the time of a 12-man maintenance staff to keep it
operational. Four new farm tractors are expecu d in the near future.
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Plate 49.
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Plate 48. Ammon.a freezer plant at London
village.

Plate 50. Aerial vie+ of Christmas Island
 Cassidy! airfield.

Sects.on of macadam road near
I.ondon village.
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Plate 5I, Joint Operations Center  JOC!.



about 100 people, a large warehouse, repair sheds, generator shod,
shower, toilet and washroom buildings, and a <mall waU.-in freezer of
approximately 350-cubic foot capa=ity. Water supply ta>ks are sound.
All electrical equipment and lights are American power, i.e., 100/2QO
volt, 60 amp. The entire base is enclosed by a chainlink fence. The
buildings are in fair condition, but the electrical distribution system
will r'quire overhaul-'ng. The air conditioning units for the mess hall
are 'n poor condition.

If avails!le, ~OC should be used as a management and upervisory base
for any operations contemplated at Christmas Atoll. The fa ilities
there are easily adaptable to comfortable living with a minimum of work
and the e.'ectrical system is designed for U.S. power. Adequate storage
is also available on the site. The mess hall is a fully insulated build-
ing and could be air conditioned. Any operation should plan to 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 i.ts own
additional fuel, since large vessels cannot reach the decks at London and,
unless offshore discharge facilities are constructed, 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 w"s initially based upon �! a knowledge of
the general bioLogy of Artemia and its highly efficient energy con-
version characteristics>�! a recognition of the advantages accrued
by an organism that could thrive at high salinities and emperatures ~
�! a general awareness of natural attributes of Christmas island r and
�! a desi.re to bring these factors together in a manner in which pri-
vate enterprise might become involved to mass-produce a iimaL protein
to supply the rapidly expanding needs of aquaculture and the ish
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 ro a developing country striving
to evolve ir. t.he twentieth century largely on a one-crop agricultural
economy,

As the many facets of this project were explored> it beche necessary
to involve other disciplines, with the final research team representing
a broad spectrum of interests and skills. The ini'ial reconnaissance
of Christmas Island in Harch,197L>aLlowed the team to explore various
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, geologysand general phvsiography>
this first expedit.ion spent an inordinate amount of time dealing with
transportation and logistics problems wirich prosed valuable in planning
a second exp dition and in our later considerations of the construction
and operation aspects ef the proposed culture scheme.

As the result of recommendations made during the HarchqL97lr visit to
Christmas Island> a concept: of utilizing the F-series of interconnected
lakes evolved. It was envisioned that the natural flow of water r
possibly utilizing controlled tidal flow> a siphon system,and even wind-
powered pumps q might be used ro manipulate water in which the shrimp
are raised and aid in transferring them into high-salinity water to
initiate egg product i.on. Because Artemia eggs are presently the highes'
value brine shrimp product that can be produced, it was concluded that
a culture scheme should be devised specifically for their production>
with aduLt shrir:,F and possibly other aquacultural organisms being a
secondary consideration, It was envisioned that once a profitable brine
shrimp egg production scheme was operational> otb .r related activities
would readily follow.

The objectives of the second expedition were more c!early defined as a
result of the fi.r-t visit. Specific physiographic r biological p hydro-
graphic,and geoLogical studies were planned and executed. It seemed a
certainty t.hat iargc deposits of plant. nutrients were to be found on
Chris res Island as the result of the huge bird colonies on the island ~
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As a search for ..uch deposit" proved fruirless,we realized that periodic
heavy rainfall and the porous substrate typical of much of the island
must have resulted in a dissolu" ion and washing oj guano into the vast
groundwater deposits that lie under the island. As we had not antici-
pated this fiyhding prior to our second expedition, we could only impro-
vise a 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 �968! made
extensive nutrient determinations of ground water which show. d a rela-
tively high Level of pLant nutrient..> but they did not s--..p!e the salt
water bel.ow the fr sh 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 possibi liry of
utilizing available nutrients, particularly those in the ground ~ster
resources near the New Zealand Airfield in t}'.e southwest coastal plain
at Christmas Island, A combina ion of our lack of specific kncwledge
regarding these resources and the high cost of transporting water over
a distance of about five miles to the F-series Lakes resulted in abandon-
ment of this approach in favor of imported fertilizer, L'e believe that
the utilization of local r utrient sources still has considerable poten-
tial and further exploration of the idea should be attempred w'nen other
activities are initiated on Christmas Island.

It has been demonsprated by our experiments that phytoplankton can be
grown in enriched F-lake waters and that Artemis can be reared upon this
phytoplankton. Calculations are presented relative to the nutrient addi-
tion�' bnc:ded tc st' la:e aaxl, - phy'cpl",".lh.'..L, oth, .the A t ts'a
pt ducts lt that can he expec,ed ptiaal at phytcpla It.oo d n. 'tl s, as
well as che >agnitude of egg. yields providing the dhnimals are properLy fed
and manipulated.,"iuch of this information was developed under ideal lab-
oratory conditions, hut we are conf" dent that the process can be dupli-
cated in the f ield at lover levels c productivitv

A p'Lan of production is outlined, involving hatcheryp phytoplankton pro-
duction, rearing p 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 produc' s in the
F-Lakes a! Low a number of alternatives and modifications, Thus if diffic-
ultiess are encountered in modifying the FS - F6 c'hannel, the operation
could he modif ied to utilize other adjacent bodies of water,

It is envisioned that management of the lakes is going to be the principal
challenge in this proposed scheme, requiring an extremely resourceful bio-
logist  production manager! and several assistants. It is obvious from
our Lahore,tory and initial. pilot studies in Hawaii that in order to main-
tain a hei anc» between n phytcplankton production, adult Artemis popula-
tion icvels,and sustained egg production, careful monitoring and manipu-
lation of Lhc various interacting parameters must be executed. Changes
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in salini y and the water level of some lakes during periods of heavy
rainfal 1 wil 1 pose some mar agetsent problems that should be considered
in the initial modification of the lakes for prcdcction, !~cause the
proposed scheme involves a rarher simple ecosystem, ic should
possi ble to maintain a steady state. An attempt wi! l be made to de-
velop a mathematical model to aid in the management of this production
scheme If this is succe sful > certain environtsental and p< pulation
parameters could be monitored at Christmas Island and the essential
data relayed to Hawaii where predictions on future management practices
could be ctade wit.h the aid of the model and a computer. This implies
the maintenance of monitoring and communications systems.

A number of assumptions were made 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 report  Helfrich et al, 1972! .

The Artemia production scheme proposed cannot be undertaken without a
recognition of the ri sks involved, The risks in the proposed brine
shrimp culture venture may b» viewed as those inherent in the scheme
itself and hose that relate tu other activities that might be under-
taken to share in the overhead costs. We have tri d to explore most.
of the elements of risk inherent in the culture scheme deemed impor-
tan4 in order to ellucidate and minitsize 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 nf time
! imitations We have proposed a sequence of deve'opmental activities that
lead directly irto large-scale production. This course was chosen because
of the high cost of transporting materials and heavy equipment to the
islandi but is obvious that it involves a greater e!ement of risk for a
more rapid return on the investment made. A more conservative approach
might be considered i i.n which e pilot venture was first established at
Christmas Island followed by full production if warranted. Thi - approach
would have the added a<!vantage of a!! owing more detai ted site surveys
and product. on plans> but i.t would probably extend the time until full
producticn was realized by nine months to one year

In selecting a site, our time and rt sour ces were severely li: ited.
We chose a location during our March, 1971, visit  the I'-series of
lakes! around which we developed a production scheme. An important
faeror in o r consit.'eration was the fact the F-ser'es were inter-
connected > thus minitsizing modifications needed ~ ard that thev were of
increasing ;alinity, These positive factors are perhaps outweighed by
their remoteness from the supporting facilities such as the port, air-
field q and villages. A distinct advantage to undertaking an initial
pi.lot operation 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 af transpor-
tation, utilities and other overhead items cannot be ovr remphasized, as
a way of reducing the risks on the success of. any single venture at
Christmas Island. An offshore fishing operation with an ice plant and
other support facilities on Christmas Islard, coupled with regular air
service to Honolulu, are presently being considered. Such ventures would
undoubtedly have a significant impact upon the overhe; i 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 carraseenans, whica are used as mulsifiers
in dairy products, prepared foods, and cosmetics. A shallow~ater,
labor-intensive culture has been successfully carried out in the southern
Philippine Islands under a program directed by Dr. Maxwell S. Doty of the
University of Hawaii. According to data he presents, yields of 36 tons
per hectare are possible  Doty, 19. 3! .

~ A marine turtle is reported to nest on Christmas Island  Bryden,
personal communication!, which suggests that a culture scheme is a dis«
tinct possibility. Hatchlings from natural spawnings could be reareR in
natural lakes equipped with low enclosing barriers. A number of products
including the shell, 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 initi; .ed in order to
maintain or increase the natural breeding stock.

~ Other aquaculture programs involving species for which the technology
is presently be-'ng developed migat be weil suited to Christmas Island.
These include penaeid shrimp, mullet, jacks or pompano, hamarid lobster,
and others It should be noted that several species of f ish might be
cultured with surplus Artemia as an important clement in their diet.

0 A sport fishing resort might be developed.  See Appendix A.!

~ Vegetable might be produced in plastic greenhouses. Jenkin and Foale
�968! report that the American forces during World War II success fully
cultured vegetable crops at a point north of London village on Christmas
Island. Techniques have b en developed for the high-yield production of
vegetable crops in inflatable greenhouses in the tropics  Hodges, 1969!.
Tais technology should be readily adaptable to Christmas Island; whether
the produce could be profitably exported to tho Hawaiian market would
have to be determined.

In an attempt to determine if this type of specialized vegetable crop
production was possible at Christmas Island, a small pilot project wa".
initiated in 197". An enc'osed rigid-frame greenhouse was constructed
at London viII age and covered with translucent polyethelene film. With
the, ddition o' soluble iron chelate to the porous atoll soil of Christmas
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Island, l2 tomato plants produced a total of 300 pounds of tomatoes
before the polyethelene ruptured and the experiment was terminated.

~ A re-earch center might be operated. The physical location of
Christrcas Island in the equatorial current system with strong, nearly
unidirectional winds and proximity to deep ocean waters all suggest
unusu-I opportunities 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 CONCI.USIONS

This report on the feasibility of brine .,hrimp produrtion at Christmas
Island was the result of a team ef fort on the part of a, number of people
associated with the University of Hawaii and its Sea Grant Program ~
Funds were obtained from the U.S. Sea Grant Progr~rrr and fram private
industry. Individuals from a variety of disciplines contributed to
various parts of the srudy arid aided in the preparation of this report.
The principal investigaro" organized and coordinated this efforts edited
this document, and bears full responsib' !ity for the statements contained
herein.

The initial objectives of this investigation were: �! to examine data
from an ecological reconnaissance of Christmas I. land, in order to deter-
mine whether the lakes there can support a viable commercial Artemia aqua-
culture scheme; �! to determine, through laboratory studies, the require-
ments for the optimal production of Artemia under c-ndirions found in poten-
tial culture lakes on Christmas Island and on Maui in the Hawaiian Islands;
and �! i.o conduct product development, marketing, and economic feasibility
studies on the production of Artemia as a source of protein for hued con-
sumpt ion.

Although the emphasis changed slightly  i..c., it proved impractical to con-
duct !ake studies on Maui! the major objectives were !argely attained. Th
use of Artemia directly for human consuirrption was not thoroughly explored;
it &11 be the subject of future inves!.igations,

Following is a su!!!!nary of the major points coverrd by this report and con-
clusions that we feel are warranted ar t!! is time:

0 Artcmia ' s a remarkable organism I rom the stan«!point of its energy-
conversion efficiency, levels of productivity, and its ability to with-
stand env! runner ntal str< ss > particularly hi>',h sal inities, An incrcasir 8
world demand f or a steady supply of high-quality brine shrimp products~
plus recognized advantages afforded aquaculture of some organisms in
t apical i nvirrrns> prompted a search for large hypersal ine bodies of water
in the rupics. Chris L!r!as Island was chosen and this study con;! «ted on
it as a potential site for a co!!!merc ial Artcmia culture enterprise in
recognition of i ts natural attributes, ncluding the large nu! ber of hyper-
sal inc lakes> as well as its existing support facilities and labor force ~

Christmas Island is located in the I.in» Islands approximately 1 ~COO mi!es
soi!th of Hawaii and 105 miles north of tlrr equat<ir, I!. is so ietimes
referred to as the largest atoll in the world with a total area  land and
lagoons! of 247 square miles ~ It lie.: in the equatorial dry zone with an
average ann al rainfall of about 34 inches and extremes of 103 ard 7 inchr s
recorded Great variability in rainfall ! s cxperienc»ri in the etuatorial

148



dry zone, relating to the movements of the intertropical front. Heavy
rainfall xn the summer of 1972 and the spring of l973 indicate that
this may be one of the wettest cycles yet recorded and lead to an
expectation of another dry cycle of ix or seven years. The diurr,al
temperature <Iuctuates between 24cC axd 30 C «ith an average relative
humidity of 70K. A relatively constant asterly wind with an average
speed of 8.6 knots xs experienced at Christ;,>as Island; it is calm less
than 2X of the time. The mean annual sunshx.�.c was 9.36 hours per day
with a range of 7.9 to ll.l hours.

~ The Line Islands are administered by the British Gil,bert and El lice
Island Colony from Tarawa j 2,015 miles to the west of Chx'ist~s Island,
It has no endemic population, A 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 December 24, l777, at
which time it was uninhabited. Various guano and copra enterprises have
been pursued on the i.sland over the years. It was occupied by the military
during World War II and during the British and American Nuclear test pro-
grams  l956 � l962!. Its present population consists of more than 500 Gilbert
and Ellice Islanders and a few Europeans.

~ A study of the geology of Christmas Island was undertaken and .he pro-
cesses involved in its geologic development are discussed, The island is
presently in the process of having its internal Lajoons and lakes filled
by aeolian sediment derived from the emerged coastal plain. As the lakes
become more isolated from the Lagoon~ rhey axe becoming more saline.
Nearly 50%%u of the total area of Christmas Island is occupied by some 500
saline lagoons and lagoon lakes ~ These L,xgoon lakes are either connected
to the main lagoon by channels or they are completely isolated; some of
the isol ted lakes are fed from groundwater springs.

A series of lakes was chosen for a brine shrimp culture scheme. These
lakes, consisting of nine i.nterconnected lakes > were designated the
IIF seri esu

~ A detai led st udy of the physiography of the "F-series" lakes was
accomplished. Thi.s ser'ies of interconnected Lakes have a total estimated
surface area of l >306 acres and an estimated volume of 853 x 106 f t3 ~
The range of salinities in thi series is from 48 o/oo to 101 o/oo, 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 ea.h Lake, and the etiect of tides and other' facto rs on
flush.'ng were determine~. The tidal ef feet on each 3 ake relates to prox-
imity to the main lagoon; only the higher tides presently penetrate F6 and
p7. A plan for altering and controlling the flow of water through the
lakes i.s proposed.
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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/oo! and other environmental extremes
 'cmperature 9 C � 35 C!. A number of studies of Artemis that have
resulted in an extensive knowledge of t'h e biology of this organism
are reviewed. Brine shrimp thrive in crowded cultures and have a
high food-conversion efficiency. 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

Arcemia are herbivorous filter feeders that feed on a variety of r.nl-
cellular algae' Females have a higher food-conversion efficiency and
those feeding upon a more nutritious diet produce a higher percentage
of female offspring ~

Artemia may concentrate substances from their environment including
chlorinated hydrocarbons such as DDT' The present levels of DDT in
Artemia trom 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 co! Ld result in a continuous high yield of Artemia
and their eggs in the Christmas Island environment. Thc unique saline
lakes> climate, general physiogr~phy, and support potential of
Christr!ras Island nrrke it an advantageous location in which to establish
large-scale Artemia productions

~ An expanding market exists for brine shrimp products primarily among
fish hobbyists and in culture o a variety of aquatic organisms' Other
potential uses of Arterrrirr might be in the management of sewage ponds p in
animaL feeds,and for direct consumption by humans ~ It is expected that
the der!hand for Artemia eggs might exceed 50 i000 gallons per year if
other uses are dev- Loped and the present price is reduced.

~ The suitability of a selected Lake at Cirristmas 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 biomass in selected lakesr  c! the
response of possible Artemia rearing Lakes to various nutrient treatments r
 d! the Level of nur.rierts in groundwater, ard  e! Artemis egg haLching
experiments in F-lake water

The existing distribution of plant nutrients Ln Christmas Island lakes is
quito variable. Several correlations were identif ied r hut generally tl«.ir
distribution is complicated by the long residence time of water circulating
in the inner lagoon and in lakes> during which time it is inf Luenced in

150



varying degrees by groundwater infusion and other factors such as
periodic heavy rainfall. Phytoplankton bs ormss is generally low
throughout the lagoon system,and associated primary production is
less than one would expect in thi.s environment. This is attributr'd
to the high salini ties generally encountered which restrict numbers
of algal species that can su-vive in such an environment Dun*liel la
salinaq an alga terat thrives in high salinities and is readily fed
upon by ~Artemka ees laund 'n Cbttst erne Island lakes and its At urb
was stimulated by nutrient additions, No one area at Christmas Island
appeared to have any particular advantage for Artcmia culture from
the standpoint of existing food substrate concentrations ~ Addition
of nutrients to stimulate phytoplankton growth was clearly indicated.
Nutrient enrichment experiments were carried out to determine which
nutrients might be expected to limit pbytoplank:on growth at Christmas
Island Additi.on of nitrogen and phosphorus significantly increased
phytoplankton growth in F-Lake waters; total enrichment medium was not
particularly advantageous when compared with P, and N additions. Ground-
water sources contain plant nutrientsq but insufficient data exist tc
predict the results of thei.r use as a sole 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 conditions for optimal growth,
Artemia reached sexual maturity in seven to ten davs, Experiments con-
firmed that sexually mature Artemia, when subjected to salinity in-
creases of 32 o/oo to 55 o/oo and 90 o/oo produced eggs within two to
three days. In order to i.nsure maximurrr growth and survival> food corl-
centrations must be maintained in excess of L04 cel Ls/ml Based upon
experiments using Dung'iella isolated from Christmas Island Lrrkesy pro-
jections on growth rates p reProductive rates > nutrient utilization rates,
and energ/ transformations were calculated. Based upon the possibility
of attaining 50X of the laboratory productivity at Chrisrmas Island, and
upon a number o" assumptions outlined, it was calculated that 2,232
gallons of Artemia eggs could be produced per ton of triple superphos-
phate and 1.15 tons of urea. These fertilizer requirerents are maximal
because they do not take into consideration recycIing " animal
metabr Iites.

~ It is estimated that the morc than L4 million birds tbat nest on
Christmas Island deposi,t 200 tons of nutrien - rich guano per year on
the i.sland. No significant guano deposits were discovered there and it
is 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.
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~ A proposed scheme for a brine shrimp production> harvesting>and
processing system is presented. It is based upon an expected raarket
demand for high~uality Artemia eggs of 40.000 to 50,000 gallons
within the next few years ~ The proposed system is based upon use of
the F-series of lakes but it does not preclude the use of other loca-
tions on Christmas Island, The basic components of the system are
 L!hatchery enclosures,�! rea"ing lakes,�! phytoplankton production
lakes > and�! egg-production Lai~s,

A pilot operation on Christmas Island is a recommended alternative;
a shall-scale operation can be attempt d while final decisions on the
location> modifications> and methods of operating the prod ction
facility are being considered,

Two alternate plans for Artemis egg production are presented: Plan A
�5,000 gals/vr! and 1 Lan B �0,000 gal,s/yr!. These plans involve the
employ-ent of a fferent patterns cf use for lakes F4 and F7.

~ ThE major steps in the harvesting > processing > grading, and packaging
of brine shrimp eggs e re presented In addition the harvesting>process
ing>and freezing of adult brine shrimp are discussed. The potentLal of the
market for fre ze-dried shrimp is also considered, Qual' tv control is
emphasized in this scheme > as the entire venture is based upon the premise
that only with a superior quality product at a competetive price can a
substantial portion of the expanding world market for brine shrimp pro-
ducts be captured.

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

~ Cost projections for brin* shrimp production are presented and dis-
cussed. i.n attempt is made to break down cost into that portion which
can b- appropriately borne by the Gilbert and Ellice Island governr>ent
and t~~t which can be horne by outside interests. A sequence and schedule
of >.evelopmentaL activities is proposed tNat would allow production to
start within six months of a decision to proceed A number of projec'ted
costs and expected profit tables for brine shrimp products are presented,

A preliminary cash flow summary for brine shri..p egg production indicates
a positive cumulati ve bai.ance of S7>52L from the second production year
 Plan A! and a positive cumulative balance of '~174>932 from the third
prcduction year  Plan B! ~ The totaL cumulative balances from the fourth
production vear are $315>881 for Plan A> and S522,082 for Flan B.

A d tailed breakdown of costs of construction and operation of the pro-
ject under Plans A and B is presented
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~ A number of unused camps and seldom-used airfields q roads, and
other support facilities make Chr atlas Island an attractive site
for a commercial venture. Some of the fec!L»les worthy of special
note are diesel-powered generators, a buck fuel-storage facility
with s capacity of 149,500 Imperial gal'ons, a fresh water supply
estimated at 7 x 10 gallons, a marine railway, and port faci ities.9

The port is presently usable only by shallow-draft barges due tu
silting of the approach channel, Numerous warehouses and a cold-
storage plant with a total capsci.ty of ll>700 cubic feet exist, but
all are in need of repair. A 6,000-foot paved airfield exists cn
the northern portion of the island with an addit onal paved runway
at tite eastern end of the island,

~ The evolution of the research plan for Christmas Island Artemia
production and the rationale for utilizing the F-series Lakes are
discussed, Ve are confident that with proper nu rient enrichment,
monitoring ~ control~ and man pulat' on ~ the laboratory-scale cperai'-'..".s
that resulted in shrimp and egg production in Hawaii can be dup! icated
at Christmas Island at somewhat lower le~els of efficiency, This will
requite sophisticated management practices bv knowledgeable and re-
sourceful individuals

~ Other enterprises pursued simultaneously with the Artemis venture
at Christmas Island would presumably share the cost of transportation,
utilities~ end general overhead~ and would greatly reduce rhe risk on
the success of a coLe venture, A sport fishing resort develop~ant
appears to be an attractive possibility as an additional venture > and
a tentative proposal for it ds presented in the Appendix, Other enter-
prises suggestod include �! the culture of seaweed for marine colloids,
�! turtle culture, �! the cu1ture of various species of fish and shell-
f sh, <4! the culture of vegetal le crops in plastic greenhouses, and
�! the use of Christmas Island as an equatorial research center.
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APPENDIX

TENTATIVE PROPOSAL
FOR SPORT FISHiNG RESORT DEVELOPNENT

ine prospects for sport-fishing resort development ac Christmas Island
were investigated. The ideas presented here are preliminary in nature.
The ratio>dale for this development is to have seveiM concurrent
activities that can share costs of transportation, support facilities.
and other items of overhead. It is proposed that the facilities -t JOC
u mP be established as the common suPPort camP for the majority o
commercial activities at Christmas Island. This choice is made because
of its loca..ion relative to the proposed Artemia production site, the
airport, London village, and Baoana !bells village. This would th~
suggest that an ideal location for a resort develc.ident would be the
old Sailing Club approximately 1-1/2 miles from JOC camp.  See
Fig ire 33.! The old Sailing Club is adjacent to sheltered waters
with access to the open lagoon. The site is served by a road off the
main lagoon road, and it is centrally located to all. of the major
activities outlined above.

A smal' operation nor. exceeding 50 guests is envisioned, with "rough it"
open-type facilities, catering to the light-tackle enthusiasts such as
t!;ose who are willing to make substantial expenditures to angle for the
2- to 5-pound bonefish of Florida and the Bahamas. Christmas Isi~d
offers not only superb bonefishing but exceller . fishing for jacks, tuna,
wahoo, barracuda, and a variety of other rf ef and pelagic species.

~on~if as I l

This is a major attracrion for the light tackle buff, requiring a ~nimum
of equipment, and is easv sport in which to train natives s guides
eat boat n. The ke. performer wo ld be the bonefish falbola local
which most sport fishermen consider to be o of tbe m.est flan la the
world. The world's record for this fish on 20-pound test line is "nly
14 pounds. Net "atches by Christmas Island na ives v'elded bonefish i".,
exdess of 25 pounds  Plate 52! ..'!embers of our party caught ~d released
spe" wens in the 12- to 15-pound class. beany of the 500 lakes are con-
nected by channels with the main lagoon, and they harbor an abunaa~ce of
bonefish, carangids  jacks!, and other species providing a rich so-rce of
recreation from the genera11y unobstructed -horeline or from a s=a'1 boat
 Plate 53!. A network of traiLs that could support wheeled vehicles
cou'd be laid out to make the inner lakes accessible = rom land.  "~y
such trails were laid out during the November, 1971, expedition.} Five
outboard-powered skiffs and ten 4-wheel drive "Land Cruisers" plus cmp
facilities should be adequate to start this operation.
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Plate 52. Natives - ith net catch vt bonefish z.".2 awa.

Plate 53. J~c'~ or ulun tn' en oi. shore casting.

Plate 54. Fringz... ocean rect nJ�'scent to main camp area.
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Lively sport can be obtained with light casting tackle and lures over
the well-formed fringing reef flat that surrounds =ost af Christmas
Island. A road that follows most of the ocean s'noreline a' lows easy
access to the approximately IOD miles of the encircling fringing reef
 Plate 54!. The fish most frequently taken in these reefs are carangids
 pompano, ulua, p*pio, Jacks! from 1 to 20 pounds  Plate 55!.

Christmas island's location in the equatorial zone of enrichment provides
an abundance of offshore game fish inc'uding yellowfin tuna, wahoo,
ulua, mahimahi, billfish, skipjack tuna, barracuda, and sharks.  The
latter are considered by sar ' not to be strictly a game fish.! The at-
tached list af large pelagic species is reported by Murphy and Shimura
to be based upon lang-line catches, but it includes "...those likely
to be captured by trolling or to be seen at the surface"  Table 3I!.
D >ring military operations at Christmas Island aport fishing was a
popular recrea ional activity, and both the American and British
operated deep-sea fishing boats which seldom failed to produce goad
catches. One of the favored fishing locations is aff the relatively
sheltered southwest point, a mere 11 miles from the por at London
village. Record catches from «e second period of American Joint
Task Froce Operations, April, 1962, to September, 1963, are noted

a "Guide to Fishes of Johnston and Christmas Isis»d". During
november of 1971, two trial recreation-fishing expeditions were con-
ducted to as ess the potential for sport catches in the vicinity of
thu S'i0 pc'-.n at Christmas Island. On November 7, a party of four
persons went out. an 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 initi;ted with a
trollir g speed of approximately 6 to 8 tu ots. Time fishing was approx-
imately 4-1/2 hours or 13-1/2 line-hours. A second party with an ef fort
of. 12 line-hiurs fished on November 8, 1971. ~he results af these
fishing ef forts, conduc ed 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
the abundance o reef sharks that attack fish on the line before they
can be landed. These attacks plus lack 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
abau- 20 pounds in weight were lost to sharks; however, they were
observed pursuing other hooked fish. The work of Tester �968! in
Hawaii indicates that reef sharks probably occupy a territory and that
sustained fishing ef fort can rapidly reduce numbers in a given area.
It is conceivable that a special e fort ta reduce the number of reef
shark ' could be undertaken, to improve this sport fishery.
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0!.ate s5. C nh oi carangids frorl Vaskess Bay area.

Plate 56. Crewmen unloading cattle of va'nno, tuna and variola.

Plat,, 57, l3ruad sand !>oaoh,sl  as', s,>nt l!vi st



TABLE 31. SPECIES OF FISH LIKELY TO BE CAPTURED BY TROLLINC OR OBSERVED
NEAR THE Si'RI'ACE IN THE VICINITY OF CHRISTMAS ISLAND  aiter
Murphy and Shimura [1972]!

Albacore., Th; nus a~la un a  Bonne etre!

Ba acudu, ~h ra na bc racuda  llalbaue!

Bigeye tunas I'hunnus oh sus  Lowe!

Blue marlins Makatra a~mla  Posy!

Beni a shark, l urus Blaucus  Nuller and penis!

Brocdbill swordfish, ~St htas Bladtus  Ltnnaeus!
Co on dolph'n, Corphaena ~ht urr.s  Ltnnaeua!

Great blue sharks Prionace glauca  Linnaeus!

Lan tf'sh, ~A r 'sau s sp,

Sallf'sh, ~!attn hocus ~lat terus  Shaw and Nodder!

Sho t ose spearfish, ~Tt a turus sn ustirost ' s  Tanaka!

Silky shark, Eulamia floridanus  Bigelow, Schroeder & Springer!

SkiP!a k tuna, Kntsuw lru. B lamia  L:nr.j:us!

Striped marlin, iMakaira audax  Philippi!

Wahoo, Acanthoct!bium soI.andri  Cuvier 6 Valenciennes!

White marlins Istiompax mar' ina  Jordan and Hill!

Yellowfin tunas Thunnus albacares  Bonnaterre!

lla'nbo runner, ~dia atis ~bi innuatus

".euallos  Jacks!, ~ra :x n~e1ama us
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TABLE 32. SPECIES OF FISH CAUGHT BY TROLLING OV NOVE,'GER 5 AVD, 1971
IN XV AREA APPROXIHATELY 1 RILE OFF SW POINT, CHRIST%'kS ISLAND

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

Approximate number
  size in pounds!

1�4! l�0!, 1 '0!,
2�0!, l�0!

Wahoo
solanderr

1�0!~ 7�0!, 3�5!Tkunnua alkecares llYe 1 lowf i n
Tuna  Ahi !

3�!Oceanic Bonito
 Aku!

Karsuunnus ~e1amis 3

Sacks  Ulua! Caranx ~slam us 8

1� !, 2�!> l�!, l� !

l�0! 5�5! l�2!,
2�0!

Variola louti 9Sea Bass *
 Variola!

Caught in shallow water

Note: One large Ahi lover 100 lb!, one Ono �0 lb! and
two Ahi �0 lb! l.ost to sharks
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S ecies Landed No.

Common Name Scientific Name Landed

Jacks  Pepin > Care x one laus 3

Total number landed: 42
Total weight: 795 lb
Average catch/line-haut; 1.65 fish
Pounds fish/line-hour: 31.18 lb

1�0!p I�0!p 4�5!p
l�0!p 1�0!



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 period.

Trolling in. other areas around Christmas island was not assessed, but
reports from local residents indi "ate that t>W point yields consistently
good catches, possibly due to oceanographic conditions in the area.
During tb'. 1962 military operations, it was named "Wahoo Alley".

Ocean-Bot tom Fishin

Bottom fishing for red snappers, groupers, and other reef fishes off
Cochran reef, within I/2 mile of Londo» village wharf, can provide goo '.
recreation if light tackle is used, but catches are quite variable. On
several occasions catches of baout 420 fish per hour were made of the
ced snappecs ~Lut .n s habet and L. 4'bbus.  The catches ete 'inited by
the time required to remove the fish and rebait the hook.! On other
occasions many hours were spent fishing in the same area, yielding only
a few fish. For further details of this fishery and problems relating
to possible ciguatera fish poisoning in reef species see Helfrich et al
�968! .

Othe r Re creat ion al Act ivi ties

Although sport fishing would have to be the principal activity of a resort
development on Christmas Island, a number of other activities could be
pursued by the visiting sportsman. These includ collecting of spiny
lobster  also called sea crayfish or langouste! which can be col,lected
on the fringing reefs around Christm s Island on certain tides. Snorkel-
ing and SCUBA diving in some of the rich coral areas off the west side
of the island, and in Vaskess Bay, are attractive prospectives. These
ac" ivities would allow the visitor to indulge in underwater photography,
shell collecting, and spear fishing in the clear, warm waters around
Christmas Island.

Sailing, was a popular sport during the late 1950's and early 1960's when
the dritish koyal Air Force 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 he 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!.
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Prelimina Economic Anal sis

Charter aircraft ~ould 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, epen-
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 development. In addition, it is viewed as a very valuable
complement to the existing enterprises on Christ~as Island. With
regular air service to and from the island, a vast improvement is
possible in the variety of services, such as supply, personnel movement,
and medical services, that are dependent upon transportation.

Preliminary estimates of start-up costs  Table 33!, ~eekly 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 boat-building and fishing industry were to
develop, there are obvious benefits to both the brine shrimp project and
sport fishing, such as general construction and shop capabilities, freezer
storage, and trained small-boat handlers.
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TABLE 33. STNDUP COSTS - SPORTS FISHING DEVELOPHENT

Vehicles �0!
5 FGGG

40,000
Other recreation equipment

Promotion  initial!
10,000

$196 y500
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I»itial reconnaissance and pl,arming

Csmp preparation

Ocean sports fishing vessel �!
I.agoon sports fishing vessels  S!
Outboard engines,' trailers q rishing gear

Radio and electronics � sets!

Logistics coordination and management

Estimated Ini tial Investment

$20 >000

20 F000

40 F000

".0,000

�0! 9 F000

7 g500

'? 5,000



TABLE 34 ~ ESTIMATED WEEKLY EXPENSES AVD INCOYZ FROM SPORTS FISHING DEVELOPNFVT

Based upon full occupancy.

60X Occupan=y
�0 guests!

Full Occupancy
�0 guests!

EXP VSES

$12,000Transportation

1,260

250

Food

Fue 1

120200

60100

8408�

1,625

1,000

1,625

1,000

$17,155$18,115Total Estimated Expenses

Expenses/fisherman $572$363

INCOm

Transportation charge:

$9,OOQ$15,000Total

Per fisherman 300

10,50017,500

350350

$19,500$32, 500

$650$650Income / f i she rman

INCOHE less EXPENSES

$2, 345$14, 385Tot al

$78$287Per fisherman
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Maintenance svpplies

Expendables  fishing gear, etc.!

Labor

management and coordination

P romot ion

Support  ~ $50/day:

Total

Per fisherman

Total Estimated Income

$12,000

2,100

250



No. of Weekly
Individuals Salary

Total Wages
Per Week

Source of
Personnel Job Description

$ 300Manage r

Facilities & Food Supv.

Equipment & Vessels Supv.

Tour Guides

$3000. C.

2502500. C.

2502500. C.

5002500. C.

Logistics & Promotion
Coordinator �/2 time!

0. C.
175175

150150Secretary0. C.

$1,625Total O.C.

 9 $3/day!

$31521Boat Handlers & GuidesL.C.

"1021Drive L s & GuidesL. C.

10521Facilities & Food

Equip. & Vessel Maintenance

Support

1052lL. C.

10521L. C.

$840Total L.C.
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