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ABSTRACT

The Hawaiian skipjack (Katsuiconus pelamis) fishery is often faced with
an inadequate supply of live bait during the summer season when the skipjack
are plentiful. The Bureau of Commercial Fisheries experimented with the
hatchery rearing of Tilapic mossambica in 1958 and 1959 at Paia, Maui, to
determine if tilapia could be produced economically to supplement the supply
of naturally occurring bait fishes.

A description of the hatchery and its operation and the results obtained are
presented. From the information gained it is believed that a larger and better
designed hatchery than the one used in the study could produce bait economi-
cally and in adequate quantities.




REARING TILAPIA FOR TUNA BAIT

By Thomas S. Hida, Fishery Research Biologist, Joseph R. Harada, Fishery Aid, and
Joseph E. King, Fishery Research Biologist

BUREAU OF COMMERCIAL FISHERIES

The pole-and-line live-bait fishery for skipjack
(Katsuwonus pelamis) is the most important com-
mercial fishery in the Hawaiian Islands. In 1959,
the catch amounted to 12.4 million pounds, worth
$1.5 million to the fishermen. Brock and Takata
(1955) and Yamashita (1958) stated that a criti-

_cal factor limiting this fishery is the shortage of
live bait during the fishing season, which extends
generally from May to October and usually
reaches its peak in August. Yamashita (1958)
has estimated that the Hawaiian live-bait fishery
utilizes about 36,000 buckets (252,000 pounds) of
bait annually. Much more than this amount could
be used to advantage in most years, if it were
available. :

The principal bait fish is the nehu (Stolephorus
purpureus), a small anchovy. Theiao (Pranesus
tnsularum), a silverside, is also used in some quan-
tity. The nehu is a delicate fish that, even if
bhandled carefully, will not survive in the bait
wells of the sampans (fishing vessels) for more
than a few days. It has not been considered fea-
sible to attempt to rear the nehu artificially.

As one approach to solving the bait-fish prob-
lem, artificial baits of both edible and inedible ma-
terials have been tested with generally negative or
inconclusive results (Tester et al., 1954).

In another approach to the problem, the staff
of the Bureau of Commercial Fisheries Biological
Laboratory at Honolulu, Hawaii, in recent years
introduced a sardine (Horengwla vittata) from
the Marquesas Islands (Murphy, 1960) and the
threadfin shad (Dorosoma petenense) from the
United States. The introductions appear to be
successful, but it is too early to predict if these
fishes will become abundant enough to satisfy the
needs of the fishery for additional bait supplies.

Approved for publication, March 29, 1961, Fishery Bulletin
198.

A small stock of ZTilapin mossambica was
brought to Hawaii from Singapore in 1951 by the
Hawaii Division of Fish and Game. The species
is now well-established in ponds and reservoirs on
all major islands of the Hawaiian group. The use
of tilapia as skipjack bait was first tested by Brock
and Takata (1955), who reported that tilapia were
used to catch fish from schools that had been first
chummed to the stern of the boat with nehu. King
and Wilson (1957) further demonstrated that
small tilapia had many characteristics of a good
bait fish and judged it to be an adequate skipjack
bait. They found tilapia to be a very hardy fish
that tolerated a wide range of salinities and sur-

" vived for indefinite periods in the bait wells of

the sampans. It was their opinion, however, that
large quantities of bait-size tilapia could not be
produced effectively in reservoirs and natural
ponds because of the difficulty of harvesting the
young fish and because of the lack of control over
cannibalism and predation.

In December 1957, a contract was signed with
Maui Fisheries and Marine Products, Ltd., the
Territorial Board of Agriculture and Forestry,
and the Bureau of Commercial Fisheries, as prin-
cipals, for operation of a hatchery at Paia, Maui,
to determine the economic feasibility of producing
young tilapia in a system of concrete tanks. Un-
der the terms of the contract, Maui Fisheries was
to bear the cost of land rental, the major capital
improvements, and the water used; the Territory
was to aid in fencing the area and provide other
facilities and services; the Bureau of Commercial
Fisheries agreed to provide a biologist to super-
vise operation of the plant, to furnish feed for the
fish, and to supply miscellaneous equipment such
as dipnets, screens, fish-sorting devices, and chem-
ical supplies. While not parties to the formal
contract, Hawaiian Tuna Packers, Ltd., and Ha-
waiian Commercial and Sugar Co., Inc., expressed

1
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their interest in the project and willingness to
cooperate. In February 1959, the same organiza-
tions signed another contract with almost identi-
cal conditions, except that the Bureau of Commer-
cial Fisheries was to bear the additional cost of
the water and electricity used in the plant.

A former horse and mule stable at Paia was se-
lected for use as a tilapia hatchery and its recon-
ditioning and conversion began early in December
1957, and was completed in all major respects in
January 1958. A biologist was stationed at the
hatchery from Jannary through December, 1958,
and from February through December, 1959.

This report describes the results obtained at
the Paia hatchery during the 2 years of its opera-
tion. It is hoped that this review of the problems
encountered, the methods employed, and the eco-
nomic aspects of the operation will prove of value
and interest to fishery scientists and to members
of the tuna industries who are concerned with the
problem of obtaining an adequate supply of live
bait.

The production of bait-size tilapia under
natural conditions in two types of ponds, located
in the Honolulu area, is deseribed in the appendix.
In a brackish-water pond where many natural
predators were present, production and survival
of young fish were essentially zero. In a fresh-

water pond with few predators but prevalent can-
nibalism, bait-size fish were produced in limited
quantities,

The interesting breeding habits of 7. mos-
sambica have been well described by Chen (1953)
and other investigators. The adult male in breed-
ing condition establishes a territory in which he
digs a saucer-shaped depression, if the bottom is
of sand or mud, or clears a circular area of algae,
stones, or detritus, if the bottom is of hard clay or
rock. He then maintains constant vigil over his
“nest,” chases away any other males that approach
too closely, and attempts to herd females into the
nest area. If a female can be encouraged to
spawn, the eggs are extruded over the nest, ferti-
lized by the male, and are immediately taken into
the mouth by the female. The female then moves.
away or is chased away by the male. The male
remains to guard the nest and to court other
females. The eggs hatch in about 60 hours, but
the female continues to carry the young in her
mouth cavity for another 5 to 8 days. When the
young are finally released by the female they form
a tight little school near the surface of the water
where they are easily dipnetted. If not dipnetted
during their first day of freedom they sink to the
bottom or middle layers of the tank where they
are more difficult to capture.

F16URE 1.—Former stable at Paia, Maui, before being remodeled for use as a tilapia-rearing plant.
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THE PAIA HATCHERY
DESCRIPTION OF FACILITIES

Tanks

The hatchery was situated near the sugar mill
at Paia, Maui. The portion of the stable that was
renovated consisted initially of a long, concrete-
walled walkway with a narrow trough along each
wall. On the outer side of each trough was a series
of 45 individual stalls (fig. 1). To convert these
structures into a tilapia-producing plant, the
central walkway was walled at each end and par-
titioned in the middle to create two large brood
tanks, A and B. The two narrow troughs and
the 90 stalls were converted into fry tanks (fig.
2). Inflow pipes and drains were installed in all

tanks. The dimensions of the various tanks are

- given in table 1.

A small building was moved onto the grounds
and modified for storage of feed and equipment.

TABLE 1.—Dimensions and capacities of fish tanks at the
Paia hatchery

Type of tank
Item Total
Brood Fry Fry
trough
Number of tanks_.._____________ 2 4 90 | oo
Dimensjons of tanks (ft.):
ngth_ . 1681 161
Width._._____.__ 5.23 L8
Overall depth.____ 2.25 1,68
Depth of water (ft.)......._______ 2.0 1,33
Capagcity per tank:
Cubicfeet ... ______ 1, 684 385
Qallons. ________.___._______. 12, 598 2,880
Surface area (sq. ft.):
ertank. ... _____ 200
Alltanks_____.___________.__ 1, 684 1,160

FiaURE 2.—Stable area at Paia, Maui, after being remodeled into a system of 2 brood tanks and 90 fry tanks for rearing
tilapia.
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Water Supply

The water used at the Paia plant came from.

wells located in the same jgeneral avea. It was
pumped to a storage tank at a higher elevation
and returned by gravity flow to the tilapia plant,
arriving there under considerable pressure. Anal-
yses showed a salt content ranging from 60 to 80
grains per gallon. The water was suitable for
irrigation but was not approved for human con-
sumption. The brood tanks, as well as the fry
tanks, had an independent water supply, and none
of the water was recirculated in 1958. Early in
1959, a pump and sand filter box were installed
and the water in brood-tank A was filtered and
recirculated during the balance of the year.

The total amount of water used was 9,285,890
gallons in 1958 and 13,100,000 gallons in 1959.
The amounts used and cost by months are given in
tables 2 and 3 for the 2 years. The amounts used
were greater in 1959 than in 1958 because (1) of
the addition of 3 holding tanks, (2) a supply of
bait-size fish was held over from the previous year,
and (3) the peak in production was earlier in 1959
necessitating the use of more fry tanks throughout
the year.

TABLE 2.—Amount and cost of water used et the Pela
hatchery, 1958

Average

Month QGallons Cost 1 cost per

month
January-April 31,792,303 $107. 54 $26.88
May. 385, 752 23.15 23.15
June. 634, 878 38.09 38.09
July-August. . 2,239, 367 134. 36 67.18
September-October.... 2, 540, 700 152, 44 76.22
Novemher-December. ... 1, 692, 890 101. 57 50. 78
B 9, 285, 890 77 1 N (—

1§ cents per thousand gallons.
1 Large volume bhecause of fry-tank leakage.

TABLE 3.—Amount and cost of water uszed at the Paia

hatchery, 1959

Average

Month Gallons Cost ! cost per

month
February-Mareh. ... - 1,214, 000 $72.84 $36.42
April-May___..._._ ———-| 2,401,000 144.06 72.03
June-July__.__..___. ----| 3,808, 000 216. 48 108. 24
August-September.____ | 2,268,000 136.08 - 88,04
October-November._.._ --| 2,182,000 130. 92 65. 46
December_ e 1,427, 000 85. 62 85.62
Total oo -| 13,100, 000 786.00 [-ooooooo-

16 cents per thousand gallons.

Two air compressors and a system of air lines
were installed in March 1959 to aerate the water
in the brood tanks and increase its oxygen con-
tent. during the hours of darkness, when the oxy-
gen content usually reaches a very low level. In
April 1959, a 120-foot lead-sheathed, soil-heating
cable, rated at 3.65A—220V and capable of pro-
ducing 800 watts, or 6.7 watts per foot, was in-
stalled in each brood tank with the objective of
raising water temperatures and inducing early
spawning. The amount and cost of electricity
used in 1959 for the operation of the filter pump,
the air compressors, and the heating cables are
given in table 4.

TABLE 4.—Amount and cost of electricity used at the Paia
hatchery, 1959

Pumps Heating cables
Date !
KWH Cost KWH Cost
Mar. 25-Apr. 16, ________________ 788
Apr. 16 May 18____ 3,032
May 18-June 16_.._ 2,158
June 18-July 17.... 832
July 17-Sept. 17_.... 116 3 .
Sept, 17-Oct. 16 _ ... ... 2 1.23 31
Total_. 378.80 38.24

t Mar. 27, filter pump placed in use; Apr. 10, heating cable and 1 aerator
in use; Apr. 27, second aerator in use; July 1, heating cables turned off; Aug.
10, filter pump turned off.

2 Heat and power put on separate meters June 13.

¢ Meter service charge.

ENVIRONMENTAL CONDITIONS
Temperature Variations

The monthly averages of maximum and mini-
mum water temperatures in brood-tank A, as
measured by a thermograph, are plotted in figures
3 and 4. The daily fluctuation in temperature
ranged from 5° to 9° F. In 1958, the highest
water temperature was recorded in September and
the lowest in December. In 1959, the maximum
occurred in July and the minimum in November.

Maximum air temperatures at the Paia station
were higher from March through November in
1959 than in 1958 (fig. 5). The minima, on the
other hand, were lower in 1959 than in 1958 for
the summer months, May through August (fig. 6),
but higher for the period February to April. As
a result of the generally warmer air conditions
during the spring months of 1959, we actually
have no way to evaluate the effect of the heating
cables on water temperature and spawning.
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FIGURE 3.—Average monthly maximum water tempera-
tures in brood-tank A in 1958 and 1959.

The two years were generally similar in the
amount of sunshine recorded at the Paia station
(fig. 7). Inthe two months March and July, how-
ever, there was considerably more sunshine in
1959 than in 1958.

Oxygen Concentrations

1958 —Measurements of the concentration of
dissolved oxygen in the brood tanks showed a
marked diurnal variation (table 5). Oxygen
values at about 8 a.m. were frequently less than

80 T T T T 1
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FI1GURE 4.—Average monthly minimum water tempera-
tures in brood-tank A in 1958 and 1959.
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FIGURE 5.—Avé1'age moenthly maximum air temperatures
at Paia, Maui, in 1958 and 1959. (Data courtesy of
Hawaiian Sugar Planters Association.)

1.0 mL/1., and on a few occasions were less than
0.5 ml./l. These levels are dangerously low and
conceivably could have had a detrimental effect
on the survival of eggs and young.

On the basis of a 24-hour series of oxygen mea-
surements made in tanks at the Bureau of Com-
mercial Fisheries Biological Laboratory, Hono-
lulu, it would appear that our early morning
and afternoon sampling times were close to the
hours of minimum and maximum concentrations

s T T T T T T T T T T T

0
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FIGURE 6.—Average monthly minimum air temperatures
at Paia, Maui, in 1958 and 1959. (Data courtesy of
Hawaiian Sugar Planters Association.)
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Ficure 7T—Average monthly sunlight recorded at Paia,
Maui, in 1958 and 1959. (Data courtesy of Hawaiian
Sugar Planters Association.)

of dissolved oxygen. The low (morning) values
averaged 1.11 ml./l. for tank A and 0.99 ml. /L
for tank B. The high (afternoon) values aver-
aged 6.62 ml./l. for tank A and 5.12 ml./l. for
tank B. This marked diurnal variation resulted,
we believe, from oxygen being utilized during the
hours of darkness by both algae and fish and be-
ing restored during daylight hours by photo-
synthesis. The difference in tilapia production
between the two tanks may possibly have been
related to the higher oxygen concentration that
prevailed in tank A.

On March 4 and 5, detailed sampling was carried
out to determine the differences in oxygen con-
centration at different positions and at different
depths in the brood tanks in relation to inflow and
outlet and direction of the prevailing winds. The
results are given in table 6. There were no major
differences between the two tanks in the afternoon.
Early in the morning the oxygen concentrations
were slightly less in tank B than in tank A. Con-
centrations of oxygen were higher at the surface
than those midway in the tank, which in turn were
usually higher than those near the bottom of the
tanks. Concentrations were higher near the in-
-flow end of the tanks than near the outlet, as might
be expected. ' :

TABLE G.—Concentrations (ml./l.) of dissolved oxygen in
selected tanks, measured in wmorning and afternoon,
1958

[Samples drawn about 12 in. below surface approximately midway in tank]

Fry
Date | Time|Tank| Tank| tank Remarks
B No.
20
Feb. 12 ] 0820 | 0.68
12 | 1430 | 6.25
19 | 0815 | 2.68
19 | 1230 | 6.36
26 | 0830 | 1.32
26 | 1300 | 5.80
Mar. 12 | 0815 | .54
12 {1 1330 | 4.49 | 1.52
1410815 .60 | .55 Inflow about 4 gal./min.
19 1 0815 | 1.44 | 1. L
191 8.49 | 5. 3
26 | 0810 | 1.30 | . ,
26 } 1300 | 8.04 ) 5. X
Apr. 2 | 0815| 1.20| .68 ] 4.
2 | 18051 6.77 | 511 6.35
9 0815|126 | .82 445
9 (1815 7.05 5.55 | 6.08
18 1 0750 | 1.08 | .71 | 4.20
16 1300 | 6.97 | 5.44 | 6.71
2810750 .88 | .60 | 4.57
2311300 | 5.95 | 4.78 | 6.98
30| 0745 | .59 | .58 3.52
30 | 1300 [ 4.82 | 5.53 | 6.39
May 7 (0750 | .66 | .33 3.88
7 1300 | 5.64 ) 2.94 ] 6.50
14 0745 | .84 | .86 | 2.68
14 | 1300 | 7.27 | 6.59 | 5.61
21107451 1.26 1 1.15 | 2.55
21 | 1320 [*9.05 {*8.56 | 5.59 | *Water depth 15 in.; sample 3 in. below
surface.
28
28
28
June 5 Tank A =2 gal./min. inflow.
1 Tank B=1 gal./min. inflow.
13 About 10,000 gal, water passed through
each tank overnight.
8
July 3
10
17 -
25
Aug. 1
[}
15
29
Sept. ‘]11 Inflow of tank B ahout twice that of A.
19 No water entered brood tanks for past
4days
Oct.
Nov.
Dee. Water level lowered in brood tanks;
Level restored with fresh water Dee.
17 | 0825 { .33 i T——
26| 0745 | .49 52 |.._...
30 | 0730 36 39 .. _..

A number of measurements (table 5) taken in
one of the fry tanks indicates that oxygen concen-
trations there were favorable at all times. The
high values are related, no doubt, to the shallow
depth of the tanks, the high surface area to volume
ratio, and the presence of algae.
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TABLE 6.—Concentrations (ml./l.) of dissolved oxygen at
different depths and positions in brood tanks, 1958

Sampling time and depth Outlet Middle Inflow

end (NE.) end (8W.)
0.53 0.70 0.76

52 .47 70

42 .40 66

2.54 3.31 3.46

2.39° 3.20 299

2.4 3.28 2.97

73 .51 34

.47 2

67 .48 13

4.17 3.50 2.99

3.50 3.42 2.33

3.49 3.47 2.18

geapit
1959—In 1959, in contrast with 1958, oxygen
concentrations in the brood tanks were usually fa-
vorable following installation of the aeration sys-
tem, with very few readings below 1 milliliter per
liter and with the average above 3 ml./l. The
very low levels in concentrations of oxygen in some

TABLE T.—Measurements (ml./l.) of dissolved oxygen in
gelected tanks, taken about midday, 1959

Fry tank No.—

Sampling |Brood|Brood| Tap
date A B

P
[y

gl o
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4.63

2,33

4.56

4.32

3.64

2.94

5. 54

3.48

Dee. 1___... 2,81
Average
concen-

tration-.| 3.70 { 3.81 | 5.36 | .47 | .84 | 2.60 | 3.79 | 3.87 | 4.20 | 3.82

of the fry tanks, however, may have been caused
by retention of fish for long periods of time in a
single tank with inadequate flushing. The oxygen
concentrations in the brood tanks and in selected
fry tanks are given in table 7.

Other Chemical Determinations

Several chemical determinations were made in
1959 in addition to the oxygen measurements.
Data on hydrogen ion concentration (pH), and
carbon dioxide (CO,), bicarbonate (HCO;"), and
normal carbonate (CO;=) concentrations are pre-
sented in table 8. The slight differences in the pH
concentrations in the two brood tanks were judged
to be negligible. The CO,, CO;=, and HCO;~ con-
centrations are approximations, since it was dif-
ficult to determine the end points when the water
samples were dirty brown to deep green in color,
as was frequently the case.

TABLE S.—Chemical determinations made on brood tanks,

1959
Tank A Tank B
- - a2 o = g
Date g g 4 g | 8| &
& & g & = g
e [ 4 o ) -
s1a|8 s 3|8
(=} =}
ué. o < = E & &) o
Mar. 5o 8.8 b4 I [FOSN PEP I
7.6 5 - TN [ (-
7.7 - 3 P P
8.8 B8 ||t
8.8 8.5 ||t
8.3 8.2 [ooefooios
7.6 7.2
7.9 7.4
7.9 7.3
7.8 8.0 .
8.2 8.6
.| 886 8.2 -
7.8 8.1 -
7.8 3 0 781 1
7.9 10.5 0| 145|861 8.0 0 17.5
7.9 9.0 01130 8.4 4.0 0| 63
7.9113.0 0] 111 8.8 0 15| 65
7.8 45 0| 885 |84 40 o 4.5
82 40 01105 80| 50 0l 65
7.6 10.5 0] o 7.6 12,5 0ol a0
82| &6 0 94 8.8 | 4.0 o 77
7.8 12,0 {.._... 135 7.8 9.5 0 38
9.0( 2.5 0110 88| 7.0 01 %0
7.6 10.0 0] 8 74| 9.0 0| 69
7.6 | 12.5 o 91 7.4 9.5 0 | 100
7.3|15.2 0 81 7.2 151 0| 71
7.6 | 1.5 0| 34 7.3 [ 1.0 0] 13
7.5 12.0 0 86 7.4| 6.0 0| 52
7.2 | 10.0 0| W 74 7.0 0 68
7.4| 7.5 ol 70 7.2 9.5 0| 81
7.2110.0 0| 8 7.4 | 15.0 01 55
7.2 7.0 0 54 7.2 | 10.0 0; 68
7.2| 6.5 of 72 7.2| 40 0 3%
7.2 | 8.0 0} 74 7.51 4.5 o 38
7.2 (110 o 70 7.4| 8.0 o} 60
Maximum._______ 9.0 ] 15.2 8.8 151 | avaa- 100
Minimum... ... 7.2 2.5 7.2} 0 |emema- 17.5
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OGPERATION OF THE HATCHERY
STOCKING THE BROOD TANKS

The brood stock for stocking the tanks was sup-
plied by Hawaiian Tuna Packers, Ltd.  The crew
of the sampan Amberjack seined the fish on Janu-
ary 10, 1958, from reservoir No. 6, at Ewa, Oahw.
The fish were acclimatized to sea water in the bait
wells of the sampan and transported to Maui on
January 11-12. Some mortalities occurred dur-
ing the acclimatization and as a result. of handling,
but about 5,000 fish weighing 1,200 pounds sur-
vived. A total of 2,000 adults (500 males and
1,500 females), weighing 625 pounds, were stocked
in the two brood tanks, each tank receiving 250
males (0.34 1b. average weight) and 750 females
(0.30 Ih. average weight). The remainder of the
fish were retained to replace stock that died.

In the days that followed, dead fish were re-
moved from the tanks and replaced with a like
number of the appropriate sex. Deaths were nu-
merous during the first week after stocking, but
were practically zero by the end of the second
week. The total mortality from January 13 to
31 was 705 fish (549 females and 156 males). The
mortality rate was about the same for the sexes.

The adult fish were stocked in 1958 at a concen-
tration of 1 male per 3.37 square feet of bottom
area. Uchida and King (1962) had found that
production was favorable in tanks where the area
allotted per male was about 3 square feet. Al-
though in their initial experiments Uchida and
King used a 29 :13 sex ratio with successful
results, it was anticipated that better production
might be obtained by inereasing the ratio to
3¢ :13,s0 we used this latter ratio,

Although the area was fenced and posted, van-
dals entered the hatchery on September 25 and 27,
1958, removing an unknown number of adult fish.
As we did not wish to disturb the fish further, we
postponed taking a census until December 2-3,
1958, when production had declined. A census
on these dates showed that brood-tank A con-
tained 659 females and 216 males, a loss of 61 fe-
males and 34 males since stocking. Brood-tank
B contained 736 females and 251 males, a loss of
14 females and a gain of 1 male (this apparent
gain may have been due to miscount or to recruit-
ment of a juvenile that escaped capture and grew
to adulthood).

In later experiments in 1958, Uchida and King
found thut the best production of fry was observed
in tanks with 2 3¢ :14 ratio and with about 4
square feet of bottom area per male. Therefore,
in 1959 we stocked each brood tank with 600 fe-
males and 200 males, with each male being allotted
4.21 square feet of bottom area. A census taken
on December 7-8, 1959, showed that tank A con-
tained 604 females and 228 males, a gain of 4 fe-
males and 28 males. Brood-tank B contained 668
females and 252 males, an increase of 65 females
and 62 males. These increases were due, we be-
lieve, to recruitment of juveniles that had escaped
capture early i the year and had grown to ma-
turity. The males averaged 30.5 centimeters (12
in.) in length and 1.0 pound in weight, while the
females averaged 22.9 em. (9 in.) in length and
0.5 pound in weight when the brood stock was
counted in December 1959.

FEEDING SCHEDULES
Adults

In 1958, the brood stock was usually fed twice
daily except on Sundays. The fish were fed once
every Sunday until June and were not fed on
Sundays thereafter. The daily ration for the to-
tal brood stock ranged from 5 to 12 pounds, de-
pending on how readily the fish were feeding.
An average daily ration of 4 pounds of Purina
trout chow (developer) per 1,000 adults seemed to
satisfy the needs of the fish during their most pro-’
ductive period. The kinds of feed used in 1958,
with the price per pound, are shown in table 9.
In January to March, 1958, the adults were fed
a millrun-fish meal mixture (4:1 ratio). In
April, the feed in one brood tank (B) was changed
to rabbit ration (pelletized), a better quality feed.
The change in feed did not result in an increase
in fry production. The rabbit ration was supple-
mented in July with Purina trout chow and in
August through December 1958 the fish in both
brood tanks were given Purina feed.

In 1959, the brood stock was fed twice daily,
except on Sundays, from February through Octo-
ber, and once daily from November through De-
cember. They were fed once on Sundays until
May and were not fed thereafter on Sunday.
Their daily ration was 3 to 6 pounds of Purina
developer or large fingerling feed. The kinds,
costs, and amounts of feed used in 1959 are shown
in table 10.
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TABLE O.—Amount (in pounds) and cost of fecds supplied tilapia brood stocks, 1958

Purina | Purina
Month Fish- | Millrun | Clark’s Mid- Fresh | Rabbit | trout small Total Total
meal crumbles| dlings liver ration chow ﬁ{lger- amount cost:
ing

JARUATY . e oo oo e e m e mm e mm e m 17.5 185.0 $12. 64
FebrUary - - v e e mmmm e < 26. 5 165.0 14.08
Mareh . - 40.6 203.0 812
April ek 26.8 208. 8 10. 58
MaY . e e 27.2 284.0 14. 32
UD€ e 21.0 210.0 10. 50
July_ ... 20. 4 204.0 13.35
August... .. 3.0 180. 0 22.05
September__ JE— - 153.0 19. 89
October.._.. 161. 0 20. 93
November._ . 172.0 22.3
December_ ..o 178.0 23.14

Total amount (Ab.) oo 183.0 737.3 52.0 76.7 1.8 377.0 644.0 230.0 | 2,30L8 | ...
Average cost per pound . - oo ammoaamene $0.08 $0.03 | . $0.27 $0. 05 $0. 80 $0.06 $0.13 $0.18 ||
Total cost - e 14.64 22.12 14. 04 3.84 1.08 22,62 83.72 20.80 |oooaaao 191. 96

TABLE 10.—Amount (in pounds) and cost of feeds supplicd
tilapia brood stocks, 1959

Purina | Purina Total Total
Month developer | large amount | cost
fingerling i

.00
16. 00 2.08
Total amount (Ib.) ... 297.35 922,50 | 1,219.85 [._._
Average cost per pound._.____._ $0.13 $0.13 [cccmo e e
Total cost_..__ 38.66 119.92 |- 158. 58

The adults generally fed avidly when produc-
tion of young was low but not when production
as high.

Young

The young fish were usually fed three times
daily in 1958, except on Sundays, with the amounts
varying with the number and age of the young.
Our intentfon was to give the fry all the feed they
could consume in order to obtain maximum
growth. Toward the end of summer, with about
500,000 young in the tanks, 45 pounds of feed were
supplied daily.

Until they were 2-3 weeks of age, the very
young fish paid little attention to the feed offered
them, feeding principally on green algae ob-
tained from the walls of the tanks. The kinds,
amounts, and costs of feed supplied the young fish
in 1958 are listed in table 11. TUntil July, the
young fish were fed primarily on Clark’s trout
feed and a wheat middlings-fish meal mixture

(4:1 ratio). Starting in July this was supple-
mented with Purina trout feed. The use of
Clark’s feed was discontinued in September.

The young fish were usually fed twice daily in
1959 with rations similar to those in 1958. The
very young to 3-week-old fish were fed on either
Purina starter or a middlings-fish-meal mixture
(4:1 ratio). The 3- to 10-week-old fish were fed
on Purina fry feed. The 10-week-old and older
fish were fed a mixture of millrun-fish meal (4:1
ratio). The kinds, amount, and cost of various
feeds given the young in 1959 are listed in table 12.

We did not attempt to record the amount of
feed supplied to the fish in each fry tank because
the tanks were too numerous and the. fish varied
among tanks from newly hatched fry to bait-size
fish. At each feeding the fish were given the maxi-
mum amount that they would consume, based on
past observations. The total weight of feed given
the young at each feeding was recorded. With
experience gained during the 2 years of operation,
we were able to set up a feeding schedule that ap-
peared adequate for favorable growth. The
schedule outlined here is suitable for a tank 6.5 X
11 feet containing approximately 6,500 young.
The amounts specified should be given 2 or 3 times
daily as follows:

First and second weeks, 0.3 ounces per feeding;
third week, 0.8 oz.; fourth and fifth weeks, 1.3 oz.;
sixth and seventh weeks, 2.5 oz.; eighth week and
older, 5.9 oz. per feeding. With three feedings a
day, 6 days a week for 12 weeks, 43.3 pounds of
feed were required to produce about 18 pounds
of bait-size fish, or 2.4 pounds of feed per pound
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TABLE 11.—dAmount (in pounds) and cost of feeds supplied tilapie fry. 1958

Purina | Purina
Month Clark’s Fish- Mid- Rabbit Beef Fresh Purina small trout Total Cost
crumbles| meal dlings ration liver |skipjack | fry feed ﬂf;ger- chow | amount
ing

Mareh. oo 0.1
April 3.0
May. 7.6
June_ 33.3
July_ 60.3
Augu 26.0
September_________ .. ___ 23.0
October_ . __. ...
November. [,
December- ...

Total amount (1b.) .. .. ._________
Average cost perpound..._ ... ...
Total cost_ . _. . .

TABLE 12 —Amount (in pounds) and cost of feeds sup-
plied tilapia fry, 1959

Mill- |[Wheat|Purina| Purina | Fish | Total {Total
Month run | mid- [starter| fry meal |amount| cost
dlings
March. ... __ 25.85(1225. 72 _______ 251. 37($12. 06
April____.. 147.80| 30.69| 12.43 262, 27| 18.86
May....... 48.90 334. 66| 33.68
June__ | 9, 40 3
July_._____ 75. 00
August_.__ 8.0
September_ .________ [ |--.__ 9.00
October.._. 7.25
November. 5.75
December_ . __________ 1. 00
Total weight____. 232. 63| 962.01| 176. 93
Average eost per
pound. .. ..o $0.03| $0.05 $0.13] $0.13| $0.08( . __.___|..__..
Total costamameao oo 6.98 48.10| 23.00] 355.79| 12.32|._._____ 448.19

t High quantities fed bait-size fish carried over from 1958.

of bait-size fish. These amounts do not include
natural foods occurring in the ponds, such as
green algae and mosquito and midge larvae, which
were consumed in some quantity by the young
fish.

COLLECTING THE FRY

Once production had started, a diligent effort
was made each day to remove all the young that
could be captured by dipnetting. A sorting de-
vice consisting of a large net mounted behind a
frame with grating of aluminum tubing, which
was to be pulled through the brood tanks, was
tried but did not prove feasible. The device was
effective in catching young fish but was judged
impractical because of the problem of removing
the young from the net and from the detritus
that was also collected. Since the young schooled
near the surface of the water, dipnetting with a
square-framed, 20 X 20-inch net “walked” along
the walls of the brood tanks was a simple and

satisfactory method of collection (fig. 8). The
young were transferred from the dipnet to a
bucket and then counted and released into the fry
tanks. Each fry tank was stocked with about
6,500 young, or 91 young per square foot of sur-
face area. Some effort was made to put fry of the
same size into each tank to reduce cannibalism.
The few young that escaped the daily dipnetting
were removed at intervals of 3 to 4 months when
we seined the ends of the brood tanks where the
juveniles tended to congregate.

Ficure 8.—Dipnetting tilapia fry.
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TABLE 13.—Monthly production of young tilapia in brood-tanks A and B, 1958

Number of young Number of young per female Young producfed per square foot
of area
Month M .

Tank A Tank B Total Tank A! | Tank B 2 Average Tank A Tank B Average
Lo TV T SR puuyuuptyu PSSRy poyuytyt FESOURPISR Syt PSSRty PSSRSOty PSS RSO SOy (R
February. - 698 2 0.9 0.3 0.6 0.8 0.3 0.6
March__. 8,640 11, 550 20,160 11.5 15.4 13.4 10.3 13.7 12.0
April 15, 626 5, 20, 629 20.8 6.7 13.8 18.6 59 12,2
May. 21, 006 10, 162 31,168 28.0 13.5 20.8 249 12,1 18.5
June. 122,427 40, 444 162, 871 163.2 53.9 108.6 145, 4 48,0 96. 7
July. 151, 570 108, 259,797 202.1 144.3 173.2 180.0 128. 5 154.2
August____ - 119, 206 80, 453 199,749 159.1 107.3 133.2 141.7 95.5 118.6
September. - 128, 999 39,113 168, 112 172.0 52.2 112.1 153.2 48.5 99.8
October_ ..o e 97,053 35,065 132,108 140.9 47.6 94.2 115.3 41.6 78.4
November R 23, 682 33, 857 57,339 34.4 45.7 40.0 281 40.0 34.0
December. .. emeee 15,072 6, 103 21,176 219 8.3 15.1 17.9 7.2 12.6
Total._._.. e e 704, 069 370,007 | 1,074,076 954.8 495.2 725.0 836.2 439.3 637.6

! Tank A contained 759 females during the January-September period and 689 females during October-December.
2 Tank B contained 750 females during January-September period and 736 females during October-December.

PRODUCTION OF YOUNG

The monthly fry production is given in table 13
for 1958 and in table 14 for 1959. These data are
based on gross production and do not indicate
losses from disease, cannibalism, or other factors.
There was marked seasonal variation with the
peak production in 1958 occurring in July and in
1959 in May.

There was an important difference in the pro-
duction of the two brood tanks in 1958 that may
have been related to the position of the inlets and
drains, the direction of the prevailing winds, and
the resultant circulation of the water within the
tanks. Tank A, with the drain on the upwind side,
was generally cleaner and more productive than
tank B, which had the drain on the downwind
side. In 1959 a drain was installed on the upwind
end of tank B and the water was somewhat cleaner
than in the previous year.

Production was higher in 1959 than in 1958 and
there was little difference between the two tanks.
Factors operating in 1959 which may have con-
tributed to the higher production that year were—

1. Improved drainage in brood-tank B.

2. Larger bottom area (+.21 sq. ft. versus 3.37
in 1958) allotted to each male.

3. Aeration of the brood tanks. _

4. Woater filtered and recirculated in brood-
tank A.

5. Slightly higher water temperatures. Since
both brood tanks were heated slightly and there
were no control tanks, it is difficult to evaluate the
results. We can state, however, that water tem-
peratures rose following installation of the heat-
ing cables (figs. 4 and 5) and that production in-
creased over that of the previous year.

6. Increased oxygen content in brood tanks,

7. Higher grade of feed fed adults.

TABLE 14.—Monthly production of young tilapia in dbrood-tanks A and B, 1959

Number of young Number of young per female ! Young produced per square foot of
area
Month
Tank A Tank B Total Tank A Tank B Average Tank A Tank B Average
""" T3 Y IR TS i R~ I B I R N A I N
7,3 20, 280 2 12.3 33.8 23.0 8.8 4.1 16.4
112,167 138,215 250, 382 186.9 230.4 208. 6 133.2 164.1 148.7
164,871 129,179 203, 850 274.5 215.3 244.9 195.6 153.4 174. 5
96, 135 55, 151,986 160.2 93.1 126.6 114.2 66.3 90.2
\ 59, 331 64,151 123,482 98.9 106.9 102.9 70.5 76.2 73.4
August.... 71,929 53,241 125,170 119.9 88.7 104.3 85.4 63.2 74.3
September. 116, 781 91,493 208,274 194.6 152.5 173.8 138.7 108.7 123.7
October.___ 52,259 64,167 87.1 19.8 53.4 62.1 4.1 38.1
November. 38,471 5,745 44 216 64.1 9.6 36.8 45.7 6.8 26.2
December. ... 2,477 ) 4.1 0.6 2.4 2.9 0.4 1.6
Total - 723, 323 570,411 | 1,293,734 1,205.4 050. 7 1,077.9 859.1 677.3 768.1

1 Based on 600 females in each brood tank throughout the year.



12 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

8. Better physical condition of brood stock
than in 1958, when they were captured and trans-
_ported from Oahu to Maui.

9. Larger size of brood fish, which may have
been responsible for the larger number of young
produced per female (Chen, 1953; Vaas and Hof-
stede, 1952).

In 1958, newly released fry were observed in
February, 1 month after the initial stocking of the
adults. Production remained at a low level, how-
ever, from February to May. Heavy production
started in June and continued through October.
In 1958, the highest number of young collected in
any one day was 29,800 fry on July 8th. The
average production per female for the year was
795 fry.

In 1959, production was at a low level in Febru-
ary and Mareh, but remained high from April
through September. The largest day’s collection
of fry in 1959 was 40,877 fry on May 19th. The
average production per female for the year was
1,078 {fry.

MORTALITY OF YOUNG

Many factors contributed to the loss of young
fish. Some of the observed mortalities were due to
handling, disease, and to structural failures such
as tank leaks. Many sources of attrition such as
predation by black-crowned night herons, dragon-
fly nymphs, and adult tilapia, and cannibalism
among the fry themselves, were known to exist but
difficult to estimate. Table 15 provides monthly
figures for the dead fish that were collected and
counted. In 1958, such losses totaled 48,806, or
4.5 percent of the gross production. The unob-
served mortalities for 1958 amounted to 82,400,
or 7.7 percent of the gross production. The esti-
mated total mortality was 131,200 or 12.2 percent.
Losses in 1959 totaled 99,209, or 7.7 percent of the
gross production. The unobserved mortalities for
1959 amounted to 71,800, or 5.6 percent, for a total
mortality of 171,000, or 13.2 percent. :

As far as we could determine, the brood tanks
remained disease free in 1958. In 1959, a minor
outbreak of the protozoan T'rickodina caused some
loss of very young fry before the infected individ-
uals were removed. In the young fish, the major
disease problems resulted from infections of 7'ri-

1 Method of calculating this figure explained in section dealing
with the production of bait-size fish,

TABLE 15.—0Observed niortalities of young tilapie, by
months, 1958 and 1959

1958 1959
Month
Brood Fry Brood Fry

tanks tanks tanks tanks
January. oo e e el
February. .. 21 L' PO E
March . 271 4,008 148 1391
April. . 8 2,817 974 * 53, 586
AY o o ememem el 48 3,004 423 20,188
June. .. 95 323 227 4,577
July. oL 105 6,872 86 471
Auvgust________ 33 4,412 130 2, 269
September._ 124 | 315,119 170 2,300
October_____ 26 48,521 6, 996
November.______._______________ 26 1, 464 422 5,853
December... 0 1,802 | |eaeaao
Total . ieas 957 47, 849 2,580 96, 629

1233 lost from fry-tank leakage.
24,170 lost from fry-tank Jeakage; 35,373 died after treatment with pyridyl-
mercuric acetate.
¢ 3 115{,555 were lost when a hole opened in the bottom of a fry tank, draining the
an

1 5,'967 were lost in the same manner as in footnote 3.

chodina, which were controlled by treatment with
0.5 p.p.m. copper sulphate or 3 p.p.m. potassium
permanganate. A condition diagnosed as acute
catarrhal enteritis, as described by Davis (1956),
was the cause of high mortality rates in a few of
the tanks. Losses from disease were minimized by
the fact that each of the 90 fry tanks had an
independent water supply and did not drain into
any of the other tanks. Except in brood-tank A,
none of the water used was recirculated in 1959.
This may not have been the most economical use of
water, but it did prevent infections from spreading
from one tank to another.

On the few occasions in 1958 when the water
supply was intérrupted by breaks in the line, there
were particularly serious outbreaks of disease.
Such water shortages did not occur in 1959.
Chemical treatment followed by a thorough flush-
ing with fresh water usually brought an end to
the losses in 2 or 3 days. Highest mortality rates
occurred when the fish were 1 to 3 weeks old.
Once past their 4th week, tilapia seemed to be im-
mune to the usunal disorders.

Early detection and treatment of disease were
necessary to keep losses at a low level. Treatment
with 3 p.p.m. potassium permanganate was effec-
tive for fish 0-2 weeks old infected with 7'ri-
chodina, and 0.5 p.p.m. copper sulphate was effec-
tive for fish 3 weeks old and older. Treatment was
applied usually between the hours of 9 a.m. to 3
p.m., when the oxygen content of the water in the
fry tanks was highest, so that the young would
have an adequate oxygen supply during treatment.
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Fish afflicted with the condition diagnosed asacute
catarrhal enteritis were supplied with an increased
flow of fresh water, since there is no known treat-
ment.

In 1959, each newly filled tank was given a
prophylactic treatment of 3 p.p.m. potassium per-
manganate or 0.5 p.p.m. copper sulphate before
the fry were added. This procedure seemed to
be effective in checking 7'richodina outbreaks.
Although we have no measure of the effect of
wind-blown dust and debris on the disease prob-
lem, we believe that the causative organisms of
some of the infections could have been introduced
through' the excessive amounts of road dust that
occasionally contaminated the tanks. Early de-
tection of disease was often difficult because of rain
or strong winds that prevented our observing the
condition of the fish.

DUTIES OF THE HATCHERY OPERATOR

When operated on an experimental basis, the
Paia plant required one person full time; on a
commercial basis we estimate that the work load
would not have heen too great for one man half
time.

The daily tasks and time required to perform
them were as follows:

1. Dipnetting the young—14 hour to 2 hours.

2. Counting the young—24 hour to 3 hours.

3. Feeding adult fish twice a day—14 hour.

4. Feeding young three times a day—3/4 to 14
hour. _

5. Removing the dead fish—10 minutes to 3
hours.

6. Checking inflow and drain pipes—14 to 14
hour.

Some irregularly occurring tasks were as fol-

lows:

1. Treating sick fish: weighing cheinicals, ap-
plying treatment, checking results, flushing out
tanks with fresh water—14 hour to 4 hours.

2. Transferring young from fry tanks to hold-
ing tanks—2 men 14 day a week during productive
season.

3. Cleaning fry tanks—14 day a week.

4. Constructing equipment, mending nets,
et cetera—2 hours a week.

5. Measuring oxygen concentrations—1 hour
if done once a week.

6. Caring for grounds—1 day every 4 weeks
with power mower,

7. Trucking bait-size fish to docksite—truck
driver and helper, 1 day a week during productive
season. _

8. Acclimatizing bait fish—Old method: 1 day
a week during productive season. New method:
4 hours a week during productive season.

PRODUCTION OF .BAIT-SIZE TILAPIA

1958 PRODUCTION

By the end of December 1958, an estimated
412,630 bait-size (1.5 to 2.5 in.) tilapia, weighing
1,429 pounds (204 buckets®), had been removed
from the hatchery. Of this amount, 189,237 fish
weighing 630 pounds (90 buckets) were delivered
to Maui Fisheries and Marine Products, Ltd. ; the
rest were used in experimental fishing from the
Bureau of Commercial Fisheries research vessels

.Hugh M. Smith and Charles H. G'ilbert. On Jan-

uary 8, 1959, an estimated 146,346 fish weighing
531 pounds (76 buckets) were received aboard the
Smith and the Gilbert. The average individual
weight of fish in each of the delivered lots, esti-
mated by subsampling, ranged from 1.17 grams
(39 mm. or 1.5 in. length) to 2.18 g. (49 mm. or
1.9 in. length). The overall average weight was
1.59 g. (44 mm. or 1.7 in. length).

If we subtract from the estimated total produc-
tion (1,074,076) the number of fish delivered
(558,876) up to January 8, 1959, and the observed
mortality (48,806), we obtain a remainder of 466,-
394 fish, the theoretical balance on hand. Follow-
ing the January 8th delivery to the Smith and
GHilbert, 64 fry tanks each containing an estimated
6,000 young fish approaching bait size remained
at the Paia plant. This stock of 384,000 fish, bar-
ring accident, should equal 190 buckets of bait by
the end of February. The difference between 466,-
394 and -384,000 equals 82,394 or the unobserved
losses resulting from cannibalism, predation by
night herons and dragonfly nymphs, and from oth-
er causes. In terms of buckets, the total produc-
tion, therefore, amounted to 470 buckets. In terms
of production per unit area, the 1958 production
was equal to 9,200 pounds (4.6 tons) of fish per
acre per year, based on the 280 buckets actually
used, or 15,400 pounds (7.7 tons) per acre per year,
based on the estimated total production.

9 One bucket equals 7 pounds of fish,
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1959 PRODUCTION

By the end of December 1959, an estimated 767,-
071 bait-size (1.5 to 2.1 in.) tilapia weighing 2,439
pounds (356 buckets) had been removed from the
hatchery. Of this amount 508,364 fish weighing
1,415 pounds (202 buckets) were delivered to Maui
Fisheries and Marine Products, Ltd. A few buck-
ets of fish were supplied to the Hawaii Division
of Fish and Game for experimental purposes. The
rest were used from the Smith and Gilbert. The
average individual weight of fish in each of the
delivered lots, estimated by subsampling, ranged
from 0.92 g. (37 mm. or 1.5 in. length) to 2.67
g. (52 mm. or 2.1 in. length). The average of
all lots was 1.49 g. (43 mm. or 1.7 in. length).
Of the total bait delivered, 159,504 fish or 971
pounds were carried over from the 1958 produc-
tion.

The total production for 1959 was 1,293,734 fry.
If we subtract the observed mortalities (99.209)
and fish delivered (607,567) from the total pro-
duction, we have a remainder of 586,958 fish. An
estimated 514,900 fry remained in the hatchery as
of December 8, 1959. The difference between
586,958 and 514,900 is 72,058 fish, representing the
unobserved losses from cannibalism, predation by
night herons and dragonfly nymphs, and other
causes. In February 1960, 257 buckets of bait
should have been available at the hatchery. The
total bait delivered during 1959 was 1,517.9 pounds
(216.8 buckets), and the production was equal to
7,110 pounds (3.6 tons) per acre per year on an
area basis, or 15,600 pounds (7.8 tons) per acre
per year based on the total estimated production.
Production in numbers of young was higher in
1959 than in 1958, but production in buckets of
bait was about the same in the two years, since the
average size of the fish was smaller in 1959. The
smaller average size in 1959 may have resulted
from the less-frequent feeding and greater stock-
ing densities.

There are numerous reports dealing with the
pond culture of tilapia. Chen (1953) reported an
annual production of 270 pounds per acre in the
rice paddies of Taiwan, and Pongsuwana (1956)
reported annual productions in excess of 5 tons
per acre in Thailand. Swingle (1960) reported
annual productions of 2,291 and 9,685 pounds per
acre in Alabama from stocking rates of 4,000 and
20,000 fingerlings per acre, respectively, basing the
production on 365 growing days a year.

ACCLIMATIZATION TO SEA WATER

The bait-size tilapia were hauled by truck from
the Paia hatchery to a docksite area, either to
Maalaea Harbor or to Kahului Harbor. Two
means were used to transport the fish: (1) 50-
gallon drums, each with a carrying capacity of 1
to 1.5 buckets of fish, and (2) a special truck bear-
ing a 500-gallon steel tank having a carrying
capacity of about 10 buckets of bait.

The acclimatization to sea water was carried out
either in large wooden tanks equipped with run-
ning fresh and salt water, located at Maalaea
Harbor (fig. 9), or in the bait. wells of the sampans
and the Bureau of Commercial Fisheries vessels.
In each instance, the acclimatization was accom-
plished in 8 to 12 hours and with little loss of fish,
except for one unfortunate experience when an
entire lot of 129 pounds (27,000 fish) died. Mor-
tality in this case was probably the result of a
combination of factors: the rate of change from
fresh water to sea water was too rapid; there was
insuflicient. fresh water available to permit proper
acclimatization and the maintenance of suitable
oxygen concentrations; the vessel, lying at the
dock in Maalaea Harbor and, being held against
the dock by the wind, was generally motionless, so
there was little circulation of water through holes
in the bottom of the bait wells. The loss was re-
grettable but taught us several things about the
requirements and limitations of the fish that must
be considered during the acclimatization process.

Ficure 9.—Tilapia acclimatization tanks at Maalaea
Harbor, Maui.
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In 1959, Maui Fisheries and Marine Products,
Ltd., built a concrete and hollow-tile tank, 10
feet X 80 feet X 3 feet deep, at Maalaea Harbor,
which was capable of holding about 30 buckets of
fish. The fish were acclimatized in this tank
by introducing them directly into water with a
salinity of approximately 17 °/,, and leaving them
at this salinity for at least 12 hours before intro-
ducing them into sea water (35°/o,) in the bait
wells of the sampans. This method, developed by
the Hawaii Division of Fish and Game in 1959
(unpublished data), was easy to follow and usu-
ally resulted in few losses. One great advantage
was that no one needed to monitor the salinity
and regulate continually the flow of salt and fresh
water, as was required for the method employed
in1958. The water in the acclimatization tank was
aerated by a small compressor, with a few air-
stones distributed over the bottom of the tank.

UTILIZATION OF BAIT

The results of fishing operations utilizing tilapia
produced at the Paia hatchery along with the nat-
urally occurring bait fishes, nehu and iao, are pre-
sented in table 16. The amount of bait used was
estimdted by the fishermen. An observer accom-
panied the vessels on most of the trips and re-
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corded the catch rates with the different types of
baits used. :

We calculated an average catch of 49 pounds.
of skipjack per pound of tilapia used in 1958, as
compared with 48 pounds of skipjack per pound
of nehu and 68 pounds of skipjack per pound of
ino. In 1959, the average catch amounted to 53
pounds of skipjack per pound of tilapia, and 64
pounds of skipjack per pound of nehu. Iao was
used on one trip with a catch of 49 pounds of skip-
jack per pound of ino. Although most of the
catches were made using nehu and tilapia alter-
nately, some schools were fished entirely with
tilapia with fairly good results. On September 5,
1959, the Sailfish caught 5,600 pounds of 20-pound
skipjack using 90 pounds of tilapia, or 62.2 pounds
of skipjack per pound of tilapia.

These results indicated that tilapia could be
used to advantage to supplement the supplies of
nehu. The fishermen commented on the fact that
tilapia were slow swimmers, and necessitated re-
ducing the speed of the sampans during the chum-
ming and fishing operations. Also, they noted
that the tilapia were very hardy and performed
well when large wild schools of skipjack were en-
countered, and that they were particularly good
bait for large skipjack of 18 to 25 pounds.

TABLE 16.—Tilapia as skipjack bait compa-réd with nehu and iao, 1958 and 1959

Bait taken aboard (1b.) Bait used (1b.) Skipiaitl:)k)cutch Catch rate
(Ib.
Vessel and date Number of skipjack per | Pounds of skipjack Eer
Average pound of bait used pound of bait use:
Nehu |Tilapia| Tao Nehu | Tilapia| Iao Total | weight
weight | of fish
Nehu [Tilapia| Iao Nehu |Tilapia| Iao
3.8 1 ) R 30.7 18.2 (...
3.1 2.2 |ocamoaan 68.8 48.6 |ancooo-u
........ 3.0 3.0 [-oocua} B3 52
3.2 5.7 6.0 44.4 79.2 83.3
3.4 3.2 4. 48.0 49.2 67.6
16.5 0.4
v 1 3.1 0.3
Sooty Tern: July 10._ 4.3 0.2
Sailfish:
3.1 L5
3.1 1.0
1.4 6.1
1.9 6.3
25 4.2
! 1) 92,
___E_)_.. (3. ) I SR PR 62,2 .-
________ 2.3 2.2 i 50. 49.4
4.5 2.5 2.2 63.9 53.3 49.4

1 No records.
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SUMMARY OF PRODUCTION COSTS

The major elements in the cost of producing a
pound or a bucket of bait-size tilapia in each of
the two years of the operation are described in the
sections that follow and are summarized in table

17.

TABLE 17.—Summary of production costs, 1958 and 1959

Item 1958 1959
Capital improvements___ ... . oo $4,353.24 $900. 00
Annnal cost. amortized on a 10-year basis 435.32 525.32
Interest on capital investments_._._..___ 261.19 315.19
Operating expenses 3 2,507.79
Total cost_ - oo . 3,348.30
Number of fry produced___.________________ ___..__ 1,074,076 1,293,734
Production of bait-size fish:
Number of buckets._. .. s 470 474
Number of POUNAS. . oo omm 3,200 3,318
Cost perpound. .- $0.76 $1.01
Cost per 7-pound bucket___.______________...- $5.34 $7.08

1958 OPERATIONS

An accounting of the major expenses incurred
in setting up and operating the plant at Paia dur-
ing the first year, not including the salary of a
biologist, follows.

In addition to the operating expenses incurred
in 1958, it was necessary to supply feed and water
for approximately 2 months in 1959 to the young
fish that were held over from 1958.

Capital improvements:?
Initial rénovation of the plant__________ $2, 233. 24

Other construction and improvements____ 1, 500. 00
Barbed-wire fencing______ . ________ 90. 00
Bait-hauling tank - 100. 00
Bait acclimatization facilities____________ 380. 00
Bait-barge acquisitioni and repair—_______ 50. 00
Total o e 4, 353. 24
Operating expenses:
1958
Feed—for adult fish.___________________ $191. 96
Feed—for young fish —— —— 375. 69
Water—_ .. e 557.17
Hauling bait fish to docksite_____________ 90. 00
Maintenance and care of grounds________ 150. 00
Annual lease on plant area______________ 240, 00
Subtotal _________ . 1, 604. 82
1959 :

Feed—for young fish_____________________ $60. 00
Water—for fry tanks 50. 00
Hauling bait fish to docksite____________ -~ 100.00
Subtotal ——  210.00
pe—

Total 1,814, 82

1 Borne by Maui Fisherles and Marine Products, Ltd.

It is customary to amortize the cost of capital
improvements over a reasonable period of time.
We suggest amortizing the costs over a 10-year
period in this instance, rather than charging the
full amount against the quantity of bait produced
the first year. Also, it is usual business procedure
to include in the cost analysis a figure representing
income that might be derived from a reasonable
interest rate on the capital cost of the original
construction; ie., income which might have been
realized had the money been invested. A 6-per-
cent return on the amount of the capital improve-
ments ($4,353.26) would equal $261.19.

Total costs:
Capital improvements____________________ $435. 32
Interest . ____ —— 261,19
Operating expenses :
Jan-Dec.,, 1958 _____ . ___________________ 1, 604. 82
Jan.~Feb, 1959 _____ . 210. 00
Total - ________ 2,511. 33

The cost therefore, of producing bait in 1958
was $0.76 per pound when based on the total esti-
mated production of 470 buckets and an expense
of $2,511.33, or $5.34 per 7-pound bucket.

As mentioned before, there is no allowance in
these figures for the salary of the biologist in
charge of the plant. If we assume that the plant
could be operated on a commercial basis with one
man working half time at a salary of approxi-
mately $2,000 per year, the total cost would be
$4,511.33 and the cost of producing bait would be
$9.59 per 7-pound bucket, or $1.37 per pound.
These costs are reasonable, but we must consider
the fact that most of the concrete structure of the
hatchery was already in and that building a new
hatchery would have increased the costs much
more.

As mentioned before, the skipjack fishermen
expressed high approval of the effectiveness of
tilapia in catching the larger skipjack. In fishing
for these larger skipjack the fishermen preferred
using tilapia 5 to 6 em. (2.0 to 2.4 in.) in length.
Young tilapia between 3.8 and 6.4 em. (1.5 and
2.5 in.) are generally suitable, however, as skip-
jack bait. A 3.8-cm. fish weighs 1.0 g., whereas
a 5.1-em. (2 in.) fish weighs 2.5 g., and a 6.4-cm.
fish weighs 4.4 g. The bait fish delivered by the
Paia plant in 1958 averaged 1.59 g. in weight
and approximately 4.4 cm. (1.7 in.) in length.
Whether tilapia are harvested at 4.4 cm. with ap-
proximately 2,285 fish to the bucket, or at 5.1 cm.
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with 1,274 per bucket, is an important considera-
tion in calculating the commercial feasibility of
such a bait-rearing project. If the growth rate
could be increased, the fishermen’s preference for
the larger size would have less importance to the
producer—the cost of holding the fish to the larger
size being compensated for by the more rapid rate
of growth.
1959 OPERATIONS

The major expenses, not including the salary of
the biologist, incurred at the Paia plant in 1959
are listed below.

In addition to the operating expenses incurred
in 1959, it was necessary to supply feed and water
for approximately 1 month in 1960 to the young
fish that were held over in order for them to reach
bait size.

Capital improvements: *
Acelimatization tank_____________________ $600. 00

Filter tank- - _ 300. 00
Total 900. 00
Operating expenses:
1959
Feed—for adult fish 158. 57
Feed—for young fish_- ——— 446,18
Water. 786. 00
Electricity____ 417. 04
Maintenance and care of grounds__________ 150, 00
Annual lease on plant area_______________ 240, 00
Hauling bait fish to docksite . __________ 90. 00
Subtotal _- - - 2,287.79
1960:
Feed—for young fish $60. 00
Water - - 60. 00
Hauling bait fish to docksite_____________ 100. 00
Subtotal - 220. 00
Total 2,507.79

1 Borne by Maui Fisheries and Marine Products, Ltd.

It would seem logical to amortize the cost of
capital improvements in 1959 over a 10-year period
and to charge a 6-percent interest rate on the total
capital investment, which is now $5,253.24.

Total costs:

Capital improvements - $525, 32
Interest ____ 315.19
Operating expenses, 1959________________ 2, 287. 79
Operating expenses, 1960_._____ e 220. 00

Total e 3,348. 30

The cost of producing bait in 1959 was $1.01 per
pound, or $7.06 per T-pound bucket, when based
on the total estimated production of 474 buckets
and expenses of $3,348.30. The higher produc-
tion cost per pound of bait in 1959 than in 1958
was due principally to greater expenditures for
water, electricity, and feed. :

If we assume that the plant could be operated

-on a commercial basis with one man working half

time at an annual salary of approximately $2,000,
the cost of producing bait-size fish then becomes
$11.28 per bucket, or $1.61 per pound.

The 2-year operation of the Paia plant was
successful with respect to the number of young fish
produced per female. It was not judged economi-
cally successful, however, principally because the
plant. was too small. It is our belief that a plant
designed on a commercial scale for volume pro-
duction and with more efficient use of labor could
be operated profitably.

APPLICATION OF RESULTS

ESTIMATED COMMERCIAL
PRODUCTION COSTS

It is hazardous to project these preliminary
data, but it is our opinion that a commercial plant
much Jarger than the Paia hatchery could produce
bait-size tilapia at a cost of about $1.00 a pound,
which should bring the price of bait within the
reach of tuna fishermen.

This projection is based on a plant with 16,000
square feet of brood-tank space and 40,000 square
feet of fry-tank space, which is the size of plant
that the Hawaii Division of Fish and Game plans
to build with an appropriation of $130,000
granted for the purpose by the 30th Territorial
Legislature. Such a hatchery could be stocked
with 12,000 females and 4,000 males. Using the
best. production figures from the Paia hatchery, an
average of about 1,000 young per female per year
obtained in 1959, the total annual production
should be about 12,000,000 young. If the fish were
delivered as bait at a size when 2,000 constitute a
7-pound bucket, the hatchery should produce
6,000 buckets of bait annually. If the capital im-
provements were amortized over a period of 10
years, they would be prorated at $13,000 per year.

Operation of the plant would require 2 men
working full time, at a cost of about $10,000 a
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year for salaries. This estimated labor cost is
higher than the estimate given for the Paia hatch-
ery because of the larger scope of the operation.
Feed would cost approximately $15,000 annually.
Utilities, mostly electricity and water, would cost
about $3,000 a year. Another $1,000 would be
needed for miscellaneous equipment and for bait-
hauling expenses. The annual operating cost
would thus be approximately $29,000, with an ad-
ditional $13,000 for capital improvements, or a
total of $42,000. With the anticipated production
of 6,000 buckets of bait, the cost per bucket would
be $7.00, or $1.00 per pound. Land costs are not
included in our estimates since the planned loca-
tion of the hatchery is on State-owned land.

Brock and Takata (1955) estimated that the
break-even value of nehu to the Hawaiian skip-
jack fishermen was roughly $4.23 per pound at
the peak of the season. Therefore, if the cost of
commercially produced bait were higher than
$4.23, the fishermen would fare better by catching
their own bait; and if the cost of a substitute bait
were lower they would be better off to buy their
bait.

ESTIMATED VALUE TO FISHERMEN

From the estimates.of bait-production costs
given in the previous section,we can estimate the
potential value of tilapia to the commercial tuna
fisherman. Hawaiian skipjack vessels ordinarily
use 20 to 30 buckets of bait per trip when natural
bait is in good supply. Let us assume that a boat.
purchases 30 buckets of tilapia at a cost of $7.00
a bucket and in 1-day’s fishing catches 10,000
pounds of skipjack (as calculated from our aver-
age conversion rate in 1958 and 1959) worth
$1,000 to the fishermen. If we deduct $210 for the
cost of the bait, $15 for the crew’s food, $25 for
fuel and ice, f01 a total of $250, we have $750 re-
maining. The crew’s share, or 63 percent, equals
$472.5O for the day’s operation. Based on an
average crew per vessel of 10 men, the day’s
share for each crew member is $47.25.

We do not visualize that tilapia or any artificial
bait substitute will entirely replace the nehu in the
Hawaiian skipjack fishery. King and Wilson
(1957) have estimated, however, that if the aver-
age fishing time for a sampan could be increased
from the present 15 days a month to a possible 20
days a month through the use of tilapia or other
supplemental bait, the total annual skipjack catch
for Hawaii might be increased by 3 million to 4

million pounds. It is probable that the number of
fishing days could be increased to well over 25 days

a month if the entire bait needs or sufficient sup-’
plemental bait were supplied by a large tilapia

hatchery. Such an inerease in days fished in a

month might conceivably increase the total annual

skipjack landings for Hawaii by more than 6 mil-

lion pounds.

CONCLUSIONS AND RECOMMENDATIONS
Location of the Plant

The site was characterized by strong, gusty
winds, above average rainfall for the island of
Maui, and a high rate of cloud cover. Although
the wind aided in circulating the water, it also
brought large quantities of dust and debris into
the tanks. We concluded that. a sheltered area on
the drier and warmer leeward side of the island
would have provided a more favorable site.

Arrangement of the Plant

The general arrangement was satisfactory but
could have been improved in a few respects.

a. Both brood tanks should have been equipped
with drains on their upwind end where the detritus
collected. (The drains were installed in 1959.)

b. Aeration during the hours of darkness would
help keep the oxygen level fairly high. (An aera-
tion system was in operation in 1959.)

¢.  Fry tanks should have been built with a sump
or catch basin to facilitate removal of fry. Con-
siderable time was expended in seining the fish
from the tanks, which were difficult to drain.

d. The plant had a ratio of brood-tank area to
fry-tank area of 1: 3.8. A ratio of 1:5 would have
permitted less crowded conditions within the fry
tanks and probably would have induced qutel
growth in the young fish.

Fish Feed

a. Fish 2 to 3 weeks of age fed well on a mid-

dlings—fish meal mixture and Purina starter feed;

hetween 4 weeks and 3 months of age they readily
accepted the Purina fry feed and always seemed
to be hungry even with three feedings a day. At
all ages, they fed on the algae in the tanks.

b. The particle size of the Purina small finger-
ling feed seemed to be too large for the 2- to 3-
month-old tilapia.

¢. The adults preferred Purina trout chow (de-
veloper), but appeared to remain in satisfactory
condition on a millrun—fish meal mixture (4:1
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ratio), or on rabbit ration. The adults fed ex-
tensively on the filamentous algae growing on the
tark walls.

Fry Growth

"a. Each of the fry tanks, which had an area of
715 54 ft., yielded about 3 buckets of bait-size
fish in 1()—1" weeks when stocked with 5,000 to
7,000 fry.

b. We predict that by providing more space per
fish, bait-size fish could be produced in 8 weeks.

Prod action Costs

a. In the first year of operation (1958), the
Paia met produced approximately 470 bucl\ets
of bait-size tilapia at a cost of $0.76 per pound,
not including the salary of the supervising scien-
tist. If the plant had been cperated on a commer-
cial basis, employing one caretaker half-time, we
estimate that the total production cost 1nc1ud1ng
labor would have been $1.37 per pound.

h. In the second year of operation (1959), the
Pala plant produced approximately 474 buckets
of bait-size tilapia at a cost of $1.01 per pound,
not including the salary of the supervising scien-
tist. If the plant had been operated on a com-
mercial scale, employing one caretaker half-time,
we estimate that the total cost including labor
would have been $1.61 per pound. The higher
average cost in 1959 was due to larger expendi-
tures for water, electricity, and fish food than in
1958.

c. Better plant design with a proportionately
greater amount of fry-tank space would have re-
sulted, we believe, in faster growth of the young
fish and, therefore, lower production costs.
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APPENDIX
POND GULTURE OF TILAPIA

In 1956 and 1957, personnel of Hawaiian Tuna
Packers, Ltd., and of the Bureau of Commercial
Fisheries seined bait-size tilapia from two ponds
adjacent to Honolulu and used the fish in experi-
mental live-bait fishing for skipjack. One of the
ponds, Kuliouou Pond, is a naturally occurring
body of brackish water; the other, Ewa Pond
No. 6,is an artificially created body of fresh water.

The number of adult tilapia in each pond was
estimated from the frequency of capture of fin-
clipped fish (appendix table 1). The quantity of
young fish removed from each location in relation
to the number of adults and size of the area pro-
vide some comparison with the production ob-
tained in the brood tanks at the Paia, Maui,
hatchery.
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The natural food supply of the tilapia was sup-
plemented in each pond during the study period
by a daily feeding of rice bran.

Kuliouou Pond

This brackish-water pond is about 3 acres in

extent and has a salinity of about 20 /... King and

Wilson (1957) obtained 105 pounds of bait-size
tilapia from this pond on one seining trip in 1956.

In 1957 a more detailed study of the pond was -

initiated to obtain an estimate of the size of the
brood stock and the extent of production of young
fish. Appendix table 1 gives the population esti-
mates and summary of the fish removed.

Kuliouou Pond failed to yield any bait-size tila-
pia in four seining trips in 1957. The catch made
on three of these trips is shown in appendix table
1. The adult population, estimated at the end of
the experiment, was about 1,400 pounds. On each
occasion, nests were observed on the bottom of the
pond and evidence of spawning (females carrying
ova or young in the mouth) was noted. The pond
contained a large number of predators, which with
the cannibalistic traits of the tilapia, practically
eliminated all young fish.

Ewa Pond No. 6
This fresh-water pond, with few predators other

than crayfish, was a much better source of bait-
size tilapia. During 1956, King and Wailson

(1957) obtained 436 pounds of bait-size tilapia in
five seining trips to this pond. Nine seining trips
in 1957 yielded 882 pounds of bait-size fish. The
catch obtained on six of these trips is given in ap-
pendix table 1. The average catch of bait per trip
was slightly higher in 1957 than in 1956.

Using the mark (fin clipping) and recovery
method, the adult tilapia population in Ewa
Pond No. 6 was estimated to be about 6,000 pounds
when sampled in April and again in July 1957.
The annual production of bait-size fish was, there-
fore, approximately 147 pounds per 1,000 pounds
of adults. In the Paia, Maui, hatchery (this re-
port) a brood stock weighing about 800 pounds
produced about 3,300 pounds of bait-size fish per
year, or 4,125 pounds of bait. per 1,000 pounds of
adults.

Although the adult tilapia population in this
pond was fed rice bran daily, cannibalism prob-
ably reduced the amount of bait available. As
reported by King and Wilson (1957), it was dif-
ficult to harvest the crop of young fish. Seining
requires a rather large crew and is not efficient
because of the tendency of the fish to burrow in
the mud or hide in the spawning beds. There-
fore, we believe that, in all respects, the large-
scale production of bait-size tilapia is more prac-
ticable by the tank-culture method than by the
uncontrolled pond-culture method.

APPENDIX TABLE 1.—S8eining results and population estimates, Kuliouon and Ewa Ponds, 1957

Kuliouou Pond Ewa Pond No. 6
Ttem
Mar.26 | May1 | July10 | Mar.1 | Mar.8 | Apr.18 | May 10 | July 11 | July 12

Number of hauls. 10 6 1 1 2 5
Bait-size fish caught (b.) ... e mcmammcam e mmmm ey |manenmrem e e m e e e a - [0 T 83 56 106 107
Small to medium fish:?

Caught and removed (Ib.) ..o oo oo 129 347.5 414 27 -3 1 (S R R I

Caught and returned (Ib.) . - oo oo oo . - 138 188 | oo 126
Unmarked large fish:?

Caught and removed (0b.) - - oo - V) DR 741 41,184 300 308 38 177

Caught and returned (Ib.) .. ____________________. 62.5 66. 5 $1,202 [ooooooo.. 412 ||l 355
Recovery and return of marked mediuvm and large fish:8

Number of males.._... 18 43 124 408 502 189

Number of females._______ o 15 113 95 738 268 148

Total welght Ab.).___.o____.. - 7 49.5 48 296 2 159
Estimated adult population (ib.)..__.. .| 81,081 | 1,360 1,384 9,138 7,781 5,910 6,189

‘Total, less adults removed (b.). . |eemammmen | 8, 47 6, 597 5,610 6,012
95-percent confidence Hmits: ¢

1 {ID.) e el 305 | 1,115 1,115 6, 703 7,029 5y 287 | o mmeme e 5,417

[ PR— 1,440 | 1,790 1,737 12,172 8,634 6,634 | ______\.________. 7,109

1 Less than 3 Inches long.
23 to 8 inches long.
3 Greater than 8 inches.

t Large females, totaling 464 pounds, were marked and transferred to the Kuliouou Pond from this haul

5 Captured unmarked; marked and returned.
¢ Greater than 6 inches.
7 Catch not examined for marked fish.

¢ Including 464 pounds of fish (large females) added March 8 from Ewa Pond No. 6.

? Following Chapman (1948).
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ABSTRACT

This study evaluated the feasibility- of producing bait-size tilapia by the
tank-culture method. Two facilities were used: a pilot’ plant constructed on
the grounds of the Biological Laboratory at Honolulu and a second and more
elaborate plant constructed at Kewalo Basin, Honolulu.

Study of some of the factors associated with reproductive rates revealed
that (1) only a slight increase in water temperature was necessary to increase
spawning frequency during winter months, (2) prolonged high temperatures
seemed to have a detrimental effect on spawning fish, (3) a sex ratio of
39 :14 resulted in the highest reproductive rate, (4) a concentration of brood
stock that allowed 4.0 square feet of bottom area per male and 1.0 square foot
per individual provided optimum conditions for courtship and spawning,
(3) brood stocks fed a high-quality feed had a higher reproductive rate than
those maintained on a low-quality feed, and (6) brood stocks maintained in
prackish water of about 10°/., had significantly higher fry production than
those in fresh water.

Crowding affected growth rate of young as did guality of the food and
salinity of water.

The major causes of mortality among the adults were handling, disease.
asphyxiation, and possibly hydrogen sulfide poisoning. High mortality rates
among the young were caused by an infectious disease and infestation by
ectoparasitic protozoans.

Oxperiments on cannibalism indicated that juvenile tllapla averaging 204
mm. killed or consumed fry up to 10.0 mm. in length, while juveniles averaging
644 mm. in length were able to Kill or consume smaller juveniles up to a
maximum size. of 245 mm. Starved juveniles were more aggressive than
well-fed juveniles.

v




TANK CULTURE OF TILAPIA

By RICHARD N. UcHIDA and JOSEPH E. KING, Fishery Research Biologists
BUREAU OF COMMERCIAL FISHERIES

Until about two decades ago, the cichlid fish
Tilapia mossambica Peters had received only
minor attention as a food and game fish in its
native East African environment. No intensive
cultivation of tilapia was earried on in Africa, and
it was not until this fish mysteriously appeared in
East Java in 1939 that anyone recognized that it
possessed many of the desirable characteristics of
a pondfish and that it was readily adaptable to
culture (Atz, 1954). The potentialities of vari-
ous species of T'ilapia were demonstrated by W. H.
Schuster before a gathering of inland fisheries ex-
perts held at Surabaja in 1939 (Vaas and Hof-
stede, 1952). Since that time, tilapia have been
successfully introduced into many southeastern
Asian countries where they have become an im-
portant source of protein food.

In recent years, many scientists in various parts
of the world have studied the biology of tilapia and
its culture in ponds and rice paddies. The work of
Vaas and Hofstede (1952), Chen (1953), Panik-
kar and Tampi (1954), and Swingle (1960) is par-
ticularly noteworthy. Chimits (1955, 1957) has
published excellent reviews of tilapia culture and
his bibliographies bring together a wealth of in-
formation on these fishes. Baerends and Baer-
ends-Van Roon (1950) should be mentioned for
their contributions to knowledge of the behavior
of the cichlids. Other sources of information on
various aspects of tilapia culture and biology are
Brock (1954), on spawning in salt water; Fish
(1955) and Le Roux (1956), on feeding habits;
and Lowe (1955), on fecundity. Brock and
Takata (1955) and King and Wilson (1957) re-
ported on use of young tilapia as supplementary
tuna bait, and Hida et al. (1961) on the tank
culture of bait-size tilapia.

Swingle (1957) was the first to recognize that
species of 7'/lapin have potentialities as a fresh-

Approved for publication, Novemher 3, 1960. Fishery Bulle-
tin 199.

water game fish in the United States. Other in-
vestigators have found several of the many species
of Tilapin to be suitable laboratory animals for
many types of physiological research.

The decision to introduce 7. wmossambice to
Hawail was based primarily on two major con-
siderations: the usefulness of the fish for clearing
aquatic vegetation from irrigation ditches and
canals and the possibility that the young could be
used as bait fish in the Hawaiian skipjack fishery
(Brock and Takata, 1955). Since its introduction
to Hawaii in 1951, tilapia has received widespread
attention and is now well established in many
private and commercial ponds throughout the
major Hawaiian islands.

The pole-and-line fishery for skipjack (Aafsu-
awonus pelamis) is the largest commercial fishery
in Hawaii. Descriptions of this fishery and the
associated live-bait fishery have been published by
June (1951), Brock and Takata (1955), and
Yamashita (1958). All of these investigators
cite the shortage of bait fish as the principal
factor limiting production of this pole-and-line
fishery.

Because of this critical demand for bait, atten-
tion was focused on tilapia as a possible supple-
ment to natural bait supplies. Tester et al.
(1954), experimenting with artificial materials
(both edible and inedible) to attract tuna to the
stern of a fishing vessel, reported generally nega-
tive or inconelusive results, which gave added im-
petus to the search for a suitable substitute live
bait. In the summer of 1954, Brock and Takata
(1955) initiated the first sea trials to evaluate
tilapia as live bait and in a number of the sea tests
they obtained encouraging results. King and Wil-
son (1957: p. 8) made further sea tests during the
summer and fall of 1956 and concluded that the
young of T'ilapia mossambicn ave an adequate bait
fish for catching skipjack. They further pointed
out. that although tilapia in some respects was in-

21
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ferior to nehu (Stolephorus purpureus), the prin-
cipal bait used in the skipjack fishery, it was on
the other hand, hardier than nehu and could
tolerate a wider range of salinity and lower oxygen
concentrations.

In view of the reported success in using young
tilapia as a tuna bait fish, consideration was given
to devising rearing methods that would be eco-
nonieally and biologically feasible for producing
adequate numbers of fish of proper size. Two im-
mediate possibilities presented themselves: pond
culture, whereby existing ponds on the islands
would be utilized with some modifications; and
tank culture, with separate spawning tanks and
fry-rearing or nursery facilities.

King and Wilson (1957: p. 8) utilized bait-size
tilapia obtained from private ponds and reser-
voirs for their sea trials and after a number of
bait-seining operations concluded that—
it does not appear that the rearing of tilapia for bait pur-
poses can be done most effectively in water reservoirs and
natural ponds with little control over spawning, canni-
balistic traits of the species, and predation, and with
the difficulty of harvesting the fish efficiently at an
optimum size. ’ ]

It was anticipated that tank culture of the fish
under controlled conditions might prove to be a
more efficient and economical way to produce bait-
size tilapia. As a result, a study of tank culture
of tilapia on a pilot-plant scale was initiated at
the Bureau of Commercial Fisheries Biological
Laboratory at Honolulu. The primary objectives
of this study were to determine the physical and
biological problems associated with tank culture
and the potentialities of producing bait-size tilapia
in sufficient quantities under controlled conditions
in a hatchery-type operation.

The pilot plant was constructed on the grounds
of the laboratory in October 1956 and experiments
were carried on there until July 1958, after which
the facilities were transferred to more spacious
grounds adjacent to the laboratory's new docksite
building at Kewalo Basin, Honolulu. Studies
continued at the Kewalo plant until September
1959. While the purpose of the pilot plant was
primarily to examine the general problems asso-
ciated with production of bait-size tilapia, the
Kewalo plant studies were designed to obtain a
more detailed and quantitative evaluation of tank
culture and to assess the various factors associated

with variations in reproductive, survival, and
growth rates. '

The purposes of this report are to discuss our
efforts in establishing operational procedures and
basie requirements that would be applicable to a
commercially operated tilapia hatchery, to present
our observations and conclusions on reproduction
and growth, and to describe the cannibalism, pre-
dation, and diseases of tilapia observed during the
experiments.

As work progressed, the need for information
on other rearing methods became evident and a
study of pond culture of tilapia under controlled
conditions was begun by the Hawaii Division of
Fish and Game at Kaneohe, Oahu, under contract
with the (Territorial) Economic Planning and
Coordination Authority (EPCA) and the Bureau
of Commercial Fisheries. Production of bait-
size tilapia in ponds under uncontrolled conditions
was investigated to some extent by King and Wil-
son (1957) during the sumnier of 1956.

The Maui Fisheries and Marine Products Co.,
Ltd., expressed an interest in establishing a
tilapia hatchery on a semicommercial basis, fol-
lowing our initial success in producing bait-size
tilapia at the pilot plant. A contract was signed
with Maui Fisheries, the Hawaii Division of Fish
and Game, and the Bureau of Commercial Fish-
eries, as principals, late in December 1957, for the
operation of a tilapia-rearing plant at Paia, Maui.
A fishery biologist, supplied by the Bureau, was
placed in charge of the plant to obtain detailed
records of the production and of operational costs.
The Paia hatchery was operated for 2 years and
the results have been reported by Hida et al.
(1961).

In frequent references throughout this report
to the various stages of development of tilapia, we
have tried to conform to generally accepted ter-
minology, but in some instances we found com-
binations of categories more suitable and in other
ways we have diverged from ordinary usage. The
terminology that we have employed is defined as
follows:

Fry—Includes both the prolarval (yolk-bear-
ing) and postlarval (nonyolk-bearing) stages.
Includes tilapia up to 19.0 mm. (0.75 in.) in length.

Juvenile—Stages between fry and adult, with
a range in size from about 20 to 100 mm. (0.75 to
4in.).
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Bait size—Juveniles suitable for skipjack bait
range in size from about 38 to 51 mm. (1.5t02in.);
however, on several occasions juveniles falling out-
side this length range have been used for bait. -

Young.—A general category that includes fry
and juveniles.

Adwlt—Mature fish that are potential breeders
and are distinguished by the display of coloration,
especially by the males in the reproductive phase.
Larger than 100 mm. (4 in.) in length.

The length measurement used in this report is
fork length; that is, the length from tip of the
snout to ends of the middle caudal rays. Body
measurements (length and weight) were made in
both English and metric units during the early
phases of the investigation. However, all origi-
nal measurements in English units have been con-
verted to their equivalent in metric units, and
where applicable or when appropriate the Eng-
lish units are given in parentheses. Reference to
plant facilities is either to the pilot plant con-
structed on the grounds of the Bureau’s Honolulu
Laboratory or to the XKewalo plant located at
the Kewalo Basin docksite.

We gratefully acknowledge the advice and sug-
gestions given us by the Bait-fish Research Co-
ordinating Committee composed of biologists of
the Hawaii Division of Fish and Game, the Uni-
versity of Hawaii, and the Bureau of Commercial
Fisheries, Honolulu, and representatives of the
Hawaiian Tuna Boat Owners Association and the
Hawaiian Tuna Packers, Ltd.

CULTURE METHODS
REARING FACILITIES

Pilot Plant

Three redwood raceway-type tanks, each 5 feet

wide by 20 feet long.and 3 feet deep, with a ca-

pacity of 1,400 gallons, were constructed on the
grounds of the laboratory in October 1956 (fig.
1). The floors sloped downward toward the out-
flow end of the tank at the rate of 1 inch for each
10 feet of length. The outflow, located in one
corner of the tank, consisted of a removable stand-
pipe that slipped into a hole in the floor of the
tank and connected with a gate valve and drain-
pipe on the outside. Baflle boards and a brass
screen enclosed a triangular area occupied by the
standpipe. The baffle boards were raised about

Freure 1.—A redwood raceway tank at the pilot plant.

9 inches above the floor. Thus, the outflowing
water was drawn from the floor of the tank and
aided in removing detritus from the tanks. The
brass screen prevented the fry from being car-
ried out through the drain. The inflow, situated
on the opposite end of the tank, was a faucet from
which fresh water from the Honolulu water sup-
ply was dripped into the tank at the rate of one-
half to 1 gallon a minute. The tanks were given
a coat of aluminum paint before being used.
Initially, these three tanks were used as brood
or spawning tanks. With the onset of fry pro-
duction in December 1956, it was necessary to
convert one of the tanks to a fry-rearing tank.
Continued fry production created a need for more
rearing space. In June 1957, a fourth redwood
raceway-type tank, 30 inches wide by 30 feet long
and 30 inches deep, with a capacity of about 1,250
gallons, was constructed adjacent to the other
tanks. Screens of fine-meshed Monel stretched
over square wooden frames were used to partition

_the tank into six approximately equal compart-

ments. Each compartment had a siphon-type
drain of plastic tubing. A standpipe drain was
placed at one end of the tank in the event that the
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siphons clogged or failed. Each compartment
was served by a fresh-water tap.

In June 1957 we acquired a number of surplus
assault boats from the U.S. Army, four of which
were installed at the laboratory and used as brood
and fry-rearing tanks, These undecked plywood
boats measured approximately 4 by 12 feet on
the bottom and each had a capacity of about 840
gallons. Although of very light construction,
they were fairly watertight for more than a year.
Water flowed in through a hose attached to the
stern; the drain consisted of a plastic siphon at-
tached to the bow. Several 1-inch holes were
drilled in one side of the square bow just above
the water line for controlled overflow if the siphon
failed. Figure 2 shows an assault boat converted
into a fish-holding tank, while figure 3 illustrates
the plan of the pilot plant.

A filter system, consisting of a sand filter box
and a pump, was installed experimentally on tank
2. Tt soon became apparent that the filter box
was not adequate and that beach sand was in-

appropriate as a filtering medium. Cleaning and

backflushing of the filter was necessary two or
three times a week, requiring considerable time
and effort. The sand was eventually replaced with
several layers of fine-meshed Monel screen, which
was not a very effective filter but did remove large
amounts of fecal matter and other detritus. The
turbulence and the splash on the syrface caused by
the water as it was returned to the tank under
pressure also increased the oxygen concentration.

FIGUBE 2—An assault boat converted into a fish-holding
tank, Kewalo plant.

| FRY TANK ]

L STORAGE SHED L U

FicURE 8.—Plan of the tilapia pilot plant.

Other minor modifications in the pilot plant in-
cluded installation of an aeration system and flood-
lights on tank 3. The neration system consisted
of an air compressor, a rubber air hose, and a pipe
(drilled with holes) that ran crosswise of the floor
in the center of the tank. Air was pumped
through this pipe and slowly bubbled through the
water in the tank.

Two 150-watt projector floodlights were in-
stalled on tank 3, one at each end, approximately
5 feet above the surface of the water. It was
hoped, by day-and-night illumination, to increase
the algal content of the tank, which was very low,
and also possibly increase the production of
young. No changes were detected, however, and
the floodlights were removed after 3 months.

Kewalo Plant

In July 1958, the redwood tanks (three brood
tanks and one fry tank) at the pilot plant were
dismantled and reassembled at the Kewalo Basin
docksite. A filter system (fig. 4), consisting of a
sand filter box 24 inches wide by 26 inches long
and 18 inches deep and a pump, was attached to
each of the three brood tanks. The fry tank was
modified by increasing the width 10 inches and by
partitioning it with plywood separators (instead
of screens) into six compartments. Essentially,
each compartment was a separate tank with its
own drain and tap. A filter box, 30 inches on the
sides and 18 inches deep, and a pump were in-
stalled to filter and to recirculate the water.

The four assault-boat tanks at the pilot plant,
after being in use for about a year, were not worth
salvaging: Thirteen assault boats were removed
from storage and converted into 12 brood tanks
and 1 filter tank at the Kewalo plant. Drain
water from the tanks was carried down a flume
to the sand-filter tank and pumped back to each
tank. All filter boxes contained a bottom layer
of crushed rock and a top layer of coarse black
sand (voleanic cinders), which was found to be
much more effective than the fine beach sand used
initially.
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Ficure 4—Filter and pump on a raceway tank.

The general arrangement of the assault-boat
tanks and the redwood tanks is shown in figure 5.

STOCKING THE BROOD TANKS

One of the first problems to be considered in
the operation of the pilot plant was what sex
ratio should be used when stocking the tanks.
Chen (1953: p. 6), working on tilapia in Taiwan,
stated that the proper sex ratio for propagation
purposes is one male to a female. Other investi-
gators, however, reported that in mouth brood-
ers, which group includes 7. mossambica, the
female visits the spawning grounds only briefly
to extrude her ova and collect the fertilized eggs,
and then moves away or often is chased away
by the male. The male remains on the spawning
ground to guard the nest and immediately begins
to court other females. He is, thus, available for
and presumably capable of fertilizing ova from
a succession. of ripe females (Baerends and
Baerends-Van Roon, 1950; Lowe, 1955). Lowe
(p- 48), with respect to the mouth brooders,
concluded that as male fish can continue ferti-
lizing over a long period, the number of eggs ferti-

i

F1eure 5.—Tilapia tanks at the Kewalo plant after a heavy rain.

619359 0—62——2



26 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

lized appears to be determined more by the num-
ber of ripe females than by the number of males.

Taking advantage of this behavior to realize a
maximum production of young with a minimum
of brood stock, a ratio of 2¢ : 14 was tried initi-
ally, with results that were considered to be suc-
cessful. A later experiment at the pilot plant
ucging a ratio of 5¢ :18 yielded less-successful
results, as will be described later.

Another important consideration was the den-
sity of the brood stock or carrying capacity of
the brood tanks. Originally, it was decided to try
a total of 48 fish with about 1.9 square feet per
individual in one tank, and 96 fish or approxi-
mately 0.9 square foot. per individual in the other
two tanks, each with a sex ratio of 2¢:1¢
(table 1).

TABLE 1.—Number of adults of each sex and space allow-
ance per male and per individual, in brood tanks at the
pilot plant .

Bottom area (sq. ft.) | Volume of
Number | Number per— water per

of of individual
. males fernales (cu. ft.)
Male | Individual

Tank No.

32 64 2.8 0.9 L9
32 64 2.8 .9 1.9
16 5.6 1.9 3.8

On October 12, 1956, the three tanks at the
pilot plant were stocked with adult fish aver-
aging 20 em. (8 in.) in length and 150 g.
(5.3 0z.) in weight. These fish were supplied
by Hawaiian Tuns Packers, Ltd., and obtained
from Ewa plantation pond No. 6. The initial
mortality among the brood stock was very low,
amounting to only three males and three females
the first 15 days after stocking. All casualties
were replaced. The exact number of adult fish
in each of the tanks varied during the course
of the test, however, owing to unobserved mor-
talities, vandalism, and the recruitment of juven-
iles that escaped dipnetting and grew to adult
size in the brood tanks.

The stocking of the Kewalo plant followed an
experimental design and will be discussed under
factors affecting reproduction, page 37. Stock
for the Kewalo plant was also obtained from
Ewa pond No. 6. The males averaged 142 g.
(5 oz.) and the females about 113 g. (4 oz.) in
weight. No length measurements were made.

FEEDING

Many investigators have reported on the feed-
ing habits of the various species of tilapia. Gen-
erally, 7. mossambica is considered to be omniv-
orous (Schuster, 1952; Chen, 1953; Atz, 1954;
Panikkar and Tampi, 1954; Brock and Takata,
1955; Van Pel, 1955). Vaas and Hofstede
(1952: p. 35) stated that tilapia is herbivorous,
but will feed on planktonic Crustacea “if such
kind of. food is more plentiful than vegetable
food” and will show a preference for vegetable
food when a mixture of the two is present.

‘Feeding of the brood stock at the pilot plant
was started immediately after stocking was com-
pleted. Various types of commercial feed, such
as rice bran (powdered), millrun (powdered),
chicken starter mash (powdered and granules),
alfalfa pellets (9, in. in diameter), pelletized
rabbit feed (542 in. in diameter), and a pellet-
ized pond-fish feed (34, in. in diameter), were
tried to determine which were most acceptable to
the fish. With a daily feeding rate of about 2 per-
cent of the fish weight, we observed that finely
divided, unpelletized feed, such as rice bran, mill-
run, and chicken mash, was not efficiently utilized
because of the small particle size.  The leftover |
feed contributed to fouling of the tanks. The
alfalfa pellets and rabbit feed were also found
to be undesirable because of their high content of
indigestible fiber, which collected on the bottom
of the tanks and also caused fouling.

Early observations on the feeding habits of the
newly emerged fry indicated that they did not
respond to supplementary feed until about 2 weeks
after they were placed in the fry tank. The
fry grade of pondfish feed (granules) was fur-
ther ground to a flourlike consistency to accom-
modate the very young. The larger fry and
juveniles reared at the pilot plant were fed pond-
fish feed in the crumble grade, which was slightly
larger than the fry-grade granules.

Except in feeding experiments, the brood stock
at the Kewalo plant was fed almost exclusively
on a prepared trout feed (developer grade, about

14 in. in diameter), which in a smaller particle

size was also fed to the fry (starter grade, pow-
dered; fry grade, granules) and juveniles (small
fingerling grade, crumbles). Table 2 gives the
composition, supplied by the manufacturer, of
the various feeds that were used.
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TABLE 2.—Guaranteed analyses (percent) of ingredienls in
the feeds used at the pilot plant and the Kewalo plant

Addedl Nitro-

Feed Pro- | Fat 1{Fiber 2| Ash | min- (genfree| Mois-
tein ! erals?| ex- |ture?
tract!
Ricebran...___________.. 9.0 |.o.o-
Chicken mash 2.0 ( 4.0
Alfalfa pellets. 15.0 1 2.0
Pondfish feed . 30.0] 4.5
Trout feed:
Developer 250 | 4.0
Starter, fry, and
smal] fingerling._..] 40.0 | 2.5
Wheat white middlings--| 13.5 | 3.0
Millran__..._..___.___._. 120} 3.0
Rabbit feed.___..__.__... 16,0 | 25
! Not less than.

2 Not more than,

The brood stock at both plants was fed once

a day, usually at midday. There were periods
during the operation of both plants when the
adults did not feed readily, and during these
times smaller portions were supplied to the fish.
This apparent lack of interest in feeding is prob-
ably associated with the mouth-brooding habit of
the female. :
The amounts of the various kinds of feed that
were supplied to the adults and young during op-
_eration of the pilot plant and the Kewalo plant
are given in tables 3 and 4. The fry were usually
fed twice a day during weekdays, once in the
morning and once just after midday, and once a

TABLE 3.—Amount (in pounds) of the feeds used at the
pilot plant

Pondfish feed Alfalfa

i Rice |Chicken Rah-
Month bran | mash hit
Pellets| Crum- |Pellets| Meal | feed
bles
1956:
QOctober... 2.5 251 25.0
November. .| 8.8 | 50.8
+  December - 22.0 18.0 |-oce--
1957:
January.....__. 2.3 |t 1.0 2 ¥ J (SRR PRI [
26.0 L " 2 RN DIV (S
31.0 j LY 70 ORI DRV [
30.0 5
310
3.5
30.0 3
30.0 .1
30.0 3
3L.5 . 1.
36.8 3 7.
46.0 1.4 7.
1958: '
January 50.0 0.1 0.5 |oceeoofeeeaaae
Februar; 38.5 0.1
March_ 42.6 4.3
April__ 40.4 6.0
May. 1.4 3.5
June_ oo e 2.3
July. |- 1.

Number of pounds_| 47.8 64.5 | 613.5 .
Average cost per
pound....__..._. $0. 04 $0.05 | $0.17 | $0.27 | $0.04 | $0.04 | $0.08

TABLE 4.—Amount (in pounds) of the feeds used at the
Kewalo plant

Trout feed
Wheat
Month ) Rabbit Mill- white
Fry and feed run middlings
Developer| small
fingerling

1958:

August._____._____ 57.1 ...

September. - 111.4 0.2

October...__. . 107.6 1.6

November.__ 93.1 2.5

December___.____{. ... 1.5
1959:

January___ 40.5 1.7

February 4.0 1.7

March._._. 44.2 1.7

April___. 22.5 5.2

May._. 46. 5 9.7

June.. 45.0 20.8

Jaly.__.. 51.2 21.2

August__ 68.5 2.4

September__._.__. 2.0 29.5 -
Number of pounds.... 751.8 119.7 73.5 48.8 10. 4
Average cost per pound._ $0.13 $0.13 $0. 06 $0.04

day on weekends. The amount of feed given to
the young varied with the number and size of fry
and juveniles.

FRY PRODUCTION

T. mossambica reportedly first spawns at the
age of 2 to 3 months and at a length of 8 to 9 centi-
meters. The frequency of spawning varies consid-
erably, depending on environmental factors, and
ranges from 6 to 16 times a year (Chen, 1953;
Panikkar and Tampi, 1954; Chimits, 1955).
Chen reported that a spawning fish of about 8 cm.
in length produces from 100 to 150 ova at each

- spawning, although at the first spawning it may

produce less than 100 ova. He stated further that
the number of ova spawned increases with succes-
sive spawnings, so that a fish more than 6 months
of age may produce in excess of 1,000 ova per
spawning. '

The developmental period of the ova is likewise
variable but, generally, the ova hatch after 2 to 5
days and the young are carried in the mouth of
the female for another 5 to 8 days before they are
released (Chen, 1953; Panikkar and Tampi, 1954
Chimits, 1955).

. From the time of the initial stocking at the pilot
plant, careful daily observations were made on
each tank to determine if young were being pro-
duced. As no signs of young fish were seen for
about 6 weeks, the three tanks were partially
drained and cleaned on November 23-29, 1956.
Before the water level was restored in each tank,
the detritus on the bottom of the tank was ex-
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amined for signs of ova and young. The females
were also examined to see if ova or young were
being carried in the mouth. It was noted at this
time that all the brood stock appeared in excellent
condition but there were no signs of spawning.

On December 5, 1956, one-half cubic yard of
white beach sand was placed in two of the brood
tanks (tanks 1 and 3), covering the bottom to a
depth of about 3 inches. It was our original in-
tention to determine if the tilapia would spawn on
the bare floor of the tanks, which seemed probable
in view of Chen’s (1953: p. T) observation that
tilapia were seen spawning successfully in a gar-
den pond with a concrete bottom.

Good evidence of excavating and nest-building
was noted the next morning following placing of
the sand, and the nests continued to increase in
number during the next few days until they occu-
pied at least two-thirds of the sandy bottem. Two
weeks after the sand was placed in the tanks, the
first young were noticed on the surface of tank 1.
The young were removed and subsequently placed
in tank 2, which was drained and converted into
a fry tank. Six days later, the fish in tank 3
started to produce young.

During the draining of tank 2 in preparation
for conversion into a fry tank, one large male was
observed carrying six yolk-sac fry in its mouth
cavity, although in this species the female is sup-
posed to brood the young. This behavior was

also observed by Vaas and Hofstede (1952), who -

reported that the male incubated the ova in ex-
ceptional cases. Further evidence of spawning
was found in tank 2, where many ova and yolk-
sac fry were seen widely scattered on the tank
floor. It was our supposition that the adults had
become excited as the water level dropped and
ejected the ova and fry.

At the Kewalo plant, where all the brood tanks
were supplied with sand, fry produection started
11 days after the tanks were stocked. Further
data on fry production at the Kewalo plant will
be presented later in this report, together with the
results of the varions experiments.

FRY COLLECTION
Newly hatched fry of 7. mossambica measure 5
millimeters in length, 5.8 mm. on the second day,
and 8.0 mm. at the end of the fifth day. On about
the fifth day, they begin to spend less time in the

mouth of the female or leave it altogether and
swim about in a tight school near the surface of
the water, feeding on tiny food particles (Panik-
kar and Tampi, 1954). This behavior of the fry
made their capture by dipnetting a relatively
simple process. Another behavior pattern that
became evident to us through daily observation
was the tendency for the fry to congregate along
the walls of the tank, especially in the corners and,
at times, directly under the inflowing water.

At both plants, the young emerging each day
were captured with a fine-meshed dipnet and
counted as they were released into the fry tank.
Although our daily netting effort varied some-
what in efficiency, as indicated by the different-
sized young netted, the method proved to he quite
effective as evidenced by the few juveniles that
were removed from the tanks when they were
drained.

Early in the operation of the pilot plant, the
displacement and weight methods for assessing the
daily production of young were considered, but
both had major drawbacks for enumerating the
very small tilapia fry. We concluded that only
by an actual count could we obtain the accuracy
desired.

In August 1957, a shelf-collection method of
capturing young was investigated at the pilot
plant. This method was originally the idea of
biologists of the Hawaii Division of Fish and
Game who observed that tilapia fry tended to con-
gregate in shallow water near the edge of the
ponds. Consequently, it was hypothesized that if
the fry had shallow water available to them along
the walls of the brood tank, perhaps their capture
would be simplified.

A redwood shelf, running the length of the in-
side wall just below the waterline,. was installed
in tank 1. The water level in the tank was main-
tained so that the outer edge or lip of the shelf
was ordinarily about one-half inch below the sur-
face. The water over the shelf could be drained
through a hole in the wall of the tank and the
young fish caught in a net.

Comparison of the number of fry collected from
the shelf with that collected elsewhere in the tank
by dipnetting indicated that the shelf was effec-
tive in the removal of only about 25 percent of the
fry that emerged daily. Further, many of the fry
congregated under the shelf, rather than over it.
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In view of the results that were obtained, the shelf
collection method was abandoned.

FRY REARING

As fry production increased, it became a serious
problem to provide sufficient space for the young
fish. Initially, the fry were placed in one large
fry tank. After a few weeks, cannibalism became
widespread: the juveniles readily devoured the
newly collected fry when they were transferred
to the fry tank. As a remedy, removable frames
covered with fine-meshed Monel screen were in-
stalled in the tank dividing it into three compart-
ments. The fry and juveniles could then be segre-
gated by age and size.

With the construction of a new fry tank with
six compartments and the acquisition of four as-
sault-boat tanks at the pilot plant, additional
space for rearing the young was available. The
procedure became standard to place the fry in the
fry tank for about 4 to 5 weeks, after which time
they were transferred to assault-boat tanks.

When fry were removed from the brood tanks,
they usually ranged in size from 7.8 to 13.6 mm,,
with the average about 10.8 mm. .Of a total of 154
fry ranging from 7.8 to 10.3 mm., about 26 percent
carried remnants of the yolk sac. The newly col-
lected fry, as mentioned earlier, generally paid lit-
tle or no attention to the prepared feed when first

" offered it and only took it after about 2 weeks in
the fry tank.

Vaas and Hofstede (1952) observed that young
tilapia fed on diatoms, unicellular green algae,
small Crustacea, and periphyton. Varying num-
bers of these organisms were present in the tanks
and undoubtedly constituted a major portion of
the diet of the fry during their first few weeks
of life after absorption of the yolk sac. The feces
of the young fry were usually bright green, in-
dicating that algae were a*major constituent of
their diet.

The necessity of utilizing all fry-rearing space
available during periods of heavy fry production
occasionally forced us to overcrowd the fry tank
and frequently resulted in an outbreak of disease.
A criterion for determining when an overcrowded
condition existed was difficult to formulate, but
through experience we arrived at what we con-
sidered an optimum stocking density. The gen-
eral plan was to stock the fry-tank compartments

with approximately 200 fry per square foot of sur-
face area and crop each compartment at frequent
intervals, removing the larger, faster-growing in-
dividuals; i.e., fish that were 20 mm. (0.75 in.) or
larger. In this manner, cannibalism and disease
were kept to a minimum. Also, through the neces-
sity of occasionally overcrowding the juveniles in
the assault-boat tanks, we learned that they were
much more tolerant to crowding than were the fry
and also that they were afflicted less frequently
with ectoparasites.

The most critical period for the fry appears to
be the first 4 to 5 weeks of life, for it is in this
period that the fry are most susceptible to in-
fectious diseases and ectoparasitic infestation.
Proper sanitary conditions in the tanks and ad-
herence to an optimum stocking density for a
given area seem to be the two most important
factors determining survival and subsequent
health of the fry.

LENGTH-WEIGHT RELATION OF YOUNG

During the operation of both plants, it was
frequently necessary to estimate the size and
quantity of young fish on hand. In order to have
a convenient means of converting length into
weight and vice versa, the length-weight relation
for tilapia 17 to 73 mm. in length was determined
from body measurements of 109 fish. The loga-
rithmic formula for the expression of this rela-
tionship is :

log W = 3.088 log L —4.8935

where W is the weight in grams and L is the
length in millimeters. A curve demonstrating the
length-weight relation is shown in figure 6.

WATER-QUALITY DETERMINATIONS

Some chemical determinations were made
routinely once each week. Only oxygen measure-
ments were made at the pilot plant; but at the
Kewalo plant, additional properties, such as free
carbon dioxide, bicarbonates, normal carbonates,
and hydrogen-ion concentration were also meas-
ured weekly in selected tanks.

Oxygen Content

Determinations of dissolved oxygen in the brood -
and fry tanks were made by the modified Winkler
method. Analyses were made once a week at
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Fieure 6.—Length-weight relation for tilapia 17 to 73
mm. in length.

about the same hour each time to obtain a general
record of the variation in oxygen content of the
water (appendix tables 1, 3, 4, and 5). In a 24-
hour series (with sampling at hourly intervals)
obtained at the pilot plant November 12-13, 1957,
we found a marked diurnal change in the con-
centration of oxygen in the tanks, the minimum
concentration occurring at about daybreak and
the maximum concentration at about midafter-
noon ¢fig. 7; appendix table 2). The maximum
concentration was certainly the result of photo-
synthesis by the algae in the tanks, and the mini-
mum was caused by respiration of both algae and
fish. Water temperatures in the tanks showed
a similar diurnal variation, with the occurrence of
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Fieure 7.—Diurnal variation in oxygen concentration and
temperature in tanks 1 and 2 at the pilot plant.

maximum and minimum temperatures correspond-
ing very closely to the maximum and minimum
concentrations of oxygen.

Vaas and Hofstede (1952) stated that 7. mos-
sambica has a high metabolic rate compared with
carp, and that oxygen is consumed and carbon
dioxide liberated in large quantities within a short
time by the species. They also found that when
oxygen tension is low, especially during the morn-
ing, the fish concentrate at the surface of the water
suspended in a diagonal position, sucking in the
well-aerated water of the surface layer with wide-
open mouths.

It is suspected that some of the mortalities
among the adults at both plants were associated
with an insufficient amount of oxygen. In tank
3 at the pilot plant, deaths occurred petriodically
for about 2 months in the summer of 1958. Dur-
ing this period, the oxygen minima occurring in
the early morning were consistently low, averag-
ing only 0.38 ml./1. Of the 10 adults that died
during this period, 9 were large males averaging
29 em., and the single female was 23 em., perhaps

- indicating the greater susceptibility of the larger

tilapia to low oxygen concentration.

Since our purpose in sampling oxygen was pri-
marily to monitor environmental suitability, we
have not attempted to relate the data to fry pro-
duction, except in the heating experiment, where
low oxygen concentrations were believed to be as-
sociated with the poor fry production. From the
data it appears that, in most instances, the mini-
mum or near-minimum oxygen concentration in
the sampled tanks was sufficient to sustain the
tilapia.

Hydrogen-Ion Concentration

Determination of hydrogen-ion concentration
was made by the colorimetric method at the time
the oxygen samples were drawn. The pH values
of the tanks that were sampled (appendix tables
6-8) ranged from 7.3 to values exceeding 8.8 (the
color standard used at first could measure pH
only to 8.8). It was expected that the pH in our
tanks would remain on the alkaline side, since
city water (pH range, 7.9 to 8.3) was used and,
with' the exception of the fry tank, the tanks con-
tained a 3- to 4-inch layer of calcareous beach
sand.
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The hydrogen-ion concentration and its signifi-
cance to aquatic organisms has been relegated for
some time to a minor position by many investiga-
tors (Welch, 1935; Odum, 1959). It may possibly
be a limiting factor to some organisms, however.

Free Carbon Dioxide

Analysis of the amount of free carbon dioxide
in the tanks was started at the Kewalo plant in
February 1959. The samples were drawn im-
mediately after those for the oxygen determina-
tion had been drawn and fixed. The amount of
free carbon dioxide present was approximated by
titration of a 100-ml. sample to the phenolphtha-
lein endpoint with 0.02 N sodium hydroxide.

Welch (1985: p. 175) stated that carbon dioxide
is one of the most important substances in the life
of organisms, but that it should be present only
under suitable -circumstances and in proper
amounts. He stated further that a small amount
of carbon dioxide appears to be essential for
aquatic animals. Doudoroff (1957) regarded free

carbon dioxide concentrations between 100 and

200 p.p.m. as fatal to moderately susceptible fresh-
water fishes; also, that exposure to concentrations
between 50 and 100 p.p.m. causes immediate dis-
tress and may be lethal if the exposure is pro-
longed. He noted that even in polluted waters
free carbon dioxide concentmt.lons rarely exceed
20 p.p.m.

Thloughout the period of samplmg at the'

Kewslo plant, the free carbon dioxide concen-
tration (appendix tables 9 and 10) was never

found to be in excess of 16.2 p.p.m. No attempts

were made to determine a relation between carbon
dioxide concentrations and fry production. Our
routine observations were made primarily to de-
tect excessive amounts of free carbon dioxide in
the brood and fry tanks.

Alkalinity

Chemical analyses of the water in the tanks at
the Kewalo plant included determinations of total
bicarbonate and carbonate alkalinity. A 100-ml.
sample was titrated with 0.02 N sulfuric acid
against the phenolphtlmlem and methyl orange
endpoints.

Alkalinity directly influences the biological pro-
ductivity of a body of water.
bicarbonates, which are in close. chemical com-
bination with carbon dioxide, are utilized by algae

The carbonates and-

(Welch, 1935), and also act as buffers by keeping
the hydrogen-ion concentration close to the neu-
tral point (Odum, 1959).

Our alkalinity determinations (appendix tables
8 and 10) were made primarily to gain a general
knowledge of the type of water present in the
tanks, as soft water has a smaller supply of these
ions and, therefore, is less productive.

MORTALITIES

Among the Adults

Observed mortalities among the brood stock
amounted to 31 males and 11 females at the pilot
plant and 55 males and 56 females at the Kewalo
plant. ‘The dead fish were carefully examined
and deaths were usually attributable te one of
the following factors: Rough handling, disease,
asphyxiation and, possibly, hydrogen sulfide
poisoning.

While it might have been possible to reduce
mortalities by using more care in handling fish
and by proper treatment of diseased fish, it was
not always possible to prevent mortalities caused
by asphyxiation, since many factors contributed
to the oxygen concentration in the tanks.

The heaviest mortality to occur in a single day
among the adults was experienced at the Kewalo
plant. A total of 7 males and 29 females was
found dead in the two brood tanks containing
brackish water (salinity-spawning experiment)
and the deaths were believed to have been caused
by either asphyxiation or hydrogen sulfide. Faint
odors of hydrogen sulfide gas were detected in
the brackish-water tanks for several days before
the mortalities occurred, and, undoubtedly, this
gas was one of the contributing factors, if not the
determining factor in the deaths. The tanks were
not drained and cleaned at the time hydrogen sul-
fide was first detected in the tanks, however, be-
cause the experiment was to be terminated within
a few days.

Among the Young

" Many factors contributed to the loss of young
fish, chief of which was disease, with deaths from
handling judged to be of secondary importance.
At the pilot plant, the observed mortality in the
fry tank amounted to 34,784 fish, while juvenile
deaths totalled 4,523 fish. Although the total ob-
served mortality among the young amounted to
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15.5 percent of the 253,548 fish produced, the un-
observed mortality (difference between net pro-
duction and observed distribution and losses) was
much higher, amounting to an estimated 42,900
fish or ahout 17 percent of the total production.
The causes for these unobserved losses were dif-
ficult to assess, but presumably can be attributed
to a variety of factors: vandals entering the plant
and removing unknown quantities of fish; loss of
fish through the drain; predation by dragonfly
nymphs; and cannibalism. Davis (1946: p. 9) in
reporting on “uncounted mortality” in trout
hatcheries stated that this was due “either to im-
proper construction of the raceways, so that many
of the fish are able to escape; to the attacks of
enemies, .such as fish-eating birds; or to
cannibalism.”

At the Kewalo plant, observed mortalities
among the young amounted to 44,600 fish or about.
13 percent. of the 347,700 fish produced.

DISEASE PREVENTION AND CONTROL

Prevention and control of fish diseases and in-
festation of parasites are important factors in the
success of any type of fish-rearing program. Fish,
like other animals, are subject to a wide variety
of infectious diseases and parasites and seem par-
ticularly susceptible in an unnatural or artificial
environment.

Several outbreaks of disease or parasitic infesta-
tion were observed among tilapia at both the pilot
plant and the Kewalo plant. All dead fish were
examined microscopically for signs of unnatural
conditions, such as mucous film or irregular
blotches on the body and unusual blisters or
swelling, When sick fish were observed in the
tanks, similar examinations were made on their
external surfaces, gill region and, on occasion,
the gastrointestinal tract. It was not always pos-
sible to distinguish between losses from diseases
and from other causes, although in many instances
of high mortality rates parasites were seen and
identified to genus. Several exceptions occurred
when the cause of high mortality rates among the
fry could not be determined by isolation of any
causative organism. By careful observation of
symptoms, it was possible on a few occasions to
restrict the probable cause of death to a virus
infection. In general, the fry, juveniles, and
adults were susceptible to infection in that order.

Trichodina spp. .

Infestation by the ectoparastic trichodinids, con-
sidered one of the most highly specialized proto-
zoans, was the most common malady among adult
and young tilapia, with infestation along the
dorsal fins, dorsal region of the caudal peduncle,
and gill region being most prevalent. Tilapia
with trichodiniasis were sluggish, showed loss of
appetite, had a reddish tinge on the skin in the
caudal-peduncle region, and, in some instances, in
and around the region of the dorsal fins, they had
white blotches accompanied by a fraying of these
fins.

According to Davis (1953: p. 220), Trichodina
is very easy to control. We used several recom-
mended treatments such as salt (1.23 percent),
acetic acid (1:500), formalin (1:4,000), pyridyl-
mercuric acetate or PMA (2 p.p.m.), copper sul-
fate (0.5 p.p.m.), and potassium permanganate
(3 p-p.m.). All of these reagents proved effective
in controlling the disease; however, as more ex-
perience was gained, we found that potassium per-
manganate was the most suitable, since it was
exhausted after a period of time and the treated
tank did not need to be flushed, as was required
with the other chemicals.

Chilodon spp.

Only a few outbreaks of disease were attribut-
able to this protozoan, a common ectoparasite of
warm-water fishes. Davis (1953) states that this
organism may be very destructive to fish crowded
in small holding tanks or ponds and has been
known to cause serious . losses among trout
fingerlings. -

On a number of occasions, both adult and young
tilapia were found to be infested with this para-
site. Areas infested were usually the dorsal
and caudal fins and along the dorsal surface of

‘the fish, especially near the base of the dorsal fins.

Very frequently, trichodinids were also present.
Treatment to rid the fish of this parasite was
usually with potassium permanganate or with
PMA, although the former was used more ex-
tensively because of its ease of application.

Infectious Pancreatic Necrosis

Infectious pancreatic necrosis, until recently
known as acute catarrhal enteritis (Lagler, 1956;
Snieszko and Wolf, 1958), was the most serious
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affliction of young tilapia. Qutbreaks of the dis-
ease caused high mortality rates among fry about
2 to 3 weeks old, soon after they had started sup-
plementary feeding. Symptoms characteristic of
this disease were violent whirling or corkscrewing
accompanied by rapid breathing. The afflicted fish
usually exhibited a series of these whirling move-
ments, then sank to the bottom of the tank and
stopped feeding. Cessation of feeding caused
many of the fry to have a “pinhead” appearance,
that is, a large head and shrunken body.

These symptoms are similar to those described
for octomitiasis, commonly called whirling disease
or pinhead condition (Lagler, 1956; Davis, 1953;
Snieszko and Wolf, 1958). QOctomitiasis is caused
by the protozoan Octomitus salmonis, which oc-
curs in the intestine either in the flagellated form,
when the condition is chronie, or in an intracel-
lular stage, when the disease isacute. Theetiology
of infectious pancreatic necrosis, on the other
hand, is still in doubt, although it has been re-
ported as probably caused by a virus (Lagler,
1956; Snieszko and Wolf, 1958).

All of the symptoms noted here were observed
in one particular outbreak of disease at the pilot
plant. Dissection and examination of the stomach
and anterior intestine of six afflicted fish revealed
that only one fish had a protozoan in the intestine.
All of the others appeared normal internally. On
the assumption that this disease was probably
octomitiasis, we started immediate treatment with
Carbarsone (p-Ureidobenzene arsonic acid) at the
rate of 1 gram per pound of food (Davis, 1953).
The mortality rate decreased appreciably in the
next few days following treatment and by the end
of the tenth day had been reduced to a low level.
Although Carbarsone seemingly effected a cure, we
are hot certain that Octomitus was the causative
organism, since the protozoan was not positively
identified. It might possibly have been infectious
pancreatic necrosis, or an acute infection of
octomitiasis caused by the intracellular stage of the
flagellate, or a combination of the two. Snieszko
and Wolf (1958) state that many cases diagnosed
as octomitiasis are in reality infectious pancreatic
necrosis. Careful microscopic examination is
necessary for correct diagnosis.

Subsequent periodic outhreaks of infectious
pancreatic necrosis were definitely identified by
examination of the stomach and anterior intestine

619350 0—62——8

of diseased individuals. In most instances these
organs were distended and filled with a colorless,
opaque fluid, indicating a stoppage of bile flow.
As there is no known effective therapy for this dis-
ease, the usual procedure was to treat the fish with
potassium permanganate at a concentration of 3
p.p-m. to prevent secondary infection of the weak-
ened fish with ectoparasites and to observe strict
sanitation measures. In this way, we believe that
most of the disease outhreaks were kept localized.

Mortality rates among the fry were usually
highest during the first week after an outbreak and
gradually subsided during the following 2 to 3
weeks. The most serious outbreak of disease oc-
curred at the Kewalo plant soon after it was in
operation. A succession of infections that spread
among the newly emerged fry caused an estimated
loss of about 80 percent of the 146,776 fry produced
in a 3-month period. The disease was controlled
after 10 weeks.

Prophylactic Measures

Despite knowledge that the density of fish is
extremely important in relation to the outbreak
and spread of disease, we tended to overcrowd
our tanks on occasion. Since the amount of fry-
rearing facilities was limited, it was impossible
to avoid overcrowding during periods of heavy
fry production unless we discarded some of the
young fish. Our records indicate that several of
the disease outbreaks were directly associated with
periods of high production. Whenever an over-

- crowded condition existed, we made every effort

to prevent disease outbreaks by increasing the
rate of the inflowing water, by cropping the fry-
tank compartments frequently, and by observing
strict sanitation.

Effective prophylactic measures are probably
of greater importance than control measures in
successful fish culture. Potassium permanganate

“was periodically added to the water as a prophy--

lactic measure and, wheh conditions permitted,
tanks which held any diseased fish were
thoroughly scrubbed with a brush, refilled with
water, and copper sulfate or formalin was added
in high concentration. The environment thus
created was believed unfavorable to whatever
ectoparasites may have remained in the tank after
the scrubbing.
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FACTORS AFFECTING FRY PRODUCTION

In commercial bait-rearing operations, it is nec-
essary to obtain maximum production and sur-
vival of young from a minimum-sized brood stock.
Insofar as possible, optimum conditions of tem-
perature, salinity, food, sex ratio, and brood-stock
density are maintained. Some preliminary infor-
mation was obtained at the pilot plant and more

detailed information at the Kewalo plant on the.

importance of these factors.

TEMPERATURE AND SPAWNING

Fry production started in December 1956 at the
pilot plant, and by mid-January 1957 it was appar-
ent that the brood stock in tank 8 was not as
productive as that in tank 1.

Environmental conditions in the two tanks dif-
fered in several respects. The water tempera-
ture in tank 3 averaged 1° to 2° F. cooler than
in tank 1. This difference probably arose from
the fact that tank 3 was shaded by trees and a
storage shed most of the day, whereas tank 1 was
situated in more open surroundings and received
more hours of direct sunlight. In an attempt to
eliminate the temperature difference, the water
entering tank 38 was piped through a 100-foot
length of black, three-fourths-inch, garden hose
that was stretched across the roof of the storage
shed. On sunny days, the temperature of the
water flowing into tank 3 was raised as much as
5° to 10° F. and the temperature of the water in
the tank to about the same level as in tank 1
(table 5). '

A second major difference between the tanks
was the consistently lower oxygen concentration
in tank 8. This condition probably accounted
for the dead yolk-sac fry that were frequently
found in the detritus siphoned from the floor of
the tank. Aeration brought about a significant
increase in the concentration of oxygen in tank 3
(appendix table 1).

The pattern of water circulation was also dif-
ferent in the two tanks. The flow of water from
inlet to outlet in tank 3 opposed the prevailing
wind while that in tank 1 was in the direction
of the prevailing wind. The resulting circulation
pattern kept tank 1 relatively clean and the water
usually green with algae, while tank 3 had much
detritus and generally stagnant water. The
color of the water in tank 3 varied from clear to

TaBLE 5.—Average minimum and maximum lemperalures
(° F.) in tanks ! and 3 at the pilot plant

Tank 1 Tank 3
. Month Average temperature Average temperature
Minimum | Maximum | Minimum | Maximum
1957: °
January......o..._... 70.8 © 75.8 70.1 75.5
February 60.8 75.2 68.6 76.2
March. . 71.3 78.0 69.8 78.2
April 71.3 78.0 71.2 78.9
May.__ 72.8 81.3 73.2 8L.3
June__ 74.7 82.3 75.8 82.5
July__ 74.9 83.3 76.5 82.2
August__ 75.7 82.6 75.6 8L.1
September_ () m 76.0 81.9
October.... (O] o 75.2 80.3
November._ 72.8 7.0 74.2 78.2
December.. 70.3 7.5 70.7 74.4
10958:

January. . ceoeeeeeen 60.9 74.9 70.2 74.0
February. . - 70.6 76.7 70.7 5.7
March.._ - 70.8 77.3 70.8 76.2
Aprl__.. - 72.7 79.6 71.6 78.1

ay.-. - 73.7 80.1 72.8 77.8
June___________. ... 75.6 82.9 73.8 7.6
July. e 75.4 82.6 73.9 79.2

1 No data; thermograph out of order.

light green to dark brown. Improvement in
water circulation in tank 3, resulting from aera-
tion and slight heating of the water, was sufficient
to produce a significant increase in fry produc-
tion during March 1957. Tables 6 and 7 give
the- production per female per month for these
brood ‘tanks (tank 2, which was later converted
to a brood tank in August 1957, was similar in all
respects to tank 1).

TaBLE 6.—Fry produced in lank 1, per female and month,
at the pilot plant, December 1956—July 19568

Brood stock Number of fry
produced
Month Feed
Males |Females| Total | Per
female 1
1956: December. 32 64 578 9.0 G%icken mash and rice
ran.
1957:
January. 32 64 | 4,408 70.3 | Rice bran.
February-.- 32 64| 2,107 32.9 | Pondfish feed.
March______ 32 64| 6,433 | 100.5 Do.
April___.... 32 64 | 4,050 63.3 Do.

(-5 32 64 | 20,207 | 317.1 Do.
June__....._ 31 64 | 6,146 96.0 Do.
July...._____ 31 64 | 20,910 | 326.7 Do.
August..____ 31 64 | 18,520 | 289.4 | Chicken mash.
September. _ 31 64| 7,743 1 121.0 Do. "
October_.... 31 64 | 4,159 65.0 Do.
November. . 29 64 188 2.9 | Alfalfa pellets and

pondfish feed.
1958Deeember_ .- 31 64 409 6.4 Do.
January-.... 19 59 0 0.0 | Pondfish feed.
February._... 22 61 143 2.3 Do.
19 58 48 0.8 Do.
19 581 1,418 24.4 Do.
17 58 | 10, 701 184. 5 | Rabbit pellets.
17 58 | 9,158 | 157.9 Do.
12 58| 6,172 | 106.4 Do.

1 Because of mortalities and transfer of fish, the number of females used to
calcalate the production per female is based on the number of females that
were present in the tank for more than 2 weeks.
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TABLE 7.—Fry produced in tank 3, per female and month,
at the pilot plant, December 1956—July 1968 -

Brood stock | Number of fry
produced
Month Feed
Males |Females| Total Per
: female !
1956: December. 16 32 69 2.2 | Chicken mash and rice
bran.
1957:
January..... 55 93 0 .0 eroe(ti)ran and pondfish
eed.
February.. 31 63 374 5.9 | Pondfish feed.
arch...... 31 63| 1,278 20.3 Do.
April 31 62| 8,322| 134.2 Do.
May. 31 62 | 13,685 | 220.7 Do.
June. 31 62| 9,200] 149.8 Do.
July 31 62 | 14,197 | 220.0 Do.
Al 31 62| 9,327 | 150.4 Do.
September_ _ 31 62 | 2,62 42,3 Do.
October__.__ 31 62 | 1,769 28.5 Do.
November. . 31 62| 1,204 20.9 Do.
December... 31 62 274 4.4 Do.
1958;
31 62 32 .5 Do.
30 61 147 2.4 Do.
29 61 213} + 3.5 Do.
29 61 566 9.3 Do.
29 61 3,205 52.5 | Rabbit pellets.
28 61 1.3 Do.
20 60 92 1.5 Do.

1 Because of mortalities and transfer of fish, the number of females used to
ealculate the production per female is based on the number of females that
were present in the tank for more than 2 weeks.

A second experiment in which the effect of tem-
perature on production of young was examined
was conducted at the Kewalo plant from Janu-
ary to August 1959.

For tilapia to be most useful as a supplementary
skipjack bait, there must be a stock of bait-size
fish on hand in May or June, at the beginning of
the main fishing season in Hawaiian waters.
To achieve this, heavy fry production must be
under way by lite winter. Brock and Takata
(1955 : p. 24) reported that tilapia spawn through-
out the year in Hawaiian waters, but that the
spawning is less intense during the winter months.
Consequently, an experiment was conducted at
the Kewalo plant to determine if raising water
temperatures would induce tilapia to spawn at a
high rate during the winter months. Three red-
wood tanks (tanks 13, 14, and 15) were arranged
as follows for the experiment:

1. Tank 18 was not modified in any way and
served as the control.

9. The water in tank 14 was artificially heated
with a 60-foot, lead-sheathed heating cable rated
3.63A-115V, that produced 400 watts, or 6.7 watts
per foot. A thermostat with a capillary tube was
placed in the tank to control the temperature. A
cover made of sisal-glaze, a clear, longlasting
plastic, was placed over the tank (fig. 8) to pre-
vent excessive heat loss, especially at night.

FIGURE 8.—Plastic cover over artificially heated tank 14.

3. The water in tank 15 was also artificially
heated with the same type of heating cable used
in tank 14, but the tank was not covered to pre-
vent heat loss.

Each tank was stocked with 32 males and 64
females and fed trout feed. Emerging fry were
collected and counted daily. The daily variation
in water temperature was recorded by thermo-
graphs and minimum and maximum thermom-
eters. .

The production per female per month and the
average and range of minimum and maximum
temperatures for each of the three tanks are re-
corded in table § and shown graphically in figure
9. In January, tank 14, which was modified with
heating cable and cover, had relatively better pro-
duction than the other two tanks. In February,
artificial heating was started in tank 15, and re-

" sulted in a marked increase in production compa-

rable to that in tank 14. Production was still low
in the control tank. In March, with rising air
temperatures the water warmed in all three tanks
and production increased in all; however, the in-
crease in the slightly warmed tank 15 greatly ex-
ceeded that in the other tanks. Temperatures re-
mained about the same in' April, but production
dropped, particularly in tanks 14 and 15. With
higher temperatures in May, the control tank
maintained its slight lead over tank 15, and dur-
ing the last 3 months of the experiment, it out-
produced the two artificially heated tanks by a
significant margin. Over the course of the experi-

"ment, total fry production in tank 13 (control)

was about twice that in the other two tanks.
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FI6URE 9.—Production per female per month in the heated
tanks and in the control tank, and average minimum
and maximum water temperatures in the tanks.

Analysis of the data indicates that although
some increase in spawning was induced during the
winter months by raising the water temperature,
the increase in production was not great. In ad-
dition, only a slight rise in water temperature ap-
parently produced the same results as a marked
increase in temperature. The results also indicate
that prolonged or constant high temperatures may
be detrimental to spawning. Innes (1951)
pointed out that at constant high temperatures
the oxygen content of the water becomes dimin-
ished and this seems to have a weakening effect on
fish. Doudoroff (1957 : p. 415) stated—

that persistent nonlethal deficiency of dissolved oxygen
undoubtedly can adversely influence the activities of
fishes and have serious detrimental effects on fish popula-
tions in their natural environments.

The oxygen record (appendix table 4) discloses
that throughout the period of the experiment, tank
14 had generally lower concentrations of oxygen,
which may account for the decrease in fry pro-
duction during the summer months.

Although tanks 13 and 15 had similar temper-
atures, fry production in these two tanks differed
significantly for the months of June to August.
While it is true that tank 15 was heated artificially
(thermostat set at 80° F.), much of the heat was
lost through convection. Thus, tank 15 remained
only slightly warmer than the control tank. The
average temperatures in both tanks fell within the
optimum temperature range for propagation,
which is from 20° to 35° C. (68° to 95° F.) ac-
cording to Chen (1953), while the weekly oxygen
determinations showed very little difference be-
tween the two tanks. We are unablé to advance a
satisfactory explanation for the pootr fry produc-
tion in tank 15.

TaBLe 8. —Summary: Fry production and.‘ temperatures of
brood tanks used in the heating exvperiment, January—
August, 1959

[Temperature ° F.]

Number of fry | Average tem- | Temperature
produced perature. range
Month -
Total { Per. | Mini- | Maxi- | Mini- | Maxi-
female | mum | muin | mum | mum

46.4 71.4 77.4 63.0 83.4

38.9 67.9 74.8 64.2 78.5

78.6 70.6 8.2 87.7 81.9

74.0 72.1 80.1 67.1 84.6

115.1 73.5 81.8 70.1 86.4

225.9 75.0 83.6 72.6 86.2

301.8 77.0 85.1 74.3 90. 4

78.3 71.3 85.4 72.3 90.3

Totala-o oo [ 112 J Y SRR (R FOREppU S
Tank 14 (with heating K
cable and cover): .

January.-_ 63.5 77.3 sl.4 72.1 88.3

February. 69.5 77.2 81.8 74.8 84.6

92.5 80.4 85.9 78.0 88.0

15.§ 79.8 85.2 |- 76.0 90.7

75.1 81.2 87.2 76.8 90.2

77.1 82.5 88.6 81.0 90. 6

37.1 83.5 89.4 79.0 90.9

0.0 84.1 89.5 79.8 90.9

F: % VS PV (SRSt NP

69.1 69.6 76.0 65.0 78.0

174.5 72.1 79.6 69.0 83.0

72.8 73.6 81.0 69.0 85.0

113.8 74.8 82.6 72.0 87.0

76.6 75.7 83.7 73.6 85.4

24.3 77.3 85.4 74.0 80.9

12.8 7.9 85.6 72.8 89.4

T 1 37,847 \oai.as P SRR PRSI (EVUa O,
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SEX RATIO AND BROOD-STOCK DENSITY

A ratio of 292 :18 was used initially at the
pilot plant and judged to yield satisfactory re-
sults. The best production resulting from this
sex ratio was realized during July 1957 at the
pilot plant, when production in tank 1.amounted
to 20,910 fry or 327 fry per female (table 6). A
second grouping of 5¢ : 13 (total stock, 72) was
also tried in tank 2 from August to November,
1957. The production per female per month is
given in table 9. The best production for that
period and grouping occurred in August, when
fry production amounted to 2,532, or 42 fry per
female.

TaBLE 9.— Production of fry per female per month in tank 2
al the pilot plant, August 1957-July 1958

Brood stock | Number of fry
produced
Month Feed
Males |Females| Total Per
female !
1957:
August.....__. 12 80 | 2,532 42,2 | Pond-fish feed.
September.__. 12 60 | 2,38 39.7 Do.
October. - 12 60 | 1,535 25.6 Do.
November.__. 12 60 0 0.0 Do.
1958Det:ember _____ 16 56 107 1.9 Do..
January.___.._ 16 56 3 0.1 Do
16 56 | 2,801 51.6 Do.
.16 56 | 7,691 137.3 Do.
16 56| 6,660 | 118.9 Do.
31 72 | 11,627 | 161.5 | Rabbit pellets,
31 T2 ] 19,826 | 275.4 Do.
29 72| 7,781 | 108.1 Do.

i Because of mortalities and transfer of fish, the number of females used
to calculate the production per female is based on the number of females that
were present in the tank for more than 2 weeks.

A more detailed experiment designed to deter-
mine the ideal sex ratio for maximal yield of
fry was conducted at the Kewalo plant from Sep-
tember to November 1958. The effect of brood-
stock density on spawning was simultaneously
investigated in the same experiment.

The 12 assault boats mentioned earlier were
stocked with various sex ratios and concentrations
of fish. The design of this partially confounded
factorial experiment is shown in table 10. The
brood stock was fed dry trout feed at the rate of
2 percent of its weight daily. It was assumed
that any differences in temperature or oxygen con-
centrations which might occur among the tanks
would not bias the results. )

TaBLE 10.—Sex ratios and concentrations of tilapia used to
stock the 12 assauli-boat tanks, Seplember—November

1958
Sex ratio in concentration of
Sex ratio
(2:d) 30 fish 50 fish 70 fish 90 fish
Q d Q d Q d Q a
2:1 20 10 33 17 47 - N (R R
3:1 2 7 38 12 |- 68 22
4:1 3 [ R S 56 14° T 18
(15 R (S P, 43 7 60 10 v 13

The experiment was terminated after 13 weeks.
An analysis of variance of the data (table 11)
indicated significant differences (F=5.73, P
< 0.01) between fry production with respect to the
sex ratios used in the experiment. (A probability
level of 5 percent is considered the maximum value
for a conclusion of significance in this report.)
The most productive ratio was3 ¢ : 1 & (lanks
4 and 5). Tanks 1 and 2 with aratioof 29 : 128
were almost equally high in production for the
first 2 months of the experiment (fig. 10).
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CONCENTRATION

FiourRe 10.—Production per female in relation to sex
ratios and concentrations of broed stock,
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The relation between total production per
female and bottom area (square feet) per male
is shown in figure 11, while the total production
per female in relation to bottom area per indi-
vidual is shown in figure 12. From table 11 and
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FreUre 11.—Total produetion per female in relation td
bottom area (sq. ft.) per male. (Total stock in
parentheses.)

figures 10 to 12, it may be seen that the tanks with
50 fish or less (except tank 10) had a much better
production than those with more, while an allow-
ance of 4 square feet of bottom area per male
and 1 square foot per individual gave the highest
production per female (see tank 5, table 11).
The analysis of variance showed that the differ-
ences in fry production with respect to the con-
centrations, 30, 50, 70, and 90 fish, used in the
experiment were significant (F = 1144, P <
0.01). There was also a significant interaction be-

tween sex ratios and brood-stock density, indicat-
ing that the production resulting from any spe-
cific ratio did not vary in a uniform manner with
respect to availability of space.

DIET AND REPRODUCTION

Early attempts to assess the qualities of differ-
ent types of feed in relation to fry production at
the pilot plant proved inconclusive, owing to dis-
similar conditions in the brood tanks (tanks 1 and
3). However, we were able to observe the general
acceptability of the five types of feed that were
used.

Finely ground feed, such as rice bran and
chicken mash, was found to be unsuitable for the
adults as they cannot strain small particles from
the water. Much of the feed was wasted and
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FrcURE 12.—Total production per female in relation to
bottom area (sq. ft.) per individual. (Total stock in
parentheses.)

TABLE 11— Sex ratic and concentration of brood stock and production of fry, September—November, 19568

Tank No, —
Ttem
1 2 3 4 [ 7 8 9 10 11 12
Sex ratio (9:d" - ccemeoeoil 2:1 2:1 2:1 3:1 3:1 3:1 4:1 4:1 4:1 6:1 6:1 6:1
Number of fish:
Females_ . .ocooooo.l 20 33 47 23 38 68 24 56 72 43 60 "
Males. o oo cmremceaaes 10 17 23 7 12 2 6 14 18 7 10 13
Total fish. _........._.. 30 50 70 30 50 90 30 70 90 50 70 90
Bottom area (sq. ft.)
Per male - 4.8 2.8 2.1 6.8 4.0 2.2 8.0 3.4 2.7 6.8 4.8 3.7
Per fish___ 1.6 1.0 0.7 1.6 1.0 0.5 1.6 0.7 0.5 Lo 0.7 0.5
Production:
September: .
Fry produced . _......_ 4,872 6, 762 1, 7§3 5, 567 8, 209 2,077 4,426 272 1,043 4, 459 2,47 2,627
o I:;\y per female....__.. 243.6 204.9 36.6 242.0 216.0 30. 184.4 4.8 14.5 103.7 41.2 4.1
ctober: . oaao__.
4,775 8,402 5. 891 5,202 10, 443 1,396 3,766 1,620 1,955 3,009 8,376 3, 089
233.8 254.6 125.3 230.1 274.8 20.5 156.9 28.9 27.2 72.1 139.6 0.1
1,441 504 334 1, 287 4,036 921 3,054 20 37 28 36 3, 564
72.0 15.3 |, 7.1 56.0 106.2 13.5 85.6 0.5 0.6 0.6 .3
Fry produced ...._.. 11, 088 15, 668 7,948 12, 146 22, 688 4,394 10, 246 1,912 3, 7,586 10, 883 9, 280
Fry per female______._ 554. 4 474.8 169.1 528.1 507.0 426.9 1 42,2 176.4 181.4 120.5
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tended to foul the tanks. On the other hand, pel-
letized feed, such as pondfish and trout feed, was
consumed by the adult fish with little wastage.

. Rabbit feed had a high percentage of crude fiber,
which seemed to pass through the fish undigested
and left much residue in the tank. Alfalfa pellets
were somewhat less acceptable than the other feeds
mentioned, probably because of their large size
and their high fiber content. _

An experiment to evaluate the effects of differ-
ent types of feed in relation to fry production
was conducted at the Kewalo plant in September-
November, 1958. For this experiment, the three
redwood tanks (tanks 13, 14, and 15) were each
stocked with 32 males and 64 females. The adults
in tank 13 were fed trout feed, which we bhelieved
to be high in nutritional value and which was rela-
tively expensive. Those in tank 14 were fed rab-
bit feed. As stated earlier, this feed was accept-
able to the tilapia and was also much cheaper than
trout feed. Preliminary trials at the pilot plant
indicated that relatively good fry production was
possible with this feed. The fish in tank 15 were
fed millrun, which was locally produced and the
least expensive of the feeds tested.

Table 12 gives the production per female for
the 3 months that the experiment was conducted.
A plot of the number of fry per female per month
is shown in figure 13. It is evident that the fish
that were fed trout feed (tank 13) produced the
greatest number of fry per female, while the fish
that were fed rabbit feed (tank 14) and millrun
(tank 15) had very low fry production.
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Fieure 13.—Effect of type of feed given brood stock on
production per female.

TABLE 12.— Production per female in three brood tanks, by
type of feed, September—November, 1958

[Each tank stocked with 32 males and 64 females]

Tank 13 Tank 14 Tank 15
(trout feed) | (rabbit (millrun)
feed)
September: .
Fry produced. . oovoonoomomoo 6, 863 1,874 751
Fry perfemale__ ..o 107.2 29.3 11.7
October:
Fry produced. . . _ococeiomaao 13, 769 1,074 529
Fry perfemale _ ____ . cconeoooo . 2151 16.8 8.3
November:
Fry produced._. . e 2,695 982 394
Fry perfemale. _ ___ .. ccueean- 42.1 15.3 6.2
Total: -
Fry prod d.__. - 23, 32 3,930 1,674
Fry perfemale.. . ... 364.5 61.4 26,2

Temperature was not considered a.factor in fry
production in this experiment, since there was very
little difference in water temperatures among the
tanks. Assuming that other environmental factors
were similar among the tanks, it follows from this
experiment that the use of a nutritionally balanced
feed is highly important in obtaining good fry
production. We are not certain, however, of the
long-range effect of such high-protein feeds on
tilapia, which are principally herbivorous. These
trout feeds are manufactured primarily for trout
culturists who intend to market the fish rather than
use them as brood stock—they may possibly be
detrimental to spawning fish. Schaeperclaus
(1933: p. 98) stated that the ovaries of trout—
under intensive artificial feeding—degenerate and
produce few usable eggs. It is likely that spawn-
ing stocks of tilapia held for extended periods of
time should be fed a diet more in keeping with
their natural food or be replaced after a year or
two by a new stock of brood fish grown under
more natural conditions.

SALINITY AND SPAWNING

During the summer of 1959, the Hawaii Divi-
sion of Fish and Game started plans for construc-
tion of a tilapia hatchery in an area with free
accesss to brackish water (about 10°/,,). At the
Division’s request, experiments dealing with
spawning and growth of young tilapia in brackish
water were initiated at the Kewalo plant.

Several investigators have observed and re-
ported that tilapia will spawn in a saline environ-
ment, Vaas and Hofstede (1952: p. 11, 16) re-
ported that spawning occurred in a period during

.which the salinity of the water ranged from 3 to

4.8 percent. They pointed out, however, that “Ac-
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cording to subsequent findings of the Extension
Service in Indonesia, good growth is limited by a
salinity of 4 percent and spawning by one of
3 percent.” Brock (1954) reported tilapia spawn-
ing in sea water of a chlorinity of 19.29°/.,
(equal to a salinity of about 34.85°/,,) and a pH
of 7.95.

Four tanks were used in this experiment: two
test tanks contained brackish water and two con-
trols contained fresh water. The experiment was
started in August 1959 and terminated during the
latter part of September when heavy mortalities
among the adults caused by either asphyxiation
or hydrogen sulfide occurred in both brackish-
water tanks.” Each tank was stocked with 36
females and 12 males, that is, with a 3: 1 sex ratio,
and at a concentration of 1 square foot per
individual.

The yield of fry for the 2 months of the experi-
ment is given in table 13. The total production
was almost three times as great from the treatment
tanks (brackish water) as from the controls.
Analysis of variance indicated a significant dif-
ference (F=472.65, P<0.05) between fry produc-
tion with respect to brackish- and fresh-water
methods of culture, but no significant difference
between replicates.

Exactly what influence ‘the saline environment .

exerts in bringing about this increased fry pro-
duction is not known, but the results of this ex-
periment emphasize the desirability and possibili-
ties of tilapia culture in brackish water.

TaBLE 13.—Fry production in brackish-waler and fresh-
waler lanks, 1959

August | September Total
BRACKISH WATER
Salinity (°/s0):
Minimam . ... 8.9 0.4 |
Maximum. .. 12.3 15,2 ool
Average_ . _ceiiooomaoeooos 10.9 18.2 o
Tank 1: £e
Fry produced.- ... 11,845 15, 519 27,364
Fryperfemale ... _..___._... 329.0 4811 |
Tank 3:
Fryproduced. .___.___.__.__._____ 17,319 11,745 29, 064
Fryperfemale. ... ... ... 481.1 326,2 | ooooas
FRESH WATER
Tank 5:
Fry produced._ ... ._... 8,479 1,169 7,648
Fry per female._. . - 180.0 2.5 |oee e
Tank 12:
Fry produced.______ ... ______ 8,910 2,172 11,082
Fryperfemale__________._________ 247.5 [

FACTORS AFFECTING GROWTH
~ OF YOUNG

The effects of environmental factors on growth
of young tilapia were studied experimentally at
the Kewalo plant for 12 weeks, beginning in April
1959. The effects of space or density of the fish,
diet, and salinity were examined during the
experiment.

We tried to vary one factor at a time, keeping
the others constant, so that the single factor under
observation could be evaluated with some degree
of precision. We did not attempt to control the
temperature, since differences among the tanks
were not significant. Other factors, such as
volume of water in the tank and tlie rate of water
flow, were held as uniform as possible. In each
experiment, the fish were fed at the same rate per
fish regardless of lot size. An excellent quality
trout feed was fed to the fish twice a day, except
weekends, at the regular feeding times.

Once each week, length and weight measure-
ments were made on a randomly collected sub-
sample from each tank under observation. All of
the fish in the subsample were returned to their
respective tanks after measurements were com-
pleted." The number of fish in a subsample varied
with each experiment.

We realize that, ideally, all phases of the ex-
periments should have been conducted simultane-
ously. This was not possible, however, because of
a lack of sufficient quantities of fry. As a result,
different. phases of the experiments were com-
menced as fry became available in adequate
amounts to stock the tanks.

CONCENTRATION OF FISH AND GROWTH

A series of tests to determine the rate of growth
of young tilapia in relation to their concentration,
or the amount of space available for growth, was
started at the Kewalo plant in April 1959. Five
lots of fry, ranging in number from 1,000 to 6,000,
were placed in the assault-boat tanks; however, all
tanks were not stocked simultaneously.

The fish were fed trout feed (starter, fry, and
small fingerling grades) for 12 weeks. The par-
ticle size and amount of feed was gradually in-
creased as growth progressed. The fish were fed
twice daily except on weekends, when they were
fed once a day.
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Twenty-five fish were measured from each of
the lots of 1,000, 2,000, and 3,000 fish, 40 from the
lot of 4,000 fish, and 50 from the lot of 6,000 fish.
Table 14 gives the weekly averages of length and
weight of fish in the randomly collected sub-
samples, while figure 14 shows the regression lines
fitted to the growth data.
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FicUrRe 14.—Regression of length on time for five lots
of tilapia reared in various concentrations of fish in
tanks. ’

Examination of the regression coefficient from
each lot indicated that young in the tank stocked
with 1,000 fish had the best growth rate (2.9 mm.
per week) during the 12-week period, and that
growth rates were somewhat slower with an in-
creasing number of fish per lot. Fish in tanks
stocked with 2,000 and 3,000 fry had almost
identical growth rates (2.4 mm. per week) but
less favorable growth than the 1,000-fish lot. The
lot of 6,000 fish, for some unknown reason, had a
better growth rate than the lot containing 4,000
fish (2.2 and 1.8 mm., respectively, per week).

Statistically, the differences in growth among
the five lots of fish were significant (F=41.92,
P<0.01). From the results of the experiment, it
follows that the ideal stocking density for nursery
waters (fry tanks) would be 9 fry per cubic foot
or 15 fry per square foot of surface area (1,000-

TaBLE 14.—Weekly average length (mm.) and weight (g.)
and average absolute growth rates in random subsamples of
tilapia from various concentrations of fry, 1959

1,000 fry | 2,000 fry | 3,000 fry 14,000 fry | 6,000 fry
Experiment began May 28 | Apr. 9| May 22| Apr. 9
Experiment ended Aug. 21| July 2 | Aug. 14} July 2
Initial length______ - 12.0 11.9 1.8 11.9
Initial weight . __...__ 5 0.012 0.024 0.012 . 024
1st week:
17.0 14.5 13.6 13.5 12.8
0.072 0.040 0. 040 0. 030 0.040
19.2 16.7 17.6 18.0 15.7
0.116 0. 068 0. 096 0. 052 0. 062
23.5 21.2 19.3 18.3 16.8
0.168 0.148 0. 094 0. 092 0. 062
25.1 2.5 25.0 19.7 2.1
0.284 0.176 0.272 0.115 0.148
28.3 26.1 27.2 21.7 24.0
0. 400 0.320 0. 308 0.152 0. 224
30.3 28.0 28.4 26.2 25.3
0.480 0. 400 0.416 0.312 0.264
33.2 20.9 30.6 25.7 28.4
0. 640 0. 492 0. 500 0. 300 0. 432
34.7 29.6 33.5 28.6 29.2
0.792 0. 500 0.705 0. 412 0. 484
30.1 33.4 M5 3.1 319
1.116 0. 692 0.780 ‘0. 578 0. 628
10th week:
Length_. ... 42,7 36.6 36.2 32.2 33.2
Weight. .. _-.—- 1,448 0. 960 0.844 0. 605 0.670
11th week:
Length.__ 43.8 37.8 38.4 32.5 34.8
. Weight, 1. 596 0. 964 0. 964 0. 615 0.708
12th week:
Lengt) 49.8 42.8 40.7 30.8 37.8
Weight 2.408 1.528 1.280 0. 612 0. 972
Average absolute growth
17— g8.1mm. | 2.6 mm. | 2.4 mm, |l.6mm. [ 2.2mm

fish lot). Some lesser concentration, as yet unde-
termined, might prove even better. However,
from a practical standpoint, these very low stock-
ing rates might not be the most feasible economi-
cally, as the space requirements and construction
costs for fry-rearing tanks would be enormous in
a commercial operation.

Earlier. we mentioned that newly emerged fry
almost. always were captured near the surface of
the water. Upon transfer to nursery waters, the
fry continue to exhibit this behavior. Therefore,
we believe that stocking density should be related
to surface area rather than to volume of water.

‘DIET AND GROWTH

An experiment to compare the growth rates
obtained on an inexpensive, commercially avail-
able feed and the more expensive, but highly
nutritious, trout feed was initiated in April 1959
simultaneously with the experiment on relation
of space to growth at the Kewalo plant. An as-
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sault-boat tank was stocked with 3,000 fry and
fed exclusively with wheat white middlings, a
locally available livestock feed, while the lot of
3,000 fry in the space-growth experiment was fed
trout feed. -

The weekly average lengths and weights of a
random subsample of 25 fish from each of the two
lots, for the 12-week period of the experiment, are
presented in table 15. Regression lines were fitted

TABLE 15.—Weekly average length (mm.) and weight
(g.) and average absolute growth rates in random
subsamples of tilapia from 2 lots of 3,000 fry reared
on different diets, 1959

‘Wheat
Item Trout | white
feed mid-
dlings
Experiment began Apr. 9| May 15
Experiment ended July 2| Aug. 7
Initiallength____________...____ 1.9 12.1
Initial weight_ . s 0.024 0.014
1st week:
13.6 13.7
0. 040 0.032
17.6 16.9
0. 096 0. 064
19.3 18.9
0.094 0.104
25.0 2L.0
0.272 0.160
27.2 21.5
0. 308 0.144
28.4 23.5
0.416 0. 424
30.6 27.1
0. 500 0.392
33.5 28.6
0. 705 0.380
84.5 30.3
0. 780 0. 520
36.2 3.7
0.844 0.620
48. 4 34.0
0. 964 0.672
40.7 33.9
1. 230 0.768
Average absolute growth rate_ . _____ .. ... _.... 2.4 mm., | 1.8 mm

to the growth obtained in these tanks. The regres-
sion coefficient for the lot fed trout feed was 2.4
mm. per week while that for the lot fed wheat
white middlings was 1.9 mm. per week (fig. 15).
An analysis of variance of the results disclosed a
significant difference in growth rates between the
fish in the two tanks (F=31.09, P<0.01), indicat-
ing that quality of the feed is highly important
where fast growth rates are desired.
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F16URE 15.—Regression of length on time for two lots of
fish reared on different diets.

SALINITY AND GROWTH

It has been reported by Vaas and Hofstede
(1952) and Brock (1954) that 7. mossambica will
spawn and the young will grow in salt water. To
determine growth rates under varying degrees of
salinity, preliminary experiments were conducted
at the Kewalo plant laboratory using 30-gallon
aquariums.

Five 30-gallon aquariums were used in the
experiment: two containing fresh "water, two
brackish water (salinity of about 16°/,, and
one sea water. Each aquarium was stocked with
200 fry. Those fish to be tested in brackish water
and in sea water were acclimatized to sea water
for a period of 24 hours before being placed in
the aquariums. The fish in one tank in each pair
of the fresh-water and brackish-water aquariums
were fed wheat white middlings, while fish in the
other two tanks and in the sea-water tank were
fed trout feed (starter).

From the first week, a large number of deaths
occurred in the brackish- and sea-water tanks and
the deaths continued to occur for several weeks.
At first, the dead fish in each of the tanks were
removed and counted each morning and replaced
with an equal number of individuals of similar
size from a reserve stock which was held in sea
water in another aquarinm. Because of the high
mortality rate and the low growth rate in all the
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TaBLE 16.—Differences in average length (mm.), weight
(g.) and average absolute growth rates of 5 lots of 200 fish,
in relation to types of water and feed

Aquarium No.—

Item
1 2 3 4 5
Type of water.____ Fresh____| Fresh____| Brackish_| Brackish_| Sea.
Type of feed___..._ Trout__..| Wheat Trout_.__{ Wheat Trout.
white white
mid- mid-
dlings. dlings.
Imhal lengt,h of
____________ 12,8 [ 13.3... | 13.3--._]| 13.2.._..| 13.0.
Inmal weight of
.............. 0.03......]0.03....../0.03...._| 0.03___.._]| 0.03.
Length at 5 weeks_| 17.9.__.___ 18.8.____. 17.81.____| 18.0_.____ 18.2.
Weight at 5 weeks_ 0.12.._._. 0.12._____ 0.10____. 0.12...... 0.14.
Average absolute
growth rate_-___ 1.02mm__| 1.00 mm__| 0,90 mm__| 0.96 mm__| 1,04 mm.
Total deaths. ... 66 95 122 208 333.

mlll;lt‘ile‘svi eiig.ures are based on length-weight measurements at end of the
experimental tanks, the experiment was termi-
nated at the end of 5 weeks.

A random subsample of 10 fish was collected
from each aquarium and the fish measured once
each week during the 5-week period (table 16).
The results were not suitable for statistical analy-
sis. A general summary (table 16) shows that
mortality was lowest in fresh water and highest
in sea water. Ditferences in growth rate were
slight and most likely of no biological significance.

A second experiment, which dealt with the
effects of salinity on growth of the young, was
conducted simultaneously with the experiment on
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F1cURE 16.—Regression of length on time for young
tilapia reared in brackish and in fresh water.

the effect of salinity on the rate of reproduction.

Four assault-boat tanks, two containing brack-
ish water with a salinity of about 10°/,, and two
with fresh water serving as controls, were stocked
simultaneously with 4,000 fry. The fish were fed
trout feed twice a day. Salinity determinations
(by hydrometer) of the brackish-water tanks were
made daily (table 13 lists average and range of
salinities for the 2 months of the experiment).
Length and weight measurements were made
weekly for 8 weeks on a random subsample of
40 fish from each tank. The results of the experi-
ment are recorded in table 17, while the regres-
sion lines describing the growth in each tank are
shown in figure 16.

It is evident from the regression coeflicients that
the brackish-water environment had a pronounced
influence on the growth rate of the young fish.
Here again, we are not certain of the effect of the
saline environment on young tilapia, but presum-
ably it alters metabolic processes enough to affect
growth considerably. An analysis of variance in-
dicated a significant difference in growth between
treatments (#7=39.94, P<0.01), and no significant
difference in growth between replicates.

Another interesting aspect of this experiment
was that the growth rates of the fish in the fresh-

TaBLE 17.—Average length (mm.) and weight (g.) and
average absolule growth rales of random subsamples of

tilapia from 4 lots of 4,000 fry reared in brackish and
Jresh water

Brackish water Fresh water
Item

* Tank 2 | Tank4 | Tank 6 | Tank 11

Initial length_ __________- _.______ 12.4 12.6 12.0 12.1
Initial weight 0.028 0.030 0.025 0.025

14.1 13.5 ©15.2 13.5
0.042 0. 040 0. 055 0. 042

15.8 15.5 17.8 15.2
0.070 0.072 0. 080 0. 065

21.6 19.8 20.2 17.5
0.178 ) 0.145 0. 265 0.225

28.2 25.3 23.8 10
0.285 0.280 0. 242 0. 146

31.2 29.9 25.4 . 26.5

0. 548 0. 500 0.300 |" O.

33.4 34.5 28.8 29.3
0.772 0.392 0.490 0.512

39.2 38.1 32.0 33.4
1.200 1. 100 0.632 0.712

42.8 41.8 34.1 36.0
1.412 1.378 0. 682 0.870
A.verage absolute growth rate____.. 3.8mm, | 3.6mm. | 28 mm. | 3.0 mm.
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water control tanks compared favorably with the
growth rates of the 1,000-fish lot in the space-
growth experiment. We expected that the growth
rates in the eontrol tanks would be somewhat simi-
lar to those experienced in the 4,000-fish lot of the
space-growth experiment. The growth rates in
the two control tanks were 3.2 and 2.8 mm. per
week over an 8-week period, while the growth rate
of the 4,000-fish lot was 2.1 mm.

The fish were raised under seemingly identical
conditions, except for the time of year that the
experiment was conducted. The 4,000-fish lot. was
reared from mid-May to mid-August, while the
control-tank lots were reared in August and Sep-
tember. Although there are no temperature rec-
ords for these growth experiments, the tempera-
ture record of the heating experiment (table 8)
discloses a difference of about 4° F between May
and August in control tank 13. Presumably, this
difference also applied to the assault-boat tanks.
Therefore, it is quite reasonable to conclude that
water temperature is important in obtaining fast
growth; however, the optimum temperature has
not. been determined.

Some other factor, possibly environmental,
chemiecal, or genetic, acting singly or in combina-
tion with temperature may also have contributed
to this discrepancy in growth rates. The end re-
sults of the salinity-growth experiment paralleled
the results of the salinity-spawning experiment,
however, indicating that a’ commercial rearing
plant can, and should be operated on a brackish-
water system, thereby reducing or eliminating the
high cost of using fresh water.

CANNIBALISM AND PREDATION

Cannibalism and predation are important fac-
tors in the successful rearing of young tilapia.
Our initial plan to rear tilapia fry to bait-fish size
in a single large fry tank met with a major sethback
when about 2 months after production started we
discovered juveniles, ranging in length from 25
to 38 mm. (1 to 1.5 in.), chasing and consuming
newly emerged fry that were being released into
the tank. This situation was remedied by install-
ing Monel-screen partitions to separate the tank
into three compartments and segregate the young
according to size. Cannibalism among tilapia was

also reported by Chen (1953). The results of his
observations are summarized in table 18.

TABLE 18.—Size relation between intraspecific predator and
prey in T. mossambica

[Data from Chen (1953)]

Size of predator Size of prey
0.751ineh . e Up to 0.38 inch.
3to6ineches e Up to 0.5 inch.
7inehes. .o Up to 1.25 inches.

In order to extend the findings of Chen and
further define this intraspecific, predator-prey
size relation, the following experiments were con-
ducted in 35-gallon aquariums. Eight juvenile
groups (predator) of different average lengths
were selected. The average length of the groups
ranged from 20.4 to 644 mm. (about 0.75 to 2.5
in.). A predator group consisting of 10 juveniles
was first measured and placed in an aquarium. A
second group of 20 to 30 young (prey), all fry
or fry and juveniles, was also measured and
placed in the same aquarium, Each of the eight
experiments was carried out for a period of 72
hours, after which time the remaining prey were
removed and measured. The fish did not receive
any supplementary feeding during the period of
the experiment. By comparing the lengths of the
remaining young with the lengths of the young
that were put into the aquarium, we were able to
determine the maximum size of the young that
were killed or consumed by each size group of
predators. The results are given in table 19 and
figure 17. '
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Ficure 17.—Relation between size of juvenile groups
(predators) and maximum size of young Kkilled or
consumed.
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TaBLE 19.—Size of young (prey) killed and consumed by
different juvenile groups (predator)
[A juvenile group consisted of 10 fish of approximately equal size]

Length of predator Length of prey
group (mm.) group (mm.)
Range Average Range Maximum
size killed
18.3-23.7 20.4 9.7-12. 5 10.0
24.2-29.6 27.6 10.2-15.6 12.7
30. 4-36.4 33.2 9.8-19.2 16.2
36.9-42.3 40.0 10.3-19.2 15.0
43.2-48.7 46.7 9.8-20.0 17.0
49.4-54.8 51.0 0.0-21.2 18.5
55.7-61. 4 58.0 9.0-20.0 2.5
62,0-67.8 64. 4% 9.2-20.0 24.5

Other experiments with starved and well-fed
juveniles showed that the degree of cannibalism
increases when the fish are starved. One par-
ticular group of 50 juveniles, averaging 31.8 mm.
(1.25 in.) in length, when well fed consumed 9
fry averaging 11.1 mm. (0.44 in.) in 15 minutes.
This same group, when starved for a period of 3
days, killed or consumed 17 fry averaging 14.3
mm, (0.56 in.) in 12 minutes. When starved, the
juveniles were aggressive upon introduction of the
fry, whereas when well fed they were not par-
ticularly excited by appearance of the fry and
generally remained near the bottom of the tank.
An aggressive response by well-fed juveniles was
noticeable only when a single fry or group of fry
approached closely. _

These experiments indicated the importance of
keeping each compartment of the fry tank stocked
with young fish of uniform size.

Another source of attrition, although not
considered so important as cannibalism, was
predation by dragonfly nymphs. These highly
predacious larvae, which occurred commonly in
the fry and assault-boat tanks, usually preyed on
the smaller fry. Considerable effort was made to
remove these nymphs. Chemical means of control
(salt, potassimn permanganate, and pyridyl-
mercuric acetate, commonly called PMA) proved
ineffective; dipnetting them individually seemed
the most effective method.

SUMMARY AND CONCLUSIONS

This study evaluates the physical and biological
feasibility of producing bait-size tilapia in tanks.
Two facilities were used during the experiments.
The first facility, or pilot plant, constructed on the

grounds of the Bureau of Commercial Fisheries
Biological Laboratory at Honolulu, Hawaii, was
used from October 1956 to July 1958; the second,
at the Kewalo Basin docksite, Honolulu, was used
from August 1958 until September 1959. Results
obtained at the pilot plant were of a preliminary
and general nature, but aided in planning the
more detailed experiments designed to examine
factors associated with variations in reproduction
and growth at the Kewalo plant.

Brood tanks at the pilot plant were stocked at
the rate of 0.9 and 1.9 square feet of floor area per
individual and with a sex ratio of 2¢ : 18.
Stocking of the Kewalo tanks varied from 0.5 to
1.6 square feet of hottom area per individual, and
the sex ratios (¢ : ¢) were2 :1,8 :1,4 :1,and
6:1.

Supplementary feeding of the tilapia included
rice bran, chicken mash, alfalfa pellets, rabbit
feed, and pelletized pond-fish feed and trout feed.
Generally, for the adults pelletized feeds were
much more satisfactory than finely divided mash
and bran. Young fish were fed finely ground
pondfish and trout feed.

Chemical analyses to determine concentrations
of oxygen, free carbon dioxide, total bicarbonate
and carbonate alkalinity, and hydrogen-ion were
made routinely at weekly intervals to follow gross
changes in the environment within the tanks.

Fry production at the pilet plant started in
December 1956, approximately 9 weeks after the
initial stocking. Nest-building activity was noted
only after 3 to 4 inches of calcareous beach sand
was placed in two of the brood tanks. Evidence
of spawning on the bare floor, however, was noted
when the one tank without sand was drained.

At both rearing plants, as the young emerged
each day they were captured with a fine-meshed
dipnet and counted. They were then placed in a
fry tank and segregated by size in different com-
partments to prevent cannibalism.

Mortalities among the adults were attributable
to factors such as handling, disease, asphyxiation,
and possibly hydrogen sulfide poisoning. Highest
mortality rates among the young were attributed
to outbreaks of infectious disease and infestation
by ectoparasites. Infestation by protozoan
ectoparasites such as trichodinids and Chilodon
spp. was rather easily controlled by chemical treat-
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ment. QOutbreaks of infectious pancreatic necrosis,
believed to be caused by a virus, were not con-
trolled by any of the methods tried. Strict sanita-
tion, prevention of overcrowding in the fry-tank
_compartments, and periodic prophylactic treat-
ments were found to be good control measures for
preventing outbreaks of disease.

Several factors were found to affect fry produc-
tion. The spawning rate was increased during the
winter months by artificially raising the tempera-
ture of the water. Only a slight rise was neces-
sary to increase spawning frequency, but
prolonged constant high temperature seemed to
have a detrimental effect.

A sex ratio of 3¢ :13 resulted in the highest
reproductive rate. An allotment of about 4.0
square feet of bottom area per male and 1.0 square
foot per individual provided the most optimum
conditions for courtship and spawning. Brood
stocks fed high-quality feed had higher produc-
tion per female than those fed low-quality feed.
A significantly higher fry production occurred in
brackish water (about 10 °/,,) than in fresh water.

The growth of young fish was influenced by
environmental factors.  Significantly faster
growth rates were found among young reared in
less crowded tanks than in crowded tanks. Young
reared on high-quality feed also evinced a much
faster growth rate than those fed low-quality feed.
The growth of young fish in brackish water of a
salinity of about 10 °/,, was remarkably fast.

An investigation of cannibalism indicated that
juveniles averaging 20.4 mm. (about 0.75 in.) can
kill or consume fry up to 10 mm. (about 0.38 in.)
in length, and juveniles averaging 64.4 mm. (about
2.5 in.) in length are able to kill or consume
smaller juveniles up to a maximum size of 24.5
mm. (about 1 in.). Starved juveniles evinced a
much more aggressive response than well-fed
juveniles to fry introduced into their tanks.
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APPENDIX

APPENDIX TABLE 1.—Ozygen concentrations (ml./l.) at the pilot plant, determined weekly, April 2, 1957-July 8, 1958
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APPENDIX TABLE 2.—Ozygen concentrations in tanks 1 and 2 sampled hourly for 24 hours, at the pilot plant, November 12-13
1957

Tank 11 Tank 22

Zone time Cloud cover Comments
Oxygen | Temper-| Oxygen | Temper-
(ml./1.) ature (ml./1.) ature

(°F.) °F)
1.17 - 78.5 0.78 T4.5 | BB e Sun clouded over.
- 1.50 74.0 4.71 75.0 Tanks partly exposed to sunlight.
- 2.00 75.0 5. 57 76.0 Tanks {ully exposed to sunlight.
- 2.46 76.0 8.08 77.0 Do.
- 2.83 77.5 10. 46 78.5 0.
- 3.32 78.5 12.24 79.5 Tanks 1/4 shaded from sunlight.
- 3.50 79.0 12,368 80.0 Tanks 1/2 shaded from sunlight.
- 3.49 78.5 11.31 80.0 Tanks almost entirely shaded from sunlight.
- 3.2 78.5 0.45 80.0 Tanks completely shaded from sunlight.
- 3.01 78.0 8.21 79.0 | Do.
- 2,65 7.5 6.08 79.0 Dark.
2.12 77.0 5.66 78.5 Do.
1.82 76.5 4.99 76.0 Do.
1.46 76.5 4.30 76.0 Do,
1.24 76.0 3.84 76.0 Do.
1.08 76.0 3.27 76.0 Do.
0.94 75.5 3.06 76.5 Do.
0.86 75.5 2.80 76.5 Do.
0.69 75.5 2.56 76.5 Do.
0.50 75.0 2.26 76.0 Do,
0.46 74.5 2.00 75.5 Do.
0.43 74.5 1.88 75.5 |-- Do.
0.38 74.0 1. 54 75.0 .| Daylight visible at 0620.
0.37 74.0 1.23 75.0 Sunlight visible.
0.42 74.0 1.17 75.0 Tanks partly exposed to sunlight.
0.48 74.0 1.33 75.0 Tanks almost all exposed to sunlight.

1 Tank 1 was cleaned on Nov. 4, 1957 and the water was still relatively low in algae on Nov. 12 and 13.
2 Tank 2 had a high concentration of algaé (Chlorella).

AppeNDIx TABLE 3A.—Ozygen concentrations (ml./l.) observed in sex ratio-fish concentration experiment, August 27-
November 26, 1958

Date %l‘:g: Tankl | Tank?2 | Tank3 | Tank4 | Tank 5 | Tank 6 | Tank 7 | Tank 8 | Tank 9 " Tank 10 | Tank 11 | Tank 12

Nov.

APPENDIX TABLE 3B.—Ozygen concentrations (ml.fl.) ob-
served in feeding experiment, August 27~November 26, 1958

Date Zone | Tank 13 | Tank 14 | Tank 15 Tap
time water

popamoman
BERILSRLE
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APPENDIX TaABLE 4.—Ozygen concentrations (ml./l.) in
lanks 18, 14, and 15 during heating experiment, January
16-August 27, 1959

ArrENDIX TaBLE 4.—Ozygen concentrations (ml.[l.) in

tanks 18, 14, and 15 during healing experiment, January
18- August 27, 1969—Continued

Tank 14 : Tank 14 | Tank 15
Zone (with Tap . Zone (with (with Tap
Date time heating water Date time Tank 13 | heating | heating water
. cable and cable and! cable
cover) cover) only)
Jan, 186. 0815 6.69 0.80 4.72 5. 96 0800 2.08 1.51 2.69 6.26
0800 2. 49 0.69 2. 57 6.03 0800 4.92 0.84 1.60 5.98
0800 1.51 0.78 0.83 5.99 0800 4.42 1.53 3.00 5.70
Feb. 0300 3.1 3.04 4.94 5.78 0800 3.71 0.89 1.18 5.97
0800 0.91 0.95 1.17 5.82
0815 3.97 3.50 3.09 6.32
0800 5.32 4.14 4,39 - 6.83
Mer oo | E@ml BH| Bl iR
0800 ; 49 3.56 4,84 5.06 ArpENDIX TABLE 5.—Ozygen concentrations (ml.J]l.) in
0800 . 01 1.37 4.87 7.74 rackish-~w | fresh- . : 'nily-
Apr. P 5o i g o b i3 ater and f e.?h .water_ tanks, during salinity
0800 2,06 558 204 830 spawning experiment, August 6—September 24, 1969
0800 1.23 2.77 1.53 6.30
0800 1.72 2.63 3.28 6.28
0810 1,76 2.84 2.27 8.20 Zone | Tankl | Tank 5 Tap
May 0810 3.32 2.27 2.98 5.98 time | (brackish{ (fresh water
0810 2,54 3.72 4.056 6.10 water) water)
0! 2.48 2.95 3.0l 6.06
0810 3.01 3.54 4.46 6.10
June 0815 4,20 4,43 4.56 6.12 0800 4.95 2.63 6.26
0815 4.45 4.36 4,46 5.98 0800 4,18 2.08 5.98
0810 3.54 3.79 3.03 5.99 0800 3.21 1.13 5.70
2 0800 4.29 3.99 4.99 5.85 0800 3.22 1.42 5.97
July 0800 5.45 2.83 5,39 8.18 0800 1.82 0.61 7.25
0800 4.35 2,40 2.92 5.99 0800 1.18 1.4 5. 56
0800 4.20 1.31 3.55 6.10 0815 411 1.28 8. 05
0800 3.06 2.63 3.34 5.98 0800 0.9 2,34 6.34
0800 2.53 1.86 3.40 5. 6

ArprENDIX TABLE 6A.—Hydrogen-ion (pH) values observed in sex

ber 26, 19568

ratio-fish conceniration experiment, October 2—Novem-

Date Zone time| Tank 1 | Tank 2 Tapk 4 | Tank 5 | Tank 6 Tank 8 | Tank ¢ | Tank 10 | Tank 11 | Tank 12
0800 7.7 8.1 7.9 7.7 7.3 7.7 8.3 7.9 7.9
-0800 7.9 7.7 8,5 7.3 7:6, 7.7 7.5 7.4 7.7
0800 8.8 8.1 8.7 7.7 7.6 7.3 7.6 7.5 7.6
0800 7.9 7.4 7.4 7.4 7.5 7.3 7.5 7.5 7.8
0800 23X 1 (U RS PRI R D88 DB8 || 8.1
0800 XX N (RS [ i [ - T (R R F—— 2N [ [ 8.0
0800 8.7 8.3 8.3 >8.8 >8.8 8.7 8.5 8.7 8.1
0800 8.6 7.7 >8.8 7.9 8.1 7.7 7.6 8.4 8.7

in feeding experiment, October 2—November 26, 1958

Date

Zt.)ne Tank 13

time

Tank 14

Tap
water

ArrENDIX TABLE 6B.—Hydrogen-ion (pH) values observed

NEONOO NN
D W T
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APPENDIX TaBLE 7.—Hydrogen-ion (pH) values during AprpENDIX TaBLE 7.—Hydrogen-ion (pH) values during

heating experiment, delermined weekly, January 16- heating erperiment, delermined weekly, January 16—
August 27, 1959 August 27, 1969—Continued
* | Tank 14 | Tank 15 Tank 14 | Tank 15
Zone Tank 13 (with (with Tap (with (with
Date time (control) | heating | heating water Date Zone Tank 13 | heating | heating Tap
cable cable time | (control) [ cable cable water
and only) and only)
cover) cover)
0815 8.7 7.7 86 .- 0800 7.3 7.3 7.4 8.2
0800 8.4 . 7.8 - 35 I8 FE—— 0800 7.7 7.3 7.3 7.9
0800 7.8 7.5 7.9 8.1 0800 7.8 7.3 7.5 8.1
0800 8.8 8.1 8.8 8.1 0800 7.6 7.3 7.3 7.9
0800 7.4 7.4 7.8 8.1
0815 7.6 7.6 8.8 | oo
0800 7.9 8.0 8.4 7.9
0805 7.7 7.5 7.9 8.2 ]
0800 8.0 7.5 8.0 8.1 APPENDIX TABLE 8.—Hydrogen-ion (pH) values in brackish-
0800 7.9 7.7 8.1 8.1 . L. " .
0800 77 75 79 83 and fresh-water tanks during salinity-spawning experiment,
0800 7.7 7.5 7.9 8.3 August 6—September 24, 1969
0800 7.7 7.9 8.1 8.1
0800 |--o-uuaan- Ay () [—— 8.3
0800 7.7 7.4 7.7 8.1 Zone Tank1 | Tank 5 |- Tap
0810 8.4 7.9 8.3 8.1 Date time ({(brackish’| (fresh water
0810 7.9 [ : 7] (O 8.1 water) water)
0810 8.1 81 8.7 8.3
% I [ 8.4 8.1
0810 7.7 7.9 8.1 7.9 0800 8.3 7.7 8.2
0815 7.9 8.1 8.5 7.9 0800 8.2 8.3 7.9
0815 8.2 8.1 8.2 7.9 0800 8.0 8.2 8.1
0810 8.1 8.1 8.1 7.9 0800 7.7 8.1 7.9
0800 8.1 7.7 7.9 8.1 0800 7.7 7.7 7.9
0800 7.8 7.5 7.7 7.9 0800 7.6 7.9 8.0
0800 8.1 7.6 7.4 7.9 0815 7.5 8.1 8.0
0800 8.3 7.4 7.5 . 7.9 0800 7.6 8.1 7.9
0800 7.5 7.4 7.5 7.9
0800 7.8 7.5 7.7 " 7.9

APPENDIX TaABLE 9.—Free carbon diozide, bicarbonate, and normal carbonate in control and heated tanks during heating
experiment and in the fry tank, determined weekly, February: 26—-August 27, 1969

[In parts per million]

z Tank 13 (control) Tank 14 (heated and covered) Tank 15 (heated) Fry tank

one :

Date time i

Free Carbon- |Bicarbon-{ Free Carbon- |Bicarbon-| Free Carbon- | Bicarbon-| Free Carbon- | Bicarbon-
CO: ate ate CO: ate ate CO: ate ate COq ate ate
(1201 + N 37.6 b DT T (O Uyt S FI—— I ————" PRSI PP O [ ——
0805 0.0 40.8 56.4 0.0 42, 23.5
0800 0.0 7.4 112.6 0.0 32.6 30.1
0800 0.0 14.6 111.4 3.8 0.0 0.0 19.4 37.4
-0800 8.0 0.0 154.1 6.9 0.0 0.0 11.4 52.7
0800 7.3 0.0 181.7 5.9 0.0 0.0+ 3.6 58.9
0800 5.5 0.0 173.3 2.0 0.0 0.0 9.8 60.7
0800 |coooo-o- 0.0 146.4 6.7 0.0 0.0 38.8 23.7
5.4 0.0 147.0 6.8 0.0  86.8 || eom i em ||

0810 0.0 2.0 118.4 3.7 0.0 . 0.0 12.0 57.0
0810 2.9 0.0 111.0 3.8 0.0 79.3 0.0 7.6 56.7
0810 3.9 0.0 117.0 2.7 0.0 0.0 59.1 0.0 17.2 42.8
0810 5.7 0.0 30 T 0.0 0.0 82.3 0.0 7.8 55.7
0810 4.1 0.0 0.0 0.0 - 76.6 0.0 29.0 34.0
0815 3.8 0.0 0.0 .2 57.2 0.0 2.4 62.6
0815 0.0 {-cccacn 0.0 3.8 76.7 0.0 7.4 62.9
0810 0.0 26.0 0.0 10.8 83.8 0.0 16.0 57.7
0800 (111 N (O R ——— 4.1 0.0 0.0 16.2 85.0 0.0 32.0 57.1
0800 1.2 0.0 3 1.4 0.0 2.2 0.0 77.2 0.0 32.2 46.3
0800 [ 11 86.5 4.9 0.0 08. 4.7 0.0 111.7 0.0 15.4 58.3
0800 0.0 1.6 74.1 5.8 0.0 3 3.8 0.0 107.8 0.0 11.2 60.6
0800 1.7 0.0 83.5 5.5 0.0 . 4.8 0.0 117.4 2.3 0.0 81.4
0800 0.0 24.8 72.8 7.5 0.0 . 3.4 0.0 109.2 0.0 36.1 48.8
0800 6.5 0.0 180.5 8.5 0.0 . 5.2 0.0 115.9 1.2 0.0 76.5
0800 1.2 0.0 97.4 11.5 0.0 . 6.9 0.0 125.3 2.4 0.0 74.6
0800 0.0 17.0 102.8 10.0 0.0 3 7.0 0.0 110.7 0.0 66. 2 20.6
0800 0.0 18.8 97.8 13.3 0.0 140.0 12.7 0.0 149. 0.0 22.0 59.2
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ApPENDIX TaBLE 10.—F'ree carbon dioxide, bicarbonate, and
normal carbonate in brackish- and fresh-waler tanks during
salinily-spawning experiment, August 6-September 24,

959

[In parts per million]

Tank 1 (brackish water) Tank 5 (fresh water)
Date Zone i
time Free |Carbon-|Bicarbon-| Free |Carbon-|Bicarbon-
CO: ate ate CO; ate a

Aug. 6. 0800 1.7 0.0 94. 4 3.5 0.0 111.8
13....| 0800 0.0 10.1 69.3 0.0 30.6 65.0
20.-...| 0800 0.0 14.4 86.7 0.0 24.2 80.1
p7 — 0300 2.5 0.0 123. 4 0.0 39.0 71.0
Sept. 3..__| 0800 4.0 0.0 183.3 0.0 80.6 36.3
10..--| 0800 16.2 0.0 188.5 0.0 32.2 81.8
17.... 0815 8.0 0.0 188.1 0.0 40.0 76.3
- 0800 13.6 0.0 214.0 0.0 54. 4 45.3
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ABSTRACT

Estimates of the average growth rates of the eastern Bering Sea adult
male king crab, Paralithodes camtschatica, ave presented. Through examining
the advancement of modal groups in size-frequency distributions collected in
5 successive years, the growth rate of the smaller adult male crabs is described.
For the larger sizes the growth per molt observed in tagged individuals and
the proportion of molting crabs observed in each year are combined in a theo-
retical model which represents the progression of a year class through time.
The resulting growth curves calculated from the 1956, 1958, and 1959 data are
strikingly similar and show that male crabs 80 mm. in carapace length will
attain an average length of 168 mm. after 8 years of growth. Crabs growing
at the rate depicted for 1957 would be 153 mm. in length at the end of an equal
period. .




GROWTH OF THE ADULT MALE KING CRAB PARALITHODES CAMTSCHATICA
(TILESIUS)

By DoucLAS D. WEBER AND TARKASHI MIYAHARA
Fishery Research Biologists, BUREAU OF COMMERCIAL FISHERIES

A request for study of the southeastern Bering
" Sea king crab (Paeralithodes camtschatica
(Tilesius)) stock was made to the International
North Pacific Fisheries Commission by the United
States Government in February 1954 in accord-
ance with Article III, Section 1, (c), (i) of the
International Convention for the High Seas
Fisheries of the North Pacific Ocean, for the
purpose of . . . determining need for joint con-
servation measures of the Contracting Parties con-
ducting substantial exploitation of that stock.”
(The Contracting Parties in this instance are
Japan and the United States.)

The. Burean of Commercial Fisheries Biological
Laboratory in Seattle, Washington (then Pacific
Salmon Investigations) was assigned this study
for the United States. Investigations began in
1954, with emphasis on factors governing yield,
e.g., growth recruitment, mortality, and abun-
dance.

In compliance with part of the request, this re-
port presents an estimate of growth of adult male
king crabs of the eastern Bering Sea and describes
methods employed. Although growth of all king
crabs is being studied, that of adult males has been
given priority, because the commercial fisheries are
concentrated on them and need for their con-
servation must, therefore, be determined first.

The authors are indebted to many individuals
who contributed toward this study. The Nippon
Suisan Company, J. E. Shields Company, and
Wakefield’s Deep Sea Trawlers, Inc. cooperated
in recovering tagged crabs; Seiwa Kawasaki,
biologist of the Japan Fisheries Agency, recorded
very complete tag recovery information, a major
contribution ; F. C. Cleaver and R. A. Fredin, ad-
vised and aided us throughout the study, and T. H.
Butler, A. E. Peterson, and W. F. Thompson pro-

NoTE.—Fishery Bulletin 200. Approved for publication, May
23, 1961.

vided helpful comments concerning the treatment
of data.

BACKGROUND INFORMATION

The king crab, being a decapod crustacean, has
a typical rigid exoskeleton which prevents a
change in carapace dimensions except at molting.
Consequently the growth of an individual consists
of a series of steps, the frequency of which de-
creases as the animal increases in age or size. An
exception is the mature female king crab, which
molts annually prior to egg extrusion; often with-
out appreciable increase in carapace dimensions.

At molting the entire exoskeleton is cast along
with the mouth and stomach parts, gills, tendons,
and other structures of ectodermal origin. Since
all hard parts of the body are lost, determination
of growth must be achieved by means other than
those applicable to animal forms which have
permanent records of seasonal growth such as may
be found on the scales of fish..

Several methods have been used to study growth
of king crabs. Most of the studies were made by
Japanese scientists and depend upon one or com-
binations of three basic types of data: Growth in-
crement per molt and frequency of molt; size-
frequency distributions from 1 year which show
modes that are indicative of year classes; and size-
frequency distribution data taken in successive
years to observe the progression of weak or domi-
nant year groups through the years.

Wang (1937) described growth rates for young
crabs, as interpreted from an examination of
modes in size-frequency distribution and for the
older crabs by following the progression of modes
in size-frequency data collected in 3 successive
years. Marukawa (1933) studied live tank-
reared crabs and observed growth per molt and
frequency of molt in conjunction with size-

53
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FicUre 1.—King crab growth curves from published results. Curves W, and W: derived from Wang (1937) for crabs
from Northern Hokkaido and Sakhalin, respectively; curve N derived from Nakazawa (1912); and curve M from

Marukawa (1933).

frequency distributions. Nakazawa (1912) esti-
mated growth of king crabs by combining data
from his studies on king crab with published in-
formation on the frequency of molt and growth
rate of Homarus americanus and Cancer pagurus.
The growth curves described by the above investi-
gators are presented in figure 1.

Wide differences in growth rates are indicated,
and though the difference may in part be due to
geographic separation, it appears that there may
be some errors in interpretation.

Wang (1937), graphically presents a size-
frequency distribution which shows a mode at 45
mm., a second at 85 mm., and others centered at
115 mm., 135 mnw., and 155 mm. From other size-
frequency distribution data collected in 3 suc-
cessive years, he observes weak and dominant
groups progressing from 135 mm. to 160 or 165 mm,

1 Marukawa, Nakazawa., and Wang's results were presented in
terms of carapace width, and are so shown in figure 1. However,
most if not all king crab investigators are presently using cara-
pace length measurements, since this dimension is more definite
and the polnts of measurement are more resistant to flexing
when measuring callpers are applied. The conversion from width
to length for male king crabs may be made by the formula : cara-
pace length=.1440.925 (carapace width), for sizes less than 95
mm. . In carapace width ; and for sizes greater than 95 mm. the
formula is: carapace length—1.8440.744 (carapace width).
These relations were calculated from length-width measurements
of eastern Bering Sea king crabs. '

and then to 185 mm. Wang combines the two sets
of data and interprets the first two modes in the
size-frequency distribution to be indicative of sizes
af ages 1 and 2, and then from the modal progres-
sion, the sizes at ages 3, 4, and 5, to be 135 mm.,
165 mm., and 185 mm., respectively. Wang appar-
ently does not interpret the increased frequency
of 115-mm. crabs as representing a year class. Un-
fortunately, sufficient data are not presented to
permit examination of his frequency distribution,
and reasons Are not given for excluding the 115-
mm. group which is quite evident in the size-
frequency distribution presented.

Wang’s assignment of age 1 to the first mode in
his sample (45 mm.) is not consistent with the
findings of other researchers. Marukawa and
Nakazawa both describe 1-year-old crabs to be of
about 7 and § mm., respectively. Also, the Fish-
eries Agency of Japan (1958) reports that 3,084
juvenile crabs, ranging in size from 6 to 15 mm. in
carapace length with a mean sjze of 9 mm. (cara-
pace width, 8 mm.), were collected in the eastern
Bering Sea in late May and -early June of 1957.
Since hatching in the eastern Bering Sea occurs
in April and May and it is generally agreed that
there is about a 10-week period of larval life be-
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fore the adult form occurs at 2 mm.,, it is unlikely
that these 9 mm. crabs are of 0-age class, but are
probably 1 year old.

Further, it is our belief that another year group
between 8 mm. and 45 mm. is to be expected. In
a study 2 of the growth of small crabs in Unalaska
Bay, Alaska, we sampled at 4-month intervals
from May 1958 through May 1959. By observing
the progression of modes in these samples, we con-
cluded that crabs sampled in May of 1958 were in
their second year at a carapace width of 11 to 12
mm. and were in their third year at a carapace
width of 37 mm. According to our data, a crab
near the end of its third year of life would be ap-
proximately 45 mm. or larger. If geographic vari-
ation in growth is not great, it seems reasonable
to expect that if crabs near Japan are about 8 mm.
at age 1, then at age 2 they would be less than 37
mm., and 45-mm. crabs may be 3 years of age
rather than 1-year-old as postulated by Wang. It
would then appear that Wang’s curve may be
shifted 2 years to the right. Also the inclusion of
another year group at 115 mm., as noted in Wang’s
size-frequency distribution, would tend to decrease
the slope beyond 85 mm.

Marukawa (1933), in his comprehensive and
informative paper on Paralithodes, presents a
discussion on growth, including the curve shown
in figure 1, in which males reach a maximum
carapace width of 216 mm. in 31 years. A review
of Marukawa’s methods and results is presented
by McKay and Weymouth (1935), who point out
that the early modes in Marukawa’s size-frequency
data probably represent instars rather than year
classes, and that later modes most likely indicate
chance irregularities. We generally agree with
the reviewers. Marukawa’s size-frequency distri-
butions of smaller crabs show modes at 7, 17, 25,
34, 42, and 53 mm., which he interprets as being
year classes. As discussed in the previous para-
graph, progression of modes in a series of size
frequencies taken throughout a year indicates
greater spacing between year classes than are
shown in Marukawa’s size distribution. Sato
(1958), also points out that the 17, 34, and 42 mm.
modes in Marukawa’s frequency curve can be con-

2 The results of this study are deseribed briefly in a paper sub-
mitted to the International North Pacific Fisheries Commission
for inclusion in the 1959 Annual Report.

sidered as instars. That modes in the larger sizes
are due to chance irregularities is suspected, since
our ohservations of growth increments resulting
from one molt would span from 3 to 6 modes.
Thus, if some of the early modes were considered
instars rather than year classes, the lower portion
of Marukawa’s curve would be steeper and would
shift the remainder of the curve to the left. Con-

'sideration of fewer age classes in the larger sizes

would also steepen the curve, and it would ap-
proach maximum size more rapidly.

Nakazawa (1912) presented information that
enabled construction of the curve shown in figure
1, but unfortunately he did not include the data
upon which his annual growth increments were
based. His curve, however, is intermediate be-
tween Wang’s (1937), whose growth rate appears
too rapid, and that of Marukawa’s (1933) which
appears too slow. Other investigator’s results of
growth studies have been examined but were not
included, since sufficient data were not presented to
enable constructing curves.

The reports examined and the curves presented
in figure 1 show wide differences that, as stated
earlier, seem to be mainly due to errors in inter-
pretation, but may, in part, be due to actual dif-
ferences in growth demonstrating the difficulties
in estimating growth of king crabs.

The growth studies to be discussed in the re-
mainder of this report pertain to the eastern Ber-
ing Sea king crab. Although sexual maturity ap-
pears to be attained from 85-95 mm., the term
adult used in this report includes all crabs larger
than 80 mm. in carapace length. Determination of
growth for the smaller sizes is based on modal
progressions in size-frequency distributions, since
modes are fairly well defined and little is known
of growth per molt and molting frequency in these
sizes. In the larger sizes, year classes tend to over-
lap due to nonmolting crabs, and modes when evi-
dent are probably made up of various year classes.
For this situation a method was developed which
is dependent. upon a composite of the amount of
growth observed in tagged crabs and the propor-
tions observed to molt in any particular year. The
resulting growth curve for the larger sizes, there-
fore, takes into consideration both molting and
nonmolting crabs,
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SOURCES OF DATA

Each summer since 1955, a commercial fishing
vessel has been chartered to otter trawl for samples
at predesignated stations 20 miles apart. The sta-
tions sampled by year are represented in figure 2.

The gear used each year was similar to that de-
scribed by Greenwood (1958). This trawl is com-
monly called a “400 eastern type,”

At each station all crabs caught were measured
to the nearest millimeter, shell conditions were
noted, and males were tagged and released. Two
measurements were taken. Length of carapace
was measured from the posterior margin of the
orbit of the right eye to the midpoint of the pos-
terior margin of the carapace. Greatest width of
the carapace between spines was also measured as
a check on accuracy of length measurement since
a definite relationship exists between length and

* width.

We recorded four shell conditions, soft, new,
old, and very old, which are subjective classifica-
tions of the length of time since molt. The prin-
cipal basis of classification are scratches and dis-
colorations of the ventral basal segments of the
appendages. A soft exoskeleton is indicative of a
crab which has just molted, since after approxi-
mately 1 week the shell becomes firm and resists
flexing. New-shell crabs have hard exoskeletons,
the ventral surfaces of which are white and un-
scratched, and are presumed to have molted dur-
ing the winter or spring immediately preceding
the sampling period. Crabs with yellowish ven-
tral exoskeletons and multiple darkly stained
scratches are classified as old-shells and are judged
not to have molted for one or more years. The
very-old-shell condition is an extension of the old-
shell and is characterized by an almost black ven-
tral exoskeleton and dense growth of fouling or-
ganisms. The time since last molting is not well
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defined for the very-old-shell condition, but is be-
lieved to be noticeable in the second year after
Iast molt. Individual fouling organisms which
settle on the shell have not been considered as a
measure of time since molting because the life
cycle, such as time of setting and growth of these
organisms in the Bering Sea is not known and
would demand a separate study.

Shell conditions are the basis of determining
molting frequency, and for the purpose of growth
we are interested in those that molted in the cur-
rent. year and those that did not. In the remain-
der of this report soft and new-shell conditions
are grouped as new-shell and refer to crabs that
have molted in the current year, while old- and
very-old-shell conditions are grouped as old-shell
and refer to crabs which have not molted during
the current year.

Since initiation of investigations in 1954, erabs
have been tagged with either a Petersen disc-type
tag on a leg or through the carapace, or with a
spaghetti-type tag through the muscular isthmus
between the posterior margin of the carapace and
the abdonimal region. Since Petersen dise-type
tags are probably lost at molting, analysis of
growth from tagged crab data has been restricted
to recoveries of spaghetti-type tags which remain
attached through molt.

Of 23,826 male crabs released with spaghetti-
type tags in years 1955 through 1959, 1,103 have
been recovered, of which 1,017 were returned with
complete measurement data. Changes’in sizes in-
dicating growth were observed in 325 recoveries.

ADEQUACY OF DATA

Two population properties ave assumed in this
report. They are: (1) the growth of tagged in-
dividuals and the size frequency distribution sam-
ples are representative of the population, and (2)
the same population is sampled each year. Sup-
port for these assumptions is provided from exam-
ination of our field observations which show:
tagged crabs mix uniformly with the untagged
crabs throughout the fishing area; repetitive sam-
pling performed in 1956 and again in 1958 re-
sulted in similar size-frequency distributions and
percentages of shell conditions within each year;
tagged crabs continue to be taken in successive
years after release, and only in the Bering Sea.
In addition, the sampling areas, particularly since

1957, are believed to include the major distribu-
tion of this population, since explorations by the
United States Fish and Wildlife Service in 1949
(Ellson, Powell, and Hildebrand, 1950) and by the
Japanese in 1957  (Fisheries Agency of Japan,
1958) revealed very few Puaralithodes camtschaticd
in adjacent areas of the eastern Bering Sea.

In subsequent discussions, it will be evident that.
the 1957 data are anomolous with other years.
The samples included fewer molters in the popu-
lation, thus reducing the proportion of molting to
nonmolting crabs. Examination of this feature
shows that the 1957 data were collected later in
the summer than in any of the other years. It is
therefore possible that changes in distribution as-
sociated with this time period may atfect the avail-
ability of new-shell crabs. That only new-shell
crabs are affected is suspected by examination of
all data which shows that the abundance of old-
shell crabs appear relatively unchanged regardless
of the time of sampling.

There is general agreement in published reports
that male crabs larger than 110 mm. in carapace
length, molt no more than onee annually, From
a study of shell conditions, Vinogradov (1945)
established that the majority of the larger males
molt once every 2 years. Also our records show
that several tagged crabs were returned after 3
years with no evidence of molting.

The Fishery Market News (1942), Wallace,
Pertuit, and Hvatum (1949) and discussions with
fishermen indicate that the adult male king crab
molting period and growth occur in late winter
or early spring in the eastern Bering Sea. Our
observations aboard chartered vessels show that

.soft-shell male crabs were caught only in May,

and these have numbered one-tenth of 1 percent
of the total number of males sampled. No male
crabs in the molting or postmolting’ stages have
been found in the summer and late fall surveys.
Since growth takes place before owr sampling
periods, and there is no noticeable change in size-
frequency distribution or shell-condition propor-
tions during the sampling season, the crabs taken
may be considered as representing an instanta-
neous sample.

The relation between time of molting and our
period of sampling is an important part in differ-
entiating, through the use of shell condition, the
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crabs that molted during the current year from
those that did not molt. The crabs that molted
in the winter and early spring have had their
shells no more than 6 months at the time of sum-
mer sampling, whereas those not molting have had
their shells not less than 1 year. Although shell
condition is a subjective classification, the differ-
ence in discoloration and marking of the exoskel-
eton is distinet.

Confidence in the ability to distinguish between
the current year molters and those that molted in
the previous year may be shown by an examina-
tion of shell-condition classifications of tagged
crabs, recorded at release and again at recovery.
The bulk of the recoveries and the classifications,
were made aboard the Japanese mothership by a
biologist following, for the most part, our written
description of the various shell conditions. Ex-
cluding all tagged crab recoveries showing changes
in length measurements, and therefore indicative
of having molted, there were 595 tag returns with
shell-condition data available for study. Table 1
shows the shell conditions recorded at release and
recovery of the crabs and their periods of free-
dom.

Of the 417 recoveries of new-shell releases, one
recovered after a year of freedom was classified as
new-shell, and by our criteria of shell conditions
is considered in error. An additional six were
classified as new-old, indicating some doubt. The
six doubtful cases were recorded in 1956, and after
the 1957 season the definitions of the shell condi-
tions were made more explicit. Of the old-shell
releases, two recoveries within the year of release
were classified as new shells on recovery and are
considered misclassified. The amount of error in
classification appears to be no more than 1.5 per-
cent and may be as low as 0.5 percent if the six
doubtful cases are not included.

TABLE 1.—S8Thell condition clagsification at recovery of non-
molting tagged crabs

Periods of freedom
Shell condition | Shell condition
at release at recovery
. Within | Afterl | After2 | After3
year year years years

New-shell ... 125 1 0 0
306 76 3

Old-shell._.____. 2, (] (3] [
72 82 22

1 8ix additional crabs were recovered but classified as new-old and are not
included,

The amount of growth per molt is determined by
an examination of the tagged crab measurement
data that were taken at release and again at re-
covery. Preliminary analysis of the relation of
width and length of tagged crabs indicated some
measurement error. Therefore, width on length
regression .and a 99 percent confidence interval
around this regression were calculated from a ran-
dom sample of 744 crabs. All tag recoveries where
measurements fell beyond the interval were not
considered in the analysis. A few recoveries were
also discarded due to illogical length to shell con-
dition relations, for example, an increase in cara-
pace length inconsistent with a logical change in
shell condition.

In order to determine the range of measure-
ment error, we examined 128 within-season tag
recovery measurements (appendix table 2) rea-
soning that variations in measurements for this
group must result from error or bias. Plotting the
deviations of recovery from release measurements
shows that 99 percent of the deviations lie be-
tween plus and minus 4.4 mm. This is shown
graphically by the shaded histogram in figure 3.

All tagged crabs, that measured 5 mm. or more
larger when recovered, and which had a corre-
sponding increase in width, are considered to rep-
resent crabs that grew during their periods of
freedom. The deviations of the lengths at recovery
from the lengths at release for 325 male crabs de-
picting growth are shown by the unshaded histo-
gram in figure 3. Considering the shell condition
and the length of time at liberty, 15 crabs with
length increments greater than 23 mm. were con-
sidered to have molted at least twice, and therefore
are not used in the analysis.

GROWTH BY SIZE FREQUENCIES

Length measurements of all male king crabs
taken during station pattern sampling each year
since 1955 (Appendix table 1) were smoothed by
a moving average of three; the resulting numbers
at each millimeter of length were expressed as per-
centages of each year's total. Percentages were
used to compensate for varying numbers between
years. To emphasize the dominant size groups
and their progressions, the percentage deviation
of each year's size frequency distribution from the
1955 through 1959 mean distribution was calcu-
lated. The resulting yearly positive and negative
deviations are plotted on figure 4. Examination
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of these deviations shows the presence and pro-
gression of at least two dominant size groups and
one deficient size group. Since the juvenile crab
studies have not progressed sufficiently to allow
assignments of ages to the size groups represented,
we have considered the size increase in relation to
the time of entry into the sample of each dominant
and weak group. These groups are designated for
reference as A, B, and C.

TABLE 2—Range and mean &ize by year for size groups A,
B, and C in figure %

Size (mm.)
Year Group A Group B Group C
Range Mean Range Mean Range Mean

Dominant group A, shown first in the 1955 dis-
tribution, advances through the successive years
to 1959 where it appears to include a rather wide
range of sizes. Group B, which is characterized
by a scarcity of crabs, is observed to progress
from 1956 through 1959. Dominant size group
C first became evident in 1957 and appears to be
reduced after 2 years’ progression. The redue-
tion of group C is, in part, due to the method of
using deviations from a mean, in which the
strength of one size group, such as indicated by
A in 1956 and 1957, may affect the plotted strength
of another. _

In order to present more clearly the progres-
sions of these groups, the range and mean lengths
were calculated, and are listed in table 2. In fig-
ure 5, the progressions of mean values of each
group are plotted on years after first entry in the
samples. Also included is the mean progression
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of these means which shows a relatively constant
increase of approximately 15 mm. per year.
Although modes other than those discussed were
evident, only the more prominent ones in the
smaller sizes were considered. This selection was

guided by the suspicion that due to the lesser fre--

quency of molting in'the larger sizes, an overlap-
ping of year classes occurred, and the modes or
means of individual classes became unidentifiable.
To alleviate the problem of attempting to define
annual growth in the large adult male king crabs
by following the progressions of distinctively
weak or dominant modes, another method was de-

veloped, which involves the determination of

growth in length per molt and the proportions
molting.

GROWTH INCREMENT PER MOLT

Three hundred and ten tagged and recaptured
crabs representing growth from one molt (ap-
pendix table 3) range in size from 98 to 169 mm.
before molting. The carapace length at release

and the observed growth increments for these
crabs are shown in figure 6.

The straight line shown in figure 6, fitted by the
method of least squares, represents the regression
of growth increment on size for the size range of
our data. It is recognized that a second degree
polynomial (¥=—62.989+1.1410X —0.0041.X 2)
better fits the data, significantly reducing the
mean square from 8.994 to 8.233. However, growth
curves based on linear and curvilinear regressions
were compared and it was found that the maxi-
mum difference at any one point between the
curves did not exceed 2 mm. Since the use of a
straight line regression simplifies subsequent dis-
cussions, and results are not appreciably affected,
we have considered the growth increment. for one
molt as being represented by the straight. line re-
gression in figure 6.° This line is expressed by
the equation ¥=13.14+0.018X. The mean ex-
pected growth increment, ¥, varies from 15.1 mm.
for a carapace length of 110 mm. to 16.0 mm. for
carapace length 160 mm., a difference of only 0.9
mm. Thus the growth increment of crabs of these
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The line represents the linear regression of

growth increment on size as determined by the method of least squares.

sizes is essentially constant and for the purpose of
this discussion we regard the growth increment per
molt as being 16 mm. for all male crabs 110 mm.
in carapace length and larger. Extrapolation of
the regression line beyond 170 mm. may introduce
error, but the results are not appreciably affected
as only a small proportion of the crabs of these
larger sizes molt.

AVERAGE ANNUAL GROWTH INCRE-
MENT OF THE POPULATION

If all adult male crabs molted once annually,
their growth would be described as an accumula-
tion at the rate of 16 mm. per year. However, the
small adults molt. annually, but as they increase
in size, molting occurs less frequently. Since we
do not yet know the molting frequency of indi-
vidual crabs, we cannot describe their growth rate.
We can, however, determine the average annual
growth of the population by adjusting the growth
increase determined from tagged individuals by
the proportions of molting crabs observed.

The numbers of non-molters (old-shell crabs)
and molters (new-shell crabs) by size, observed in
samples for the years 1956 through 1959, are
shown in figure 7. - Shell condition was not re-
corded in 1955.

Since all sizes of adult male crabs greater than
110 mm. in carapace length were shown to in-
crease by approximately 16 mm. per molt, the
new-shell distribution for each year was shifted
16 mm. to the left. This has the effect of return-
ing the new-shells to their size prior to molting.
'We then smoothed both distributions by a moving
average of 7 mm. and calculated the proportion of
new-shell to old-shell crabs for each millimeter
size class. The result of the transformation, using
the 1958 data as an example, is shown in figure 8.
By multiplying the proportions molting by 16
mm., the average annual growth increment of
crabs greater than 110 mm. was calculated for
each year's data and shown in figure 9.

AVERAGE GROWTH RATES

In any growth study it is highly desirable to
define growth in terms such as the growth of in-
dividuals or of an age class. Until permanent
records of growth are found in crabs, or tagged
individuals are returned after prolonged periods
of freedom, it is unlikely that the growth rate of
individuals can be described. It appears possible,
however, to estimate the average growth rate of
a year class.
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The simplest method of estimating the average
growth rate would appear to be a stepwise aceu-
mulation of the average annual growth incre-
ments. For example, using the 1958 data (fig. 9)
and assuming that the growth increments repre-
sent growth potential in terms of length, crabs
110 mm. in length at some single age ¥ would, on
the average, increase in size by 15.4 mm., result-
ing at age N+1 in an average size of 125.4 mm.
The average annual increment for 125.4 mm. crabs
can then be added to determine the size at age
N+2, ete. It can be seen that the average annual
inerement is the average amount of growth for all
crabs of a size, and that the proportions used are
made up of crabs that have, and those that have
not, molted. The resulting relation of size with
time by this accumulating process is, therefore,
in terms of average size against average age.

To avoid the use of double averages, a method
was developed to express the growth rate in terms
of average size at a particular age. The method
utilizes a model which we believe represents the
growth of the eastern Bering Sea king crab stock,
and depicts the advancement of a size group
through 6 years.

We will examine a hypothetical group of 10,000
male crabs under the assumption that the attained
sizes of several year classes in one year are repre-
sentative of the growth of one year class from
year to year. Basic inferences derived earlier in
the report from tagging and from the sampling
data for 1958 are utilized in a hypothetical model.
These are: (1) when male king crabs-110 mm. and
larger molt, the carapace length increases by 16
mm., and (2) the proportion molting by 16 mm.
intervals (fig. 8) are: at 110 mm. carapace length,
the proportion molting, P is 0.96; at 126 mm.
P=0.87; at 142 mm. P=0.65; at 158 mm, P=0.37;

619363 0-—82—2

and at 174 mm. P=0.03. Since there were no
crabs larger than 195 mm. taken in 1958, we as-
sume P at 190 mm. to be 0.02, allowing for a slight
decrease in molting frequency.

The smallest size considered in the model is 110
mm., a size generally common to the progressions
of modes described previously. Since most, if
not all, crabs less than 110 mm. molt at least an-
nually, and the modes in size frequency distribu-
tions of these sizes are quite definite, we assume .
that 110 mm. crabs in the model are all of one age
class at V years of age. The sizes, numbers, and
average size present. in each of the successive years
from age N to age &N +5 are calculated and shown
in table 3. At the end of the first year, since 96
percent of the 110-mm. crabs molt and 4 percent
do not molt, the age group has been segregated
into two size classes with an average length of
1254 mm. The following year the crabs are of
age N+1, and the 110-mm. crabs (¥=400) and
the 126 mm. crabs (¥—=9,600) are calculated to
be distributed in varying numbers in three size
classes consisting of 16 crabs remaining at 110
mm., 1,632 crabs at 126 mm., and the remaining
8,352 advancing to 142 mm. In this manner, at
the end of the year of age ¥ +5, five size classes
are represented, the average length of the year
class being 167.8 mm. :

The 1956, 1957, and 1959 data are treated in the
same manner, and the average lengths for each
age for all years are tabulated in table 4. The
growth curves based on the average sizes for each
age are shown in figure 10. Both the table and
the figure include an extension below 110 mm. to
ages N —1 and N —2. The extension is the mean
of the means of the progression of modes in the
size frequency distribution discussed earlier.
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TaBLE 3.—A model representing the advancement of one size group of crabs following the growth trend as observed from
the 1958 sampling data

[Ef xplanation of symbols: N, age in years; P, proportion molting; ¢, old shell]

Beginning of year End of year
Average
Carapace | Proportion Number of crabs by carapace length (mm.) and shell condition size in
Age in years Number | lengthin molting * -7 mm,
of crabs mm.
N P q 110 126 142 158 174 190 206

N 10, 000 110 0.96 0.04 1 400 0,600 | e[l
Total. oo [ b e 400 b ¢ I U [P R D 125. 4

NAL. oot 400 110 .98 .04 116 BB oo [emm e e |
9, 600 126 .87 [ & I P —— 11,248 [ 3172 (SRR [ [RRUPRR SEPOIII

17 RSO PR SRR NN o 18| 1,682 8,852 |eoooome oo 130.3

Total. . aelemmmmana——— 0 0 223 3,590 6, 000 186 1 167.8

1 01d shell,
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FIGURE 10.—Avei'age growth curves of adult male king crabs for each of the years 1956 through 1959 as determined from
population models (solid lines). The broken line extension represents the average progression of modes in the
size frequency distributions. N represents an age in years at which crabs are 110 mm. in carapace length.
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TABLE 4.—-Average size al each age of the southeastern
Bering Sea population of adult male king crabs as de-
termined from modal progression in gize-frequency dis-
tribution and from growth per molt multiplied by the
molting proportions in each size

Average sizes present by year
Age
1956 1957 1958 1959

80.7 80.7 80.7 80.7

96.0 96.0 96.0 6.0
110.1 110.1 110.1 110.1
125.5 120.1 125.4 125.4
140. 6 128.7 139.3 140.9
162.0 136.1 150.3 154.6
159.0 142.5 158.4 161.4
163.7 148.1 164.0 165. 4
167.2 153.0 167.8 168.4

It would be unrealistic to extend the growth
model beyond & + 6, because very few crabs greater
than 200 mm. in carapace length are taken in the
eastern Bering Sea. In addition, from the curves
presented, it appears that in most years the average
length is approaching an asymptote, and any
further increase in age will not greatly affect the
average size of the year class.

DISCUSSION

The growth rates calculated from the 1956, 1958,
and 1959 data show general agreement, but 1957
data suggests an appreciably lower rate. This is
due primarily to the apparent lower proportion of
molters in the 110- to 150-mm. carapace length
range.. In view of the discrepancy of the 1957
data, and because of the few years for which we
have data, no attempt has been made to develop a
single growth curve.

The model assumes that molting rate is a func-
tion of size. It might be questionable that crabs
of any one size, which did not molt, will exhibit the
same molting rate the following year. The molt-
ing proportion, P, used in the model are the pro-
portions observed in the entire sample (popula-
tion), and in the larger sizes undoubtedly includes
several year classes with crabs of various shell
conditions. The assumption that crabs of a com-
mon size, with varying time since the last molt,
have equal molting rates is guided by the fact that
the P’s are averages of all molting rates that oc-
cur in the eastern Bering Sea; that is, the molting
rates of new-shell and old-shell and, to a lesser de-
gree, very-old-shell crabs make up P.

If molting rates of the various shell conditions
differ widely, they must differ around P; that is,

any large deviation of the molting rate of one shell
type from P must be accompanied by a compensat-
ing deviation of one or both of the other. For ex-
ample, if the molting rate of old-shell crabs is
high, the molting rate of new-shell crabs would be
low, and in any particular year of the age-class
progression where old-shell crabs predominate, the
average size would be greater than that indicated
in the model. However, in the following year the
increased number of new-shell crabs resulting from
the high-molting rate of the old-shell crabs would
be subject to the low molting rate of crabs having
new shells. The result would be a lower average
size of the year class for that year. The growth
rate under such a condition would be step-like,
and smoothing would result in a curve that would
approximate that developed by considering P con-
stant for size, as we have done.

Observed molting proportions may also be af-
fected by other factors: (1) varying environ-
mental conditions, (2) varying year class strength,
(3) differential natural mortalities by shell condi-
tions, and size. Our studies with respect to the
above factors have not progressed sufficiently to
measure their effect on molting proportions.

The model does not consider mortality. Al-
though this may be unrealistic, mortality was not
included since our measures of mortality rates are
not yet definitive, and constant loss would not
change the results. .

There is no reason to expect appreciable dif-
ferential natural mortality by size or age for the
range of size and age being discussed here. It
might be expected, however, that there would be
a higher death rate of crabs that molt than those
that do not. The effect of molting mortality is
negated by the fact that molting proportions are

based on numbers surviving; therefore, after the

effect of molting mortality. Although there is
some differential mortality due to fishing, since
the fishery continually strives to catch the larger

old-shell male crabs, this mortality is not evalu- -
ated in the model. The fishery operates concur-
rently with our sampling efforts, and at present
there is no way to assess its effects. In addition,
preliminary examination shows that the fishery,
through 1959, takes a relatively small proportion

of the king crab population as a whole.

For use in calculation of yield, it would be ex-
pedient to express our growth curves as mathe-
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matical functions. At present, however, the com-
plexity of interdependence of growth, mortality,
and recruitment precludes the mathematical for-
mulation of a growth parameter which is suit-
able for analytical purposes. Either elimination
or determination of the interaction of mortality
and recruitment on our data must be resolved first ;
for prediction of yield under varying conditions
requires that each parameter be independent or in
terms of coefficients which represent the magni-
tude of their integrated effect. Also, the growth
rate presented represents the average growth of
the population by lengths and would, for the pur-
pose of calculating yields, be more meaningful if
presented in terms of weights. The king crab’s
live weight is, however, not very significant, since
meat-weight is subject to wide variation for any
one size, while body-weight remains essentially
constant. Therefore, it seems more appropriate to
discuss growth by weights and resulting yield in a
study of productivity.

It would be desirable to compare the growth
curves ‘developed in this paper with those of
Marukawa (1933), Nakazawa (1912), and Wang
(1987), presented earlier. The Marukawa and
Wang growth curves are based on size intervals
between modes and progression of modes in size-
frequency distributions which would tend to re-
flect the growth of only molting crabs. Nakazawa
bases his curve on growth increment per molt
and frequency of molt which he assumes occurs
at least once a year. Thus, his curve would also
reflect primarily the growth of only molting crabs.
The curves developed in our paper, on the other
hand, are weighted by the proportion of each size
that does not molt and for the larger sizes par-
ticularly will show a slower growth rate. There-
fore, the curves developed by the authors cited
and those described in this report are not directly
comparable.

Considering the rate of growth concerning juve-
nile crabs, as shown by the data of the above in-
vestigations and our observations in Unalaska
Bay, we speculate that an 80-mm. crab (¥ —2) in
the eastern Bering Sea may be about 4 years old.
We hesitate, however, to place a precise estimate
of size and corresponding age on our N values
until the present juvenile crab studies are further
advanced.

SUMMARY

During the 6 years (1954-59) the U.S. Fish and
Wildlife Service has carried on a study of the
southeastern Bering Sea king crab Paralithodes
camtschatica. One phase of the investigations
has been to estimate the rate of growth of the
adult male king crab.

Estimating the growth rate required the use of
three factors: (1) group progression in size-fre-
quency distribution; (2) growth increment per
molt; and (3) the proportion of each size molting
in any given year.

Observations of size group advancement through
5 years of size-frequency distribution samples af-
forded an estimate of the growth rate for the
smaller adult crabs. Results show that a size
group of crabs averaging 81 mm. in carapace
length attains a length of 126 mm, after three
years—an annual growth increment of 15 mm.

Tagged crabs measured at release and again at
recovery provided data indicating that the growth
per molt is approximately 16 mm. for all crabs
more than 110 mm. in length. The proportion
molting for each size was calculated from observa-
tions on shell condition reported during each year
of the station-pattern sampling program. By
combining growth per molt and the proportion
molting, the average annual growth increment of
crabs greater than 110-mm. carapace length is cal-
culated. The resulting curves for each year of
sampling exhibited a rapidly decreasing average
annual growth increment as the crabs increase in
size. _

The growth rate of crabs, greater than 110 mm.
in length, was estimated by employing a model
which represents the progression of a year class
through time for each of the years 1956-59.

The growth rates as estimated from size-group
progression and the model method were combined.
The resulting growth curves calculated from the
1956, 1958, and 1959 data were quite similar, and
showed that on the average, male crabs 80 mm. in
carapace length will attain a length of 168 mm.
after 8 years of growth. Crabs growing at the
rate depicted for 1957 would be 158 mm. in length
at the end of an equal period. The reduced

growth rate for 1957 was due primarily to the

lower freguency of molting recorded in the 110
to 150 mm. sizes.
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APPENDIX

The following tables of data on the king crab are those on which the figures and calculations in
the text are based.

APPENDIX TABLE 1.—Size frequency distribution and size frequency by shell conditions of male king crabs from sampling
data taken in each of the years 1955-59

) 1956 1057 1958 1950
Carapace length 1955 1
in mm. total Shell condition 8hell condition Shell condition Shell condition
_ Total Total Total : Total
New old New ol New 0old New 01d
2 2
2 2
4 4
6 [+ 70 PSR ORI [
10 10 oo [o e o
10 U1 I ORIV SRRV, AV
6 70 RN PR
6 [ VR S (R
[ 18 I 20 O P
4| - . [ N [N (SR AN,
4 |- - L T [OURR R A,
2. - b2 (S, [ R
21 . b2 TR v S,
........... 7|- - 7 mmmmamm
3. . 3 1
41 - 4 1
1]. - ) O PRSI (SRR PSRN
1. - b I RSSO IR P
4 | - 4 1
4| . 4 3
1 3| - . 25 PRSI (RS, S
1 3 |- - 3 1
N 1 5 |- - [ 1 PR VR I
1 3 5 (- - 5 1
2 3 [ 7 (S (] 3
3 2 | 75 I 5 2
5 3 | I I 9 1
7 3 6 2 - ) ;I R
2 4 1 | D 5 U ROV PR H .
4 4 (IS 7 2
6 3 9 7 2 [ U PRI
5 7 | 35 I, 8 F 2 IR JRRS I A,
5 (] 6 1 7 9 1
5 4 | 5 N I, 11 b7 [N, IS R ———
5 7 7 1 8 22 1
3 3 7 1 8 20 | e[l
10 6 6 2 8 29 1
6 4 6 1 7 213 [ I
5 6 5 1 6 - 31 IR I
3 5 9 2 11 44 1
3 10 11 4 2 6 56 2
8 12 13 1 1 2 49 1
3 12 12 3 6 9 70 4
7 16 217 4 1 5 57 - 5
4 15 15 (] 3 9 56 - 6
3 11 112 8 2 10 68 . 3
7 2 22 5 4 9 47 - 10
9 13 13 5 3 8 55 . 8
4 22 22 8 1 9 52 - 8
5 12 12 6 1 7 46 - 10
7 34 34 11 1 12 44 B 7
4 12 12 L+ I P 9 43 - 12
5. 21 21 19 2 21 38 - 9
6 20 20 8 3 11 31 . 18
3 23 23 7 2 9 a3 - 15
3 19 19 14 3 17 38 - 21
4 18 19 12 2 14 23 27
3 14 15 15 7 22 27 33
5 18 |- t19 20 3 23 35 2
3 17 1 18 12 1 13 34 233
4 F:3 U - 31 26 4 30 32 30
2 24 1 25 18 7 25 22 34
6 9 1 10 20 6 26 35 4 39 26
10 20 |aeooceeee 221 20 9 29 46 2 48 21
8 15 1 16 19 4 23 43 3 46 M
5 21 1 22 21 8 29 37 5 42 26
6 175 (R, 15 17 8 25 12 1 43 32
5 23 1 24 16 1 17 2 3 26 25
9 26 1 228 15 8 23 55 3 58 27
3 19 1 20 6 7 13 39 5 44 20
5 24 1 226 14 8 22 43 5 149 22

1 See footnotes at end of table.
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APPENDIX TABLE 1.—S8ize frequency distribution and size frequency by shell conditions of male king crabds from sampling
data taken in each of the years 1955-59—Continued

1956

1957

1958

1959

Carapace length 1955 !
in mm, total Shell condition Shell condition Shell condition Shell condition
Total Total |_ Total |[_ Total
New o New oud New old New oid
8 20 2 b 10 8 18 55 7 62 31 1 32
7 24 1 25 9 4 13 45 8 53 20 |oeee .. 20
4 b T R 225 8 2 10 63 3 68 23 3 26
5 18 1 220 8 '] 17 2 9 81 30 2 32
10 19 1 20 10 8 18 67 9 76 23 3 26
3 19 1 221 5 5 10 63 9 72 29 1 30
8 . N PO 21 14 3 17 71 i} 7 20 1 21
10 19 3 22 3 7 15 70 7 83 30 3 33
6 J & 2 (R 13 10 4 14 75 14 89 29 3 32
7 11 3 215 10 6 18 85 23 108 47 | ... 47
5 17 1 18 8 7 15 61 10 71 26 2 28
8 2 femooo 222 12 7 19 77 14 91 35 2 37
5 19 e o 19 5 5 10 64 11 75 31 4 35
6 14 3 17 4 12 16 73 17 90 29 6 35
[} 10 3 214 7 7 14 66 13 79 40 2 42
6 9 6 15 3 (] 9 63 20 284 37 1 38
7 14 2 16 3 7 10 63 20 83 36 3 39
[} 23 4 27 8 9 17 74 18 92 40 2 42
8 15 4 19 [ 9 15 57 19 76 52 8 80
7 18 4 22 4 10 14 65 24 89 40 5 45
4 9 7 16 3 ) 8 41 14 55 48 3 51
11 10 4 14 7 7 14 57 12 70 49 5 5
12 14 7 i | 10 6 16 62 18 80 53 11 84
6 12 4 16 3 8 11 35 20 55 687 10 77
9 16 10 227 3 5 8 52 20 72 47 9 257
] .16 10 26 1 7 -8 42 18 60 50 12 263
11 11 7 18 2 3 5 43 22 65 35 43
9 8 5 13 3 7 10 58 11 69 36 11 47
7 11 14 25 4 7 n 59 10 69 61 68
9 16 6 t23 1 4 5 53 17 70 49 11 60
7 17 7 24 5 2 7 45 9 54 46 13 59
4 14 16 231 2 4 [] 44 23 67 49 13 62
8 12 5 17 4 9 13 44 30 74 41 14 55
11 17 7 225 1 5 6 42 23 66 36 17 53
11 17 12 230 5 9 14 40 21 61 57 8 65
7 11 8 19 3 10 13 34 21 55 54 12 66
1 20 |amemeao 121 2 5 7 40 26 66 41 21 62
7 16 [} 2 3 10 13 34 30 64 33 15 48
7 5 4 9 1 5 6 31 21 52 35 19 54
3 14 13 27 7 7 14 25 36 61 43 18 66
9 [ 12 18 4 3 7 33 34 67 19 2 41
3 11 10 21 3 5 8 23 23 46 37 28 65
6 11 5 ] 16 8 4 12 33 38 71 27 18 15
7 4 7 11 2 10 12 28 28 56 22 16 38
8 14 5 19 5 6 11 29 27 56 29 9 38
1 10 5 4 4 35 20 35
5 9 5 4 17 18 34
11 5 5 4 25 14 30
8 5 10 2 Nn 17 37
5 3 -8 4 20 14 21
3 2 8 3 18 14 27
7 3 4 2 20 5
3 8 3 4 23 16
5 2 10 5 13 8
8 4 10 1 15 4
6 1 4 2 10 [
[} 2 6 1 14 1
4 2 6 15 5
5 5 1 7 5
[} 1 2 6 4
) I P 3 4
_____________________ 3
b7 [ 1
1 1 3
-8 I 1
- J [ 1
2 27
__________ 1 3
1 1 2
) O P 2
- 1
.......... ) U PO
1
645 1,875

1 8hell condition not recorded in 1955.
3 One crab of unknown shell conditions.
3 Eight additional erabs under 50 millimeters,
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APPENDIX TABLE 2.—One hundred twenty-eight within-year
tag recoveries

73

APPENDIX TABLE 2.—One hundred twenty-eight within-
year tag recoveries—Continued

Release Recovery Deviation Release Recovery Deviation
from rom
release release
measure- measure-
Year ment at Year ment at
released Carapace | Carapace | Carapace | Carapace | recovery released Carapace | Carapace | Carapace | Carapace | recovery
length width length width length width length width
Carapace Carapace
length length
mm. mm. mm. mm. mm. mm. mm. mm. mm. mm.
150 170 146 173 —4 157 101 156 192 -1
191 229 188 229 -3 - 149 171 148 169 -1
168 202 170 203 2 - 168 203 168 201 0
145 180 142 161 -3 - 172 204 171 207 -1
168 200 157 182 -=11 - 158 191 159 193 1
145 170 143 170 -2 - 161 197 163 196 2
128 146 128 143 0 - 164 185 162 190 -2
137 155 135 156 -2 - 144 170 143 173 -1
177 220 176 220 -1 - 164 103 163 108 -1
167 200 167 201 0 - 157 185 157 189 0
118 131 118 132 0 - 186 213 185 220 -1
171 203 170 202 -1 - 161 187 161 190 0
1556 178 156 179 0 - 158 184 157 187 -1
157 1868 156 188 -1 - 170 206 170 210 [1]
160 187 160 187 0 - 184 217 183 226 -1
147 173 148 174 1 - 181 210 181 213 0
156 184 155 183 -1 - 176 209 176 210 0
175 208 173 209 —2 - 175 208 175 200 0
163 199 163 200 0 - 173 205 173 212 0
178 211 177 210 -1 - 144 166 143 168 -1
167 202 165 | Unknown —2 185 200 165 202 0
173 204 173 206 0 172 202 170 205 -2
169 196 169 198 0 158 183 158 185 0
138 160 138 158 0 164 196 164 197 0
172 201 171 202 -1 180 208 179 213 -1
128 147 127 146 -1 140 168 140 171 0
149 177 149 173 0 160 183 158 188 -2
120 139 119 139 -1 152 173 151 175 -1
149 175 148 175 ~1 162 106 161 195 -1
161 188 160 186 -1 137 163 138 163 1
142 169 143 169 1 175 202 175 212 0
167 186 157 184 0 166 103 167 106 1
147 171 147 170 ] 164 193 163 198 -1
154 183 154 184 0 175 202 175 208 0
175 210 176 208 1 143 167 142 170 -1
150 182 150 180 0 166 195 165 196 -1
138 161 139 160 1 152 182 151 185 -1
157 183 156 182 -1 175 208 173 214 -2
131 149 131 147 0 162 186 162 191 0
172 204 171 204 -1 145 167 1456 171 [1]
138 163 137 162 -1 171 203 170 207 -1
159 183 156 185 -3 167 197 167 199 0
160 188 157 192 -3 144 164 143 164 -1
155 “177 154 178 -1 151 171 150 174 -1
166 189 166 180 0 163 102 162 197 -1
148 177 147 176 -1 182 102 161 104 -1
146 165 146 167 0 147 174 146 178 -1
166 198 167 196 1 157 179 156 182 -1
147 176 146 174 -1 171 202 171 206 [}
150 176 151 177 1 164 104 163 199 -1
147 180 147 181 0 162 188 162 191 0
151 178 152 177 1 166 193 167 195 1
153 181 153 182 0 167 190 166 196 -1
151 180 152 182 1 153 176 153 177 [1]
160 189 159 190 -1 148 160 147 173 -1
145 168 145 170 0 104 223 193 226 -1
162 192 162 162 0 171 202 160 205 -2
162 184 160 180 -2 167 200 166 202 -1
150 178 150 175 0 161 192 160 163 -1
155 183 154 179 -1 154 182 154 182 0
156 182 152 182 -3 148 172 149 175 1
155 184 156 186 0 168 198 167 201 -1
132 155 132 156 0 168 194 162 191 -6
95 108 95 108 0
162 188 161 193 -1

t Carapace measurements of the 1957 within-year recoveries were nbt re-
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APPENDIX TABLE 3.—Spaghetti-type tag recoveries show-
ing growth

APPENDIX TABLE 3.—S8paghetti-type tag recoveries, show-
ing growth—Continued

See footnote at end of table,

Release Recovery Growth _Growth
data data increment inecrement

Yearg g Shell condl- | Year 8 § Sheltlicondi- § §' §
= ion on = =
H- . His Hi Hi
o E 5—' g - o H—‘
8=|8"% 3= |8 &=|88 8% |8%
J . mm. mm. | mm.
Unknown.... 5 12 18
d 11 10| 13
20 19 25

26 - 16| 2

26 18 25

23 17 27

26 150

25 18| 28

23 19| 22

28 18| 24

25 12 15

21 o9 | 187

2% 12| 17

21 11 14

19 13| 16

25 14 2

26 2|2

20 15| 21

24 18| 23

23 19| 3

2 17 18

27 14

21 18| 29

21 19| 27

26 14 18

26 18| 4

23 15 16

25 18| 2o

19 17| 28

2 2| 29

16 21| 30

27 21| 2

139 15| 19

138 16| 23

29 20| 381

26 20| 30

s Al

20| 24

2 18| 27

21 16| 22
24 18| 22 .

% 15 21

152 2| 32

26 20| 29

81 2| 3

150 6| 28

145 23| 28

147 20 28

148 2] 20

151 15| 23

23 18| 24

23 10| 14

22 10( 13

10 14| 2

26 10 15

20 20| 20

% 18| 27

26 20| 28

18 18] 22

23 121 18

14 15| 24

11 10 16

20 M| 24

19 14| 18

24 14| 22

25 7 7

19 10 15

18 5| 1

13 18| 2

14 16| 23

19 19] 24

26 15 2¢

17 16| 22

20 16| 2

19 14 18

30 14| 19

22 20| 28

22 14| 238

25 15 25

23 13| 22

22 13| 22

19 16| 22

2 6] 2

18 191 2
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ApPENDIX TABLE 8.—~8paghetti-type tag recoveries, show- APPENDIX TaBLE 3.—Spaghetti-type tag recoveries, shoi-
ing growth—Continued ing growth—Continued
Release Recovery Growth Release Recovery Growth
data data increment data data increment,
Year| § § Shellcondl- | Year| g [g Shelllcondi- § g Year, §.= Sheltl_condi- Year §_= Shell condi- cg:‘ ¥
§—§ D-.‘i‘ tion gg %‘g tion gg “5 g‘;“” g.g ion g‘é §~§ tion %g ::..*"q;'
2 2 = £ 33 ]
82| 86 S2 gk 3% gs 32188 32| gk g_ﬂs g%

1 Considered as two molts,
2 Unknown,
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ABSTRACT

Events in the attack on the southern oyster drill, Thais haemastoma, by miracidia
of the digenetic trematode, Parorchis acanthug, are described.

Infection rates in wild drill populations of various Gulf Coast localities from
Florida to Texas were low, but intensity of infection in individual drills was high
and caused castration. Infection rates in laboratory experiments were high, but
intensities were low. ' . )

Pathology of natural infections in drills is described. The infection lasts at least
two years, possibly even for life.

Natural infection rates of juvenile herring gulls (Larus argentatug). ring-billed
gulls (L. delawarensis), and juvenile laughing gulls (L. etricilla) are reported.-

Juvenile herring and ring-billed gulls were readily infected experimentally with
P. acanthus, juvenile laughing gulls were less susceptible, and nestling least terns
(Sterna albifrons) appeared to be resistant. Intensity of infection was generally
low. .

P. acanthus offers little hope of being useful as a biological control of the drill,
Thais, because of difficulties in spreading the parasite or assuring a significant rise
in wild drill infection rates.




STUDIES ON Parorchis acanthus (TREMATODA: DIGENEA) AS A BIO-
LOGICAL CONTROL FOR THE SOUTHERN OYSTER DRILL, Thais

haemastoma

By Newson R. Ceorey, Fishery Research Biologist, Bureau oF COMMERCIAL FISHERIES

Although the biology and control of the chief
Atlantic coast oyster drill, ITrosalpine cinerea,
has been the subject of considerable study (re-
viewed by Carriker, 1955), the southern drill,
Thais haemastoma Linné,* long known as an oys-
ter predator, has received scant attention.

The southern drill is widely distributed in oys-
ter-producing waters along the northern coast of
the Gulf of Mexico, exists in ineredible numbers
in coastal bays and estuaries, and is extremely
prolific. Its reproductive cycle has been studied
in some detail by Butler (1953). Females deposit
egg capsules regularly from March to August.
Each capsule contains from several hundred to
4,000 eggs, and there is almost no mortality within
the capsule. In a growth experiment performed
by Butler, 250 females deposited an estimated 100
million eggs during 1 month. Hatching occurs
in 12 to 16 days at 25° C, and after a planktonic
life that may be as much as 7 weeks, the veliger
larvae metamorphose into tiny snails. Sexual
maturity is usually attained during the second
summer, i.e., at 1 year of age, but normal egg
and capsule deposition by snails not more than
8 weeks old has been observed.

Thais is probably the most important oyster
predator in this area (Butler, 1953). In 1956
drill predation was so severe on depleted reefs in
Mississippi waters (about one-half of the reef
bottoms of the State) that much of the annual
spatfall in the area was destroyed. In addition,
drills destroyed a half of the oysters on the pro-
ducing natural reefs in Mississippt that year
(Chapman, 1958).

If such severe losses in the Gulf oyster industry
are to be reduced, control measures must be in-
stituted against the drill.

1Clench (1947) considers this marine snail to be two sub-
specles, T. haemastoma floridane Conrad, 18387, and T. h. haysae
Clench, 1927, but because of ecological similaritiez, they are
treated here as the same animal.

NoTe.— Approved for publication May 25, 1961. Fishery Bul-
letin 201.

Broadly speaking, predation may be controlled
by trapping (physical control), by poisoning
(chemical control), or by parasites or predators
(biological control). Physical control of Thais
is impractical, except in restricted areas, because
of expense and inefliciency of available methods.
Chemical control is superficially feasible, but lack
of specificity of most available chemicals raises
fear of damage to oysters and other economically
important species. Biological control by means
of predators or parasites specific for the drill ap-
pears to be least likely to damage other species
and, for that reason, was selected for investiga-
tion.

Few natural enemies of 7hais are known. But-
ler’s (1953) laboratory observations that hermit
crabs attack drills to gain possession of their
shells and that stone crabs, if sufficiently hungry,
crack and eat drills are the only known:proved
reports of predators. The drill larva, a free-
swimming veliger, may be eaten by pelagic fishes.
Thus, although normal predation on larval stages
may, probably does, cause enormous losses to drill
populations, there- appears to be no immediate
prospect of further population reduction by this
means.

Only a few parasites are known from Thais.
The commensal polyclad, Hoploplana inquilina,
and larvae of Parorchis acanthus, a digenetic
trematode, were reported by Shechter (1943).
Larval stages of at least two unidentified trema-
tode species which caused considerable gonad
damage were noted by Butler (1953).

During this study, examination of about 7,600
snails since the summer of 1956 revealed: one,
possibly two, unidentified protozoans that invade
and slightly damage digestive gland follicular
cells; isolated instances of larval nematode infec-
tions and a few cestode infections (almost cer-
tainly larval tetraphyllideans) which appeared to
be encysted single individuals, rather than repro-
ducing populations; a single infection by sporo-

kit
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cysts of an unidentified small furcocercaria; and
many instances of heavy, severely damaging
Parorchis acanthus infection. Apparently no
other parasites are known.

The only immediately available prospect for
development as a biological control of Thais ap-
peared to be Parorchis acanthus, which is known
to damage the drill-severely and whose reported
adult hosts include several species of gulls and
terns occurring in this area. Therefore, a study
of this parasite and its effect on the drill was
initiated. :

A preliminary report (1957) summarized avail-
able information on the life cycle, known hosts,
morphological descriptions, synonymy and en-
demic localities, and gave preliminary data on
experimental infection of drills, and incidence and
pathology of natural infections in 7Aa7s.

The present paper is a final report on P. acan-
thus and gives further information on life cycle,
experimental infections, and incidence and pa-
thology of natural infections in Gulf coast drills.

Field collections of drills were made by Dr.
Abraham Fleminger, then at Bureau of Commer-
cial Fisheries Biological Laboratory, Galveston,
Texas; Dr. A. K. Sparks, then at Texas A. & M.
Research Foundation Laboratory, Grand Isle,
Louisiana; William Demoran, Gulf Coast Re-
search Laboratory, Ocean Springs, Mississippi;
and Eugene Holzapfel and others, Aransas Pass,
Texas. '

William D. Wood, manager, Sanibel National
Wildlife Refuge, Florida, supplied a number of
young laughing gulls used in infection studies.

Consultations with Dr. H. W. Stunkard were
-helpful during a part of the study.

MATERIALS AND METHODS

Specimens of 7. haemastoma from various local-
ities in Florida, Alabama, Mississippi, Louisiana,
and Texas, were examined for natural P. acanthus
infections by dissection or by isolation in individ-
ual dishes of sea water.

For morphological studies, both living and fixed
and stained material prepared by standard para-
sitological techniques were used.®

¢ Fixatives: G (Gilson), Z (Zenker), PFA4—8 (Allen’s PFA-3
modification of Bouin). Stains: DH-42B-E (Delafield’s hema-
toxylin-Azure B-Eosin Y), WH-A2B-E (Weigert’s acid-iron-
chloride-hematoxylin-Azure B—Eosin Y).

Juvenile herring gulls (Larus argentatus), ring-
billed gulls (Z. delawwcarensiz) and juvenile laugh-
ing gulls (L. atricilla) were used as experimental
hosts of adult worms. Experimental infection of
gulls was accomplished as follows. Cercariae were
permitted to encyst in a finger bowl of sea water
and become metacercariae. The cysts, carefully
scraped from the bottom of a finger bowl with a
scalpel and suspended in a small amount of sea
water, were pipetted directly into the stomach of
a fasting bird by means of a stiff 34-inch-bore
polyethylene tube carefully passed down the
esophagus. The tube was flushed with a few milli-
liters of sea water and carefully removed. The
bird was then returned to its cage and given its
daily feeding. Alternatively, cysts or adult worms
were introduced directly into the cloaca.

Attempts to infect least tern (Sterna albifrons)
nestlings were made by feeding encysted metacer-
carine with a pipette immediately before giving
the birds food.

All gulls were fed chopped fish that had been
frozen and stored at 0° F. for several weeks to
prevent infecting the birds with fish-borne hel-
minths. Least tern nestlings were fed beef-base
dog food, later supplemented with bits of fish.

If repeated examinations of cloaca and bursa
Fabricii over a period of weeks were consistently
negative, the gulls and terns were concluded to be
free of natural infection. The same method was
used to detect experimental infections, which,.in
most cases, were - subsequently confirmed by
autopsy.

Drills were infected experimentally by 24-hour
exposure of individuals to freshly hatched mira-
cidia in 4-inch bowls containing 100 ml. of sea
water. These drills were kept as long as 3 days
in 4-inch bowls with food and daily changes of
sea water, or for periods as long as 10 weeks in
battery jars with running sea water and adequate
food.

Thais specimens for histological study were
killed at various intervals after exposure to infec-
tion and fixed in Gilson’s, Zenker’s, Bouin’s, or
Allen's PFA-3 solutions or Smith’s modification
of Bouin’s solution. Gilson’s, Zenker’s, and Allen’s
PFA-3 gave best results. Specimens were paraf-
fin-embedded, sectioned at Tu or 10u and stained
routinely by a Delafield’s hematoxylin-azure B-
eosin Y technique. With the azure-eosin mixture
adjusted to pH 4.1 to 4.95 with McIlvaine-Lillie
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buffers (Lillie, 1948, p. 260-263), depending on the
fixative used, the procedure produced brilliant
differential staining of the two types of digestive
gland follicular cells, necrotic areas in the host
tissues, and various parasite -structures. In a few
instances, Weigert’s acid-iron-chloride-hematoxy-
lin was substituted in the procedure, but the re-
sults were less satisfactory.

THE PARASITE

Taxonomy

The adult was originally named Zeugorchis
acanthus by Nicoll (1906), who described it from
two specimens found in the cloaca and bursa
Fabricii of the herring gull (Larus argentatus).
Following study of more material from herring
and common gulls (L. canus), he (1907) desig-
nated it type of a new genus, Parorchis. Subse-
quently, Linton (1914) mist'\kenly described the
same worm as a new spec1es, P. avitus. Lebour
(1907) described Cercaria purpurae from Purpura
(=Thais) lapillus and subsequently (1914), on
morphological grounds alone, correctly identified
it as a larval stage of P. acanthus. Later, Stunk-
ard and Shaw ( 1931) described Cercaria sensifera
from Urosalpina cinerea and Stunkard and Cable
(1932) demonstrated experimentally that C. sensi-
fera is a larval stage of P. awitus. Cable and
Martin (1935) reduced P. agvitus Linton, 1914, to
synonymy with P. acanthus (Nicoll, 1906) Nicoll,
- 1907. To the synonym list compiled by Cooley
(1957) should be added the genus Proctobium
Travassos, 1918 (cited in Strom, 1927).

The systematic poesition of P. acanthus is illus-
trated by the following classification scheme taken
from Hyman (1951): - :
Phylum Platyhelminthes

Class Trematoda

Order Digenea .
Family Echinostomatidae
Genus Parorchis Nicoll, 1907 . !
Parorchis acanthus (Nicoll, 1908) Nicoll, 1907.

Morphology

The morphology of the different developmental
stages of P. acanthus has been described by a num-
ber of authors. A complete source-list of the de-
scriptions was given in an earlier paper (Cooley,
1957). The material of the present study is in

general agreement with these descriptions. The
existing differences, however, do not invalidate
the identification of the present material, for, as
Stunkard (1957, p. 16) pointed out, “members of
a single species may differ so much as a result of
development in different host species, invertebrate
and vertebrate, or of different. physiological condi-
tions in host-individuals, that the extent of varia-
tion is known for few if any species. . . .”
Miracidium.—The present material is compared
with published descriptions in table 1. The main

. differences are (1) the variation in length of an-

terior, body, and caudal cilia, (2) the variation in
the shape of pigment spots (“eyespots,” “eyes”)
[No two descriptions agree on this], and (3) the
shorter length of the contained redia. In addi-
tion, Nicoll (1907) reported the body to be diif-
ferentiated into a distinct head and a posterior
part, but neither Linton (1914), Rees (1940), nor

" the author have observed such a condition. It was

obviously a temporary shape, perhaps as a result
of contraction during fixation. The miracidium
swims rapidly, yawing slightly as it rotates about
its longitudinal axis. While swimming, both

" miracidium and contained redia become elongate,

but regain their typical shapes upon halting. In
other respects, there is agreement with published
descriptions.

TasLE 1.—Comparison of living P. acanthus mirecidie
from several sources

[A}l measurements in millimeters]

Item Nicoll (1907) | Linton (1914) | Rees (1940) [ Present study

Length (ex- | 0.18_ _..___... 0.12-0.16._... 0. 02(sic).... - 0.16-0.17.
clusive of
cilia).

Width (ex- 0.05........__ [V S 0.054 ... 0.06-0. 07.

. elusive of
cilia).

Cilia length | long, com 002 oan 0.015, closely ca,.0.02 on
and dis- pletely set long. body an-
position. cover rows, ab- terior cilia

body. sent on shorter,
rostrum. stiffer, more
closely
arranged;
caudal cilia
slightly
kid [} 120[;&-
Pigment 1, large, single, dis- ney- -2, Jarge
sgpot. dar%ce, tinet, shaped, 2 black, sub-
usually black, forming a sphermal
5-lobed. variable single
shape. mass

Congamed

redia:
Length. |- oo ... 0.4 ones 0.175 ... 0. 07-0. 09.
Width___ | ... 0.04. . ...- 0.028_ ... 0. Og.' -
Host...-- - Larus argen- | L. arg L. arg us.| L. d en-
. tatus, L. 8ia.
canus. .

Locality. . ... Scotland. ... Maststachu- Wales. ... Florida.

setts.
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Redia.—Specimens of this stage agree closely
with published descriptions.

Cercaria.—Comparison with published descrip-
tions (tables 2, 3) reveals slight differences which
could easily result from development in a differ-
ent snail host or from the fixative employed.

Most. measurements of cercariae which were
killed with gentle heat and measured in sea water
tended to be greater than those preserved by the
classic method of relaxing them by rapidly swirl-
ing in a small amount of sea water before flooding
by hot fixative. The difference was due either to
incomplete relaxation before fixation occurred or
to agonal contraction caused by contact with
fixative.

The cercariae encyst readily on any available
object. Sizes of living cysts from several sources,
measured in situ, are compared in table 2. The
range in length and width was considerably
greater in my material than in that of others.
The differences which exist are most likely due to
the parasites having developed in three different
snail hosts.

Comparison of cyst measurements made before
and after fixation revealed generally insignificant
fixation-induced changes: Gilson’s and Carnoy’s
fixatives caused slight shrinkage, while Bouin’s
fixative caused slight swelling.

TABLE 2.—COomparison of lHving P. acanthus cerceriae and

cysts from several sources

[All measurements in millimeters)

Rees, 1937
Lebourand | Stunkard and Present
Item Elmhirst, Shaw, 1931 study
1922 i Ex- | Con-
. “ | panded] tracted
Body length._.. upto0.9..... 1.00 0.36 | 0.44 -0.57
Tafl length_____ up to 0.9..___ 0.82 0.18 [ 0.29 -0. 1 :
Total length_.__ |uptol8.__..| 182 0.54 | 0.73 -1.1
Body width__. | [l 0.09 0.35| 0.21 -0. 36
Oral sucker:
Position.___[ ... .. subterminal__{ subterminal | subterminal
Length_.... 0.06-0.08 in 0.07
diameter.
Width_.._. 0.01 0.067-0. 107
Ventral sucker: :
__________________ 0.10 0.100-0. 141
Wi th. | _ 0.11 0.087-0. 121
Oral sucker:
Ventral
sueker..__| ... _. 1:1.263 1:1.14-1:1,73
Length...._ 0.24-0.28__._ 0.205in | 20.218-0.327
diameter.
Width.._.. 0.20-0.22____} 0.20-0.28____ __| ... 0. 185-0. 204
Host...._......| Purpura Uroaalpmz Purpura lapil- | Thaishae-
. lapillus.1 cinerea. us.! ‘mastoma.
Loeality..__.... Secotland. .. Maststachu- Wales......_.. Florida,
setts.

1= Thais lapillus.
2 Average of 46 cysts: 0.270 mm. X 0,231 mm.

TABLE 3.—Comparison of P. acanthus cercariae prepared
by different methods

[A1l measurements are in millimeters]

Present study
Ttem Stunkard and
Shaw, 1931
Heat-killed 1 { Bouin-fixed 2 | FAA-fixed 2
Body length__ 0.21-0.47 0.32 -0.88 0.21 -0.40 0.36-0.47
Tail length___ 0.12-0.26 0.39 -0.61 0.11 -0.48 0.28-0. 47
Total length__ 0.33-0.73 0.71 -0.149 0.32 -0.73 0.66-0. 94
Body width___ 0.14-0.21 0.20 -0.37 0.07 -0.21 0.11-0.13
Oral sucker:
Length.__ 0. 05-0. 06 0. 054-0. 094 0. 034-0. 060 0.03-0. 06
(diameter)
Width_ . __|. .. 0. 067-0. 107 0. 047-0. 101 0.03-0. 05
Ventral
sucker:
Length_ .. 5 0.004-0. 147 0. 047-0. 074 0. 08-0.09
(diameter) (sic)
Width. e 0.004-0. 147 0.054-0.121 0.07
Oral sucker: - .
ventral
sucker....__ 1:1,.27-1:1.36 | 1:1.24-1:1.77 | 1:1.11-1:1.24 | 1:1.33-1:2.00

1 Ungtained, measured in sea water.
t Stained and mounted in Permount.

Adult—Table 4 compares permanent prepara-
tions of sexually mature adults from the present
study with published descriptions. No major
differences exist. These data illustrate the range
of variation which can result from development in
different hosts.

Life Cycle

The adult was described by Nicoll (1906, 1907),
Linton (1914, 1928), and Stunkard and Cable
(1932).

The cercaria, described by Lebour (1907), was
first found in rediae from Purpure (=Thais)
lapillus. In 1914, after comparing it with young
P. acanthus adults from herring gulls, she cor-
rectly inferred that C. purpurae is a larval stage
of P. acanthus. Later, with Elmhirst (1922), she
reported a life cycle which erroneously included
a 1molluscan second intermediate host (either C'ar-
dium edule or Mytilus edulis). '

The first correct life-history description is that
of Stunkard and Cable (1932). By feeding cysts
derived in vitro from cercariae naturally emitted
from the oyster drill, Urosalpine cinerea, to com-
mon (Sterna hirundo) and roseate terns (S.
dougalli), they proved conclusively that only two
hosts are necessary: a marine snail and a marine
bird. :
Details of miracidial structure, cercarial anat-
omy and encystment, and germ cell cycle in both
larval and adult stages were reported by Rees
(1937, 1939, 1940).
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TABLE +.—Comparison of stained and mounted sezually mature P. acanthus edults from several sources
[All measurements are in millimeters]

Item Nicoll, 1907 Linton, 1914, 1928 Present study

4.1-5.8.. 3.72.
1.4-2.5.. 1.62.
0.0356-0.0369X% 0.0160-0.0335X. 0.0268-0.0402X 0.0402-0.0469X
0.0256-0.0335. 0.010]-0.0288. 0.0168-0.0201 0.0201-0.0335.
0.0201-0.0335X 0.0168-0.0402X 0.0235-0.0268X 0.0402-0.0536 X
0.0168-0.0268, 0.0101-0.0335. 0.0101-0.0134 0.0268-0.0335.
Collar number__ ... about 60.......... Single row, small__| 8788 | 5464 | Tl . 58.
Oral sucker: .
Length .. ... upto0.5. ... 030044 __________ 0.30-0.32. - 0.28-0.3). .. ...._. 0.33-0.34._____..... 0.29
Width_ .o upto0.5.. ... 036-049...___.__.__| 033036 ... 0.31-0.37 oo 0.37-0.43.._._... 0.30.
Ventral sucker:- :
ength. ... ... J 0. .74,
Width. . 0. 0.87-0. 97. .77,
Anterior sucker: Ventral sucker. .. N H 1:2.36-1:2. 1:2.56,

Distance of anterior margin of

ventral sucker from anterlor end. -] 1.03-1.47__.. 1.27-1.51__. -| 1.10.
Prepharynx___..______ 0.02~0.17 . __.____ 0.13-0.16_ . .—-o- 0.11.
Pharynx:

Length 0.15-0.19
Width. . -] 0.11-0.13_.
ES0phagus. v ce e aeaimam ca. 3x as long as 0.30-0.60.
- pharynx [0.72].
Testes. .- - Lobate Lobate Lobate. . ccaneo. Lobate oo

0.57-0.90_ ..~ .____ 0.37-0.66.
0.53-0.59__. Q L

0.25._. -
Egg (shape) Elliptical. ... Oval Elliptical. . ..__._. Elliptical ________. Elhptlcal
Bize, anterior part of uterus.-.| 0.106-0.113% .(469-0.100 0.064-0.114X 0.054-0.074X 0.0670-0.0737X .
0.056-0.062. 0.04-0.1038. ,034-0.060. 0.027-0.034 0.0268-0.0302.
Size, posterior part of uterus.. . 0 081-0.095X 0.0603-0.838X 0.064-0.104X 0.040-0.070X 0.0670-0.0737X
0.040-0.044., 040, 0.0335-0.0402, 0.034-0.054 0.027-0.034. 0.0335-0.0391.
Miracidivm. .. meaaeo 0 18¢0.05, 2-part | 0.08X0.05, cilia ca. | 0-1 pigment spot_. | 0.16-0.17X0.06- 0-pigment spot....| 0-pigment spot.
: body, 1 pig- 0.02 long, 1 0.07 (excluding
ment spot in pigment spot cilia); body
head. in head. cilia ca. 0.02,
- anterior cilla
slightly shorter,
caudal cilia
slightly longer;
0-2 pigment
spots.
Habitat . . Bursa Fabricii, Cloaca. comem oo Cloaca. .ocoemoo—. Cloaca, colon.__.._. Cloaca, cloaco- .. | Cloaca,
cloaca, rectum, ) ’ :o!onic june-
on, .
Host . e La[;;ua argentatus; | L. argentatus__.__. L. argenlatus______ Larus delawaren- | Larus alricille. .- Sterna albifrons.
. CanUS 8is.
Locality- - v Scotland._ . _._..._. Massachusetts..._| Florida. .o ._._. Florida. ._.____..__ Florida.__ ..o Florida.

The essential features of Stunkard and Cable’s
and Rees’ life cycle accounts were collated and
summarized by Cooley (1957), who also compiled
lists of known hosts, infection sites in each host,
and localities where the parasite is endemic.

Despite the number of studies of various aspects
of the life cycle of P. acanthus, apparently no one
has described the actions of the miracidium as it
attacks the drill.

. Invasion of the drill by Parorchis iniracidia—

To this host list should be added the ruddy
turnstone (Arenaria i.” interpres), the natural
host in Hawaii, and noddy terns (Anows stolidus
pileatus Scopoli), sooty terns (Sterna fuscata
oahuensis Bloxam), wedgetailed .shearwaters
( Puffinus pacificus cuneatus Salvin), and domestic
ducks (Muscovy, Pekin), the last four being ex-
perimentally infectible when maintained on a diet
of squid (Oguri and Chu, 1955) ; also the laugh-
ing gull (L. atricilla), a natural host in Florida,
and the least tern (Sterna albifrons), an experi-
mental host (present study).

619364—62——2

Living miracidia are easily obtained by teasing
eggs from the uterus of the adult worm into sea
water. They hatch almost immediately. The
hatching process is well described by Rees (1940).

The miracidium is a very rapid and active
swimmer. Its restless to and fro movements seem
without direction and contact with the drill ap-
pears to be accidental. However, a few observa-
tions suggest. that the parasite may be attracted
by the mucus secreted by the drill.

Rees (1940) stated that the position of the
young first generation rediae in the digestive gland
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“seems to indicate that the miracidum enters the
shell aperture and makes its way up between the
shell and the body of the enclosed animal. The
miracidium probably penetrates the tunica propria
of the digestive gland . . . and then liberates the
contained redia by decomposition of itself.” This
sequence of events cannot be observed in the in-
tact animal. The following observations demon-
strate that it is not the sole means of entry of
the parasite into the snail.

The main attack sites are the outer wall of the
siphon, the base of the head, and the side (rarely,
the sole) of the foot. Occasionally, miracidia,
trapped in the siphonal water current, are swept
into the mantle cavity. Most, if not all, pass
out in the excurrent flow, but a few may possibly
invade the host tissues there.

The invasion, most readily studied in the outer
wall of the extended siphon, occurs in the follow-
ing manner. The miracidium contacts and ad-
heres to the skin of the drill by its anterior end.
Attachment and penetration occur only when the
miracidium strikes more or less at right angles
to the skin surface; miracidia striking at acute
angles ricochet and do not become attached.

Immediately on attachment several longitudinal
contractions of the anterior two-thirds of the para-
site’s body follow, so that it appears to butt the
snail. It quivers very rapidy for a few seconds,
becomes quiescent for a short time, then a series
of rhythmic contraction waves sweeps over the
miracidium for approximately 30 minutes before
slowing markedly. The contraction waves appear
to aid penetration (fig. 1, a to e).

ae preoiRie Lo

Ficure 1.—Parorchis miracidia invading siphon of Thais
(diagrammatic).

~ During the first 15 minutes (approximately) of
the invasion, occasional small showers of host
epithelial cells are carried away from the invasion
site by water currents produced by the parasite’s
cilia (fig. 1, e). This observation appears to cor-
roborate Rees' (1940) statement that the droplets
of secretion seen by her to emerge from the two
anteriorly  located penetration glands onto the
rostrum of the miracidium probably facilitate
entry of the miracidium into the molluscan host.

About an hour after contact, the parasite’s cilia

- appear to stop beating. Closer examination re-

veals that the lateral cilia continue to beat very
slowly for at least another half hour as the
miracidium moves in and out of the low wheal
which develops at the invasion site and progres-
sively enlarges as the miracidium ‘penetrates
deeper into the snail (fig. 1, g to i).

In about 114 hours after attachment, the first
generation redia contained in the miracidium
could no longer be seen. Whether the redia has
left the miracidium and entered the host tissues or
still lies within the miracidium could not be
ascertained.

Complete penetration by the miracidium re-
quires about 6 hours. The subsequent fate of the
miracidium is unknown, but it is presumed to
disintegrate completely within the host, since no
trace has been found in serial sections of snails
fixed as early as 24 hours after penetration was
known to have occurred. Nor was Rees (1940)
able to find any trace of it either inside or outside
the snail host. On the other hand, the miracidium
of P. acanthus may behave in the manner described

by Stunkard (1934) for T'yphlocoelum cymbium,

whose miracidium does not penetrate the snail.
After that miracidium is securely attached and
partially embedded, the redia leaves it and enters
the snail.

Peculiarly, as the miracidium penetrates deeper,
its eyespot seems to move posteriorly until it lies
in the rearmost part of the parasite’s body (fig. 1,
e to i). The reason for the apparent rearward
migration of the eyespot is uncertain, but it is
probably related in some way to the escape of
the redia from the miracidium.

Redial Dévelopment.—The young, first-genera-
tion redia has not yet been demonstrated at the
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invasion site itself. At 24 and 72 hours after drills
were first exposed to numerous miracidia, very
young first generation rediae were found in the
tissues of the head and columellar muscle as well
as in the arteries, veins, sinuses and tissues of the
siphon, foot, eyestalk, mantle, kidney, and visceral
mass (figs. 2, 3, 5.)

Freure 4—Much older redia in remnal blood sinus; nat-.
ural infection; Z, DH-AzB-E; X215.

FIGURE 2.—Very young redia in largé vein next to colu-
mellar musecle; 24-hour experimental infection; G,
DH-AZB-E; X210.

' T16URE 5.—Very young redia entering sinus in siphon
wall; 72-hour experimental infection; PFA-3, DH-
AzB-E; X210.

By the eighth day, the redise had grown
markedly and germ balls (embryos of the next
larval generation) had begun to appear inter-
nally, (fig. 4), but the rediae were still found in

FI16URE 3.—Very young redia, parts of two others, in . . ;
Jarge vein mear digestive gland, 72-hour experimental much the same locations as during the first three

infection; PFA-3, DH-AzB-E; X210. days of infection.
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Ten weeks (November to February) after a
small drill was exposed to about 50 miracidia,
serial sections revealed 15 well-developed rediae
in the head, foot, visceral mass, in the aorta near
the heart, and, for the first time in this study,
in the anterior margin of the digestive gland,
favorite site in heavy natural infections. Most
of the rediae contained daughter rediae which, in
turn, contained germ balls of a third generation
(fig. 6). This degree of development is probably

Figure 6.—Redia with daughter rediae, one of which
contains germ balls of a third generation, in foot:
10-week experimental infection ; G, DH-AzB-E; X230.

attained sooner at the higher water temperatures
prevailing during spring and summer.

The entrance of rediae into the digestive gland
marks the beginning of a concentration of para-
sites there, as is found in natural infections.

Rees (1940) notes that the parent (first gen-
eration) redia gives rise to 20 or more daughter
rediae and that daughter rediae produce only cer-
carine.
cariae, it would appear that the parasites would
complete their development in a relatively short
time and depart, leaving the snail host infection-
free. However, the present study has demon-
strated that natural infections persist for at least
2 years.

Sections of snails harboring natural infections
known to be at least 2 years old always had large

I7 daughter rediae produce only cer-.

numbers of daughter rediae containing cercariae
in various stages of development. Although no
daughter rediae containing recognizable rediae
were found, there were occasional small rediae
containing embryos which might have developed
into either rediae or cercariae. The evidence sug-
gests that there occurs a series of redial genera-
tions before final production of cercariae.
Observing the prominent procuscula (posterior
“feet”) of young rediae and their considerable
activity when removed from the snail, Rees (1940)
concluded that the rediae are capable of migrat-
ing among the follicles of the digestive gland.
The present study demonstrates rediae in various
stages of development in a wide variety of lodg-
ment sites, the location of which depends on how
long the snails have been experimentally infected.
In addition, rediae whose intestines contained yolk
platelets have been found in the digestive gland
of a naturally infected snail (fig. 9), indicating
that they had migrated from the ovary into the
digestive gland. It can be concluded, therefore,
that the redia is capable of migrating from an in-
vasion site anywhere on the body of the snail to
the final lodgment in the digestive gland or gonad.
Although all experimental drills kept alive for
more than 3 days were maintained in running sea
water with adequate food to keep them in good
physiological condition, it is highly improbable
that any could have become infected by miracidia
brought in by the incoming sea water; because,
although simultaneously supplied by the same salt
water tap, none of the control snails of these ex-
periments, and none of 27 control drills of a lon-
gevity study of Parorchis-infected drills similarly
maintained for more than 2 years, ever became
infected by Parorchis or any other trematode.
Cercarial Encystment—The swimming and
creeping motion of the cercaria was described by
Stunkard and Shaw (1931), who noted that it
attached readily to any surface and encysted soon
after attachment. In the present study, however,
the cercariae usually alternated between attach-
ment and creeping or swimming many times be-
fore finally encysting. i

Accelerated encystment following elther me-
chanical stimulation, such as stirring’ or shalxmg,
or chemical stimulation, such as use of too ccon-
centrated solutions of vital dyes, was noted by
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Stunkard and his coworkers (1931, 1932). This
finding has been confirmed in the present study.
Under these conditions, the cercaria encysted al-
most immediately upon contacting the substratum.

The encystment process was described briefly by
Stunkard and Cable (1932), more fully by Rees
(1940). My own observations amply confirm
their findings. However, the following observa-
tions should be added to their descriptions.
About 1 minute after extrusion of the cystogenous
material, the body rapidly shrinks, withdraws into
the center of the cyst and becomes immobile.
The shrinkage and withdrawal results in decauda-
tion. The detached tail, now attached by its base
to the outer cyst membrane, lashes about for sev-
eral hours. After some hours, the body begins
to move about within the cyst membranes and
ultimately assumes the characteristic folded po-
sition figured by Stunkard and Cable, and by
Rees.

NATURAL INFECTIONS IN THAIS

Incidence

The incidence of natural infections of P. acan-
thus in T. haemastoma examined between July
1956 and September 1959 is summarized in table 5.
Although the parasite is widely distributed along
the Gulf coast, the infection rate in any sampled
locality was low. The apparent absence of in-
fections in snails from Apalachicola Bay, Florida,
and Port Aransas, Texas, and the low rates in
drills from Dauphin Island Bay, Alabama, and
Barataria Bay, Louisiana, may be due to small
sample-size or, possibly, to more resistant snail
populations or fewer infected birds in those
localities.

The following data suggest that the drill in-
fection-rate in a given locality may be higher on
the feeding grounds of the local gull population
than at a site away from them. Between June
1958 and June 1959, 5.37 percent (57 of 1064) of
the drills collected at a site on the north shore of
Pensacola Bay, Florida, had P. acanthus infec-
tions, but only 0.47 percent (4 of 859) of those
from a site on the south shore were infected. Al-
though these two sites are only 3.5 miles apart,
similar marked differences in incidence of infec-
tion have been observed in all collections made
there since the summer of 1956 and appear to be
correlated with the high concentration of gulls at
feeding grounds on the north side of the bay.

TABLE 5.—Incidence of natural infections of P. acanthus
in T. haemastoma, 1956-59

Snalils
Locality - Infected
Number
examined
Number | Percent
Alabama:
Dauphin Island Bay._ ... 383 1 0.26
Florida:
Apalachicold Bay. ..o oo 138 0 0
PensacolaBay_ ... ___.___.__.___. 3,874 105 2.7
Santa Rosa Sound._ ... oonooooneeoo 691 8 1.15
Total . oo 4,703 113 2.40
Loujsiana: )
Barataria Bay.. ... ____.__._ a57 1 0.28
Mississippi:
Mississippi Sound . <eoeoeoceeeoo 700 29 4.14
'exas:
Galveston Bay..._____ ... ... 1,277 45 3.52
Port Aransas. _______._. e 184 0 0
Total___ .. 1, 461 45 3.08
Grand total. . oo 7,604 189 2.48

Pathology in the Snail

Stunkard and Shaw (1931) and Stunkard and
Cable (1932) noted that infected Urosalpine ci-
nerea and Thais [=Purpura] lapillus in Massa-
chusetts harbored P. acaonthus larvae in the
interlobular spaces of both digestive gland and
gonad. The picture was similar in both species:
the uninfected snail had a plump visceral mass,
yellow digestive gland, and cream-colored gonad,
whereas the parasitized snail had shrunken organs
and lighter colored body, and its gonad might
have been destroyed.

Rees (1937) noted the parasite in the same
organs in Thais [=Purpura] lapillus in Wales
and reported a similar picture, except for finding
the visceral mass of the parasitized snail much
swollen.

Menzel and Hopkins® noted that many old
Thais haemastoma from Barataria Bay, Louisi-
ana, had heavy infections of P. acanthus larvae,
which destroyed the gonads and caused complete
sterility. Hopkins’s (1957) report appears to be
the earliest published record of Parorchis-induced
castration of 7. haemastoma. The following
pathology study, part of which confirms their ob-
servation, had already been completed before the
writer learned of their findings.

3 Menzel, R. W., and 8. H. Hopkins, 1954. Studies on oyster
predators in Terrebonne Parish, La. Mimeographed report,
Texas Agricultural and Mechanical Research Foundation, College
Station, Texas. (Released, 1959).
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Data obtained more recently from examination
of 189 naturally infected drills collected in all
seasons from 1956 through 1959 require revision
of my earlier (1957) brief description of the pa-
thology of drill infection.

The digestive gland of the uninfected drill is
variable in color, usually light gray or beige, but
may be very dark, almost black; it has a soft,
cheesy consistency, and is covered by a fairly
tough tunica propria. The digestive gland of the
infected drill is less variable in color, usunally
lighter gray or light yellow, is swollen, has a softer
consistency and a more easily torn tunica propria,
through which can be seen enormous numbers of
rediae scattered among widely separated small
masses of host tissue. '

The gonads of uninfected drills vary in size and
thickness with seasonal changes in reproductive
activity, but the color is usually brownish in males
and yellow to orange in females. In infected drills,
the gonad is thin and patchy, or completely ab-
sent; when present, its color is cream to brown in
males and usually yellow to orange, someétimes
brownish, rarely oyster white, in females.

Sex determinations were made on approximately
one-half of all infected snails (98 of 189) collected
in the present study; the sex ratio of these snails
was approximately one male to 1.6 females. It
is found, even in small lots of drills, that a 1: 1 sex
ratio usually prevails in field collections.

F16URE 7.—Daughter rediae in various stages of development in ovary, natural infection; Z, DH-AzB-E; X212
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Ficure 8.—Redia with yolk platelets in posterior end of intestine (arrow), digestive gland. natural infection: Z,
WH-AzB-E: X215, '

Microscopic examination of stained sections of
infected drills reveals:

(1) Extensive destruction of the digestive
gland, due to redial ingestion of host tissue, which
may reduce intact tissue to 10-30 percent of the
area of a cross section of the gland ; (2) Compres-
sion of the remaining digestive gland tubules with
resultant obliteration of most, if not all, lumina
because of growth of the large number of rediae;
(3) Basophilic inclusion granules of uncertain
significance in the cytoplasm of the large triangu-
lar cells of the digestive gland; (4) Amoeboid
cells, thought to be phagocytic blood cells,
grouped about some rediae in the digestive gland;
and (5) Gonadal damage which is directly related
in extent to severity of infection, massive infec-
tions resulting in severe to total destruction due to
ingestion of host tissue by rediae (figs. 7-10).

Naturally acquired Parorchis infections pro-
duce lasting damage. Forty-four infected drills
maintained in an aquarium with running sea
water and adequate food did not spawn during
an entire breeding season, and 26 of these failed to
spawn during a second breeding season (approxi-
mately 2 years in eaptivity), the remainder having
been sacrificed for various purposes. Similarly
maintained control snails spawned normally each
year. :

Duration of Infection

It is not known precisely how long these infec-
tions last, but 26 naturally infected drills main-
tained in the laboratory for 2 years regularly
emitted cercariae when tested and all were heav-
ily infected when sacrificed for dissection or for
histological study. Thus, once established, the
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Fieure 9.—Daughter redia in ovary showing yolk plate-
lets (arrow) and developing cercariae, natural infec-
tion ; PFA-3, DH-AzB-E; X215.

infection persists for 2 years and possibly for
the life expectancy of the snail, estimated by
Butler (1953) to be 5, possibly as much as 10,
years.

EXPERIMENTAL INFECTIONS

Adult Hosts

Juvenile herring (Larus argentatus), ring-
billed (L. delawarensis), and laughing gulls (Z.
atricilla), and nestling least terns (Sterna
albifrons), all common along the Gulf coast, were
tested for suitability as reservoir hosts for dis-
seminating P. acanthus among wild drill popula-
tions.

The observed incidence of natural P. acanthus
infection in these species is given in table 6. It
is noteworthy that some individuals of all three
gull species were naturally infected. Absence of

F1eURE 10.—Same redia, X450.

infection in the least tern nestlings was expected,
since they were no more than a day old when ob-
tained and had not been exposed to infection in
the laboratory.

Experimental infections were established by
two methods: oral or anal administration of en-
cysted metacercariae and transfer of mature or
immature adult worms by pipette to the cloaca of
an uninfected bird.

TABLE 6.—Incidence of natural P. acanthus infections in
juvenile gulls and nestling least terns

Infected Numbher
Number of worms
Species exam- Tecov-
ined ered
Number | Percent
Herring gull ... ... 18 4 22.2 17
Ring-billed gull. S 12 3 25.0 3
Laughing gull ______.__________. 31 4 12.9 4
Least term._______..___.___.___. 8 0 0 0

The results of oral administration of cysts are
given in table 7. The data show that juvenile
herring and ring-billed gulls were readily infected,
juvenile laughing gulls were less susceptible, and
nestling least terns were resistant.
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There are no data to explain why some juvenile
laughing gulls should become naturally infected,
while others of the same age in the same colony
and free of natural infection could not be infected
experimentally. Possibly some significant, but
unknown, difference between naturally encysted
metacercariae and those which have encysted in
the 4-inch bowls of sea water prevents the latter
from infecting laughing gulls. Neither is it pos-
sible to explain the observed resistance of least
terns. Perhaps least terns are less susceptible to
Parorchis infection than were the common and
roseate terns used by Stunkard and Cable (1932).

Encysted metacercariae were given per anum to
a single herring gull on two occasions 18 days
apart. It became infected after the second dose
and yielded 19 mature worms at autopsy.

TABLE T.—Susceptibility of marine birds to experimental
P. acanthus infection by encysted metacercariae given
orally

Cysts given once | Cysts given twice Totals
Species

Number|Number|Number|Number|Number(Number
tested |infected | tested [infected | tested |infected
Herring gull . ____ 4 2 3 3 7 5
Ring-billed gull._. 4 4 1 1 5 5
Laughing gull___. 3 11 ] 4 1
Least tern_.._.... 2 [V P 2 0

t Fed two metacercariae naturally encysted on 8 Xanthid erab; all other
birds fed metacercariae which had encysted on bottom of a glass howl.
Transfer of adult worms was successful only
once. A single sexually mature worm was trans-
ferred from a laughing gull to a young least tern
and was recovered alive when the tern died a week
later. Three other transfers failed to establish
infections in the recipient: Herring gull to herring
gull, 13 immature worms; herring gull to herring
gull, 58 immature worms; and herring gull to
ring-billed gull, 16 mature worms. Itisnotknown
why these transfers failed to infect. Possibly, the
recipient gulls possessed a local immunity which
caused rejection of the inocula. It is also remotely
possible that the recipients could have gained im-
munity via a pre-existing infection since they were
wild birds. But since the birds were all still im-
mature, it seems unlikely that such infections
could have been lost quickly. Further, direct vis-
ual examination of the cloacae made repeatedly
over a period of several weeks prior to the trans-
fers failed to reveal any Parorchis infection and
none was found at autopsy.

To obtain a measure of the intensity of infection
which might be expected to develop in host birds,
9 gulls were given known numbers of encysted
metacercariae orally, and the numbers of adult
worms developing in resultant infections were
determined. Table 8 shows that only about one-
half of the birds became infected. In successful
infections generally only a few of the encysted
metacercariae developed into adult worms.

The yield of adult worms was also low among
six other gulls, not shown in table 8, which earlier
were fed large, but undetermined numbers of
Parorchis cysts in order to obtain worms and eggs
for use in drill infection studies. One herring gull
yielded five worms. Two of five ring-billed gulls
yielded one worm each ; the other three yielded two
worms each.

LARVAL HOSTS

The results of drill-infection experiments are
given in table 9. Nearly 60 percent of all experi-
mental drills became infected. The small number
of rediae recovered in serial sections of infected
drills indicates that most of the miracidia failed
to penetrate drills and consequently, the intensity
of infection in individual drills was very low.
This very low intensity of the experimental in-
fections might be interpreted to suggest that re-
peated exposure to infection would be required in
order to build up intensities comparable to those
found in individual wild drills. However, the
observed incidence of natural infections was so
low that it appears more likely that the high in-
tensities observed in natural infections are the
result of multiple exposure, i. e., sinudianeous
exposure to many miracidia, rather than.of re-
peated, or sequential exposures.

TABLE 8.—Relation of P. acanthus adults recovered to en-

cysted metacercariae given orally in gull infection ex-
periments

Cysts | Worms| Percent
Species fed (ap-| recov- | recov- Remarks
prox.) | ered ery
Cysts given once:
128 9 7.03 | Immature (12 days).
Herring gulls (4).___. ?553 g g
1,000 70 7.00 | Immature (11 days).
12 1| 50.00 | Sexually mature (21
Laughing gulls (3)... 62 [ 0 days).
100 0 0
Cysts given twice:
250 1 0.13 | Sexually mature (534
500 0 0 months).
Herring gulls (2) ... { 1,640 1 0.06 | Sexually mature (20
ays).
3,300 130 3.94 | Immature (5 days).

1 Metacercariae naturally encysted on Xanthid erab leg.
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TARBLE 9.—P. acanthus infections developing in T, haemas-
toma ezposed to freshly hatched miracidia in 4-inch
bowls for 24 hours

Drills Infected Number of
—_ Number of rediae
Miracidia recovered
" Number |S8ize (mm.) Number Percent
4 13-35 20-50 3 75 4,6,16-19
2 10,19 50-75 2 100 3,19
b 25 100-150 1 2 2
3 6-10 50 2 66.7- 2,15

DISCUSSION AND CONCLUSION

Heavy natural Parorchis acanthus infections
destroy the gonad of Thais haemastoma thereby
reducing its reproductive potential. This method
was thought to offer a possible means of control-
ling the size of drill populations; however, in all
wild drill populations sampled in the present
study, the infection rate was low. Incidence of
infection was also low in gulls, definitive hosts of
the parasite. Since the two infection rates are
closely related, it would appear that an increase in
the number of infected gulls in a given locality
would increase the drill infection rate and thereby
tend to obtain a measure of control over the drill
population-size. This is more difficult to attain
than is at first apparent.

Given a good definitive host-species as a source
of supply, successful dissemination of the parasite
among members of a wild drill population de-
pends, in part, on the numbers of miracidia re-
leased in the vicinity and, in part, on the numbers
of miracidia actually infecting drills. The for-
mer depends on the intensity and rate of infection
in local gulls, the latter on opportunity of the mira-
cidia to contact drills and on susceptibility of the
drills to infection.

The generally low intensity attained in experi-
mentally induced gull infections, despite admin-
istration of large doses of cysts, suggests that very
large numbers of gulls would have to be infected
and released nearby in order to provide a signifi-
cant increase in the number of miracidia available
to infect drills of a gl\ en popula,tlon This con-
stitutes, in my opinion, a serious obstacle to suc-
cessful employment of P. acanthus in drill control.

Some evidence suggests that, in a given locality,
the pattern of distribution of naturally infected
drills may be correlated with the concentration of
gulls on feeding grounds. Thus, drills not living
on or near the feeding grounds would be less likely
to become infected. This may be a factor con-
tributing to the maintenance of the low natural
infection rates observed in Gulf coast localities
and would have to be dealt with in order to in-
crease infection rates and reduce the size of drill
populations.

Some laboratory experiments suggest that
susceptibility of uninfected drills to P. acanthus is
considerably higher than natural rates would lead
one to suspect. If true, this would indicate that
an as yet unrealized capacity for higher infection
rates probably exists in wild drill populations.
This capacity cannot be realized in a given drill
population until larger numbers of miracidia are
available in its vicinity.

The present study has found no effective means
of spreading the parasite in increased numbers.
With the available avian hosts and techniques,
there is no evidence that infection rates can be sig-
nificantly increased in wild drill populations.
Therefore, the conclusion is inescapable that, using
these methods, P. acanthus cannot be employed as
an effective biological control of the drill, Thais
haemastoma.
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' ABSTRACT )

Fertilized eggs were obtained by manually mixing ova and sperm of yellowfin
menhaden (Brevoortic smithi). TRearing was done in February 1960 at Indian
River, Florida. Descriptions and illustrations are given for the developmental

stages of the embryo and larva, through absorptlon of the yolk. Temperature
and salinity observations are included.




DEVELOPMENT OF EGGS AND YOLK-SAC LARVAE OF
YELLOWFIN MENHADEN

By JOHN W. REINTJES, Fishery Research Biologist
BUREAU OF COMMERCIAL FISHERIES

The menhadens, genus Brevoortia, inhabit the
coastal waters of t.he western Atlantic Ocean from
Nova Scotia to central Argentina and support the
largest commercial fishery. in the United States,
yet their early developmental stages are little
known. Kuntz and Radcliffe (1917) described de-
veloping eggs, yolk-sac larvae, and older larvae
identified as Atlantic menhaden (B. tyrannus).
Based on their descriptions, Atlantic menhaden
eggs and larvae have been reported from Chesa-
peake Bay (Pearson, 1941), Long Island Sound
(Perlmutter, 1939; Wheatland, 1956; Richards,
1959), and Narragansett Bay (Herman, 1959).
Eggs, tentatively identified as Atlantic menhaden,
were obtained off the North Carolina coast in No~
vember and December, 1956 and 1957 (Reintjes).!
In 1957 eggs were hatched in the laboratory, but
the larvae died after the yolk sac was absorbed.

Menhaden eggs and larvae were reported from
plankton collections made off the south Atlantic
coast of the United States during three cruises of
the motorship Theodore N. Gill .(Reintjes, 1961),
but no identification to species was made. Al-
though the foregoing observations provided a de-
scription of eggs and larvae and information on
their distribution, some question remained as to
whether these actually were menhaden.

The absence of spawning, or running-ripe, fish
in the landings has precluded mechanical fertiliza-
tion and rearing of the eggs and yolk-sac larvae
for the identification of Atlantic menhaden (B.
tyrannus) and Gull menhaden (B. patronus), the
two species of principal commercial importance.
The occurrence of spawning yellowfin menhaden
(B. smithi) in the landings of a gill-net fishery at
Sebastian, Fla., made possible the distinction of

eggs and yolk-sac larvae of this species from those

1 Eggs and yolk-sac larvae of Atlantic menhaden. Unpublished manu-
seript. U.S. Bureau of Commercial Fisheries Biologieal Laboratory, Beau-
fort, N.C:,

NOTE.—Approved for publication June 28, 1961. TFishery 'Builotln 202.

of other clupeoid fishes. Development of embryos
and larvae was followed and described from the
time of fertilization until absorption of the yolk.

The procedures of the work were: (1) obtain

“ripe ova and sperm from freshly caught yellowfin

menhaden, (2) effect fertilization by mixing the
sex products, (3) hold fertilized eggs in & suitable
environment at known temperature during devel-
opment, (4) remove and preserve examples of de-
veloping eggs and larvae, (5) observe the proper-
ties of eggs and the behavior of early larvae, and
(6) collect planktonic eggs and larvae concurrently
for comparative material.

MATERIALS AND METHODS

Beginning in November 1959 weekly samples of
adult yellowfin menhaden were obtained from gill-
net landings at Sebastian, Fla., to follow matura-
tion of ovaries and testes. Each sample consisted
of about 100 fish taken at random from the catch.
Free-flowing milt was observed from cut testes in
mid-December, and on January 11, 1960, several
females in the sample extruded ova when pressed
firmly. Each week thereafter, the number of fish
apparently ready to spawn increased. On Febru-
ary 8, approximately one-fourth of the females
and all of the males appeared ready to spawn.

On February 12, a temporary field laboratory
was set up in a small dockside building at Sebas-
tian, Fla. Equipment included compound and
dissecting microscopes, thermometers, salinom-
eters, ‘small dip nets, one-half-meter plankton
nets, an assortment of glass preparation bowls
and polyethylene containers, and pens with nylon-
net compartments. Other than the pens, no
other equipment of special construction was used.

For rearing purposes, two pens, or enclosures,
were constructed, following the design of the blue
crab shedding floats, or live-cars, used throughout
the Chesapeake Bay and middle Atlantic region

23
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Ficure 2.—Pen with nylon-mesh compartments floating

in Indian River, Fla.
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(Wharton, 1954). The pens were made of juniper
boards and cedar slats (fig. 1). The dimensions
were as follows: 18 inches high, 62 inches long,
and 32 inches wide, with a 5-inch flange on all
four sides. The flange regulated the submergence
depth of the pen and provided stability.

Compartments, made of woven-mesh nylon
netting, were used to confine the fertilized eggs
and larvae within the pens. Two compartments
were made of mesh with an average opening of
0.5 mm., and two compartments were made of
mesh with an average opening of 1.0 mm.> All
seams reinforced with nylon binding tape. The
compartments were enclosed, except for access
along one side (fig. 2). Because the access slit
gaped during rough weather and allowed debris to
enter and eggs to escape, a plastic slide fastener
later was added. Each pen held two compart-
ments that were kept in place by a tie at each
corner.

Yellowfin menhaden used in the fertilization
trials were obtained from gill-net catches made
within sight of the temporary field laboratory.
Usually, the nets were set at dusk and picked up
about an hour later. Ripe females with extruded

ova, or greatly distended abdomens, were removed -

and set aside while the net was being recovered.
Males producing milt with viable sperm commonly
occurred in the catch. Ripe females, on the
other hand, were rare, for only 25 gravid females
were found among approximately 4,000 fish ex-
amined. For all attempted fertilizations, fish
were dead less than two hours.

Fertilization was accomplished by mixing ova
and sperm obtained by pressing the sides of the
fish, or by cutting open the ovary or testes to
free the mature sex products. The ova and sperm
were mixed “dry,” i.e., without sea water. Dock-
side water was filtered through cotton to remove
organisms including fish eggs and then added.
The criterion of fertilization was the formation
of a wide perivitelline space.

Fertilized eggs were placed in the mesh com-
partments of the floating pens and in glass or
polyethylene containers in the laboratory. Sam-
ples of the developing embryos were removed
periodically from the floating pens and placed in
the laboratory containers. Development was

2 One hundred percent Dupont nylon pattern No. 109 (0.5 mm.) and pat-
tern No. 1400 (1.0 mm.),
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Ficure 3.— Fluctuations of temperature and salinity
during the development of eggs and yolk-sac larvae of
yellowfin menhaden.

observed with a microscope, and samples were
removed and preserved in 5 percent formalin.
The time required for developmert of -the
embryo was recorded as age-in-hours from manual
fertilization and for the yolk-sac larva, from the
time of hatching. The water temperature of
Indian River, immediately adjacent to the dock
and rearing floats, and of the.culture bowls was
recorded at infrequent intervals during develop-
ment (fig. 3). The observed temperature ranged
from 16.4° C. to 22.7° C., with a mean of 19.6° C.
Salinity was determined at each temperature
observation. The observed salinity ranged from
20.1%60 to 27.2%6,, with a mean of 22.1°%co.
Plankton collections of yellowfin menhaden
eges and larvae developing under natural condi-
tions were obtained in the Indian River. Ten-
minute tows were made with a half-meter net in
the vicinity of the gill-net fishing grounds near
Sebastian Inlet, and at one miile intervals for a
distance of 6 miles north and 12 miles south of
the inlet. Developing eggs from the plankton
collections were used for the photographs of
several stages not obtained during the develop-
ment of artificially fertilized eggs. Although the
size and appearance were similar to eggs of known
origin, there were slight differences that are with-
out adequate explanation. However, the identity
of the planktonic eggs was assumed because of
structural similarities and the concurrence of
spawning yellowfin menhaden in the immediate
vicinity. -
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DESCRIPTION OF FERTILIZATION
TRIALS

Sixteen manual, or artificial, fertilizations were
attempted to obtain developing embryos from
positively identified yellowfin menhaden. A single
female and several males were used in the first
trial. The ova were removed by dissection, di-
vided into three lots, and those in each lot mixed
dry with milt from a separate male. Fifteen
minutes later, filtered dockside water (salinity
20.5°/00, and temperature 20.1° C.) wis added
to each container. An hour later, approximately
90 percent of the eggs in one lot were fertilized.
The other two lots contained so few fertilized
eggs, perhaps because of less viable sperm, that
they were discarded. Development was arrested
after several hours during early cleavage. Whether
the failure to develop was due to decomposition,
stagnation, or immaturity of ova or sperm could
not be determined.

Four females were used in the second trial.
Ova were removed by dissection, mixed ‘dry”
with milt, and 15 minutes later, dockside water
was added (27.2%00, 19.0° C.). The apparent
success of fertilization varied from 40 to less
than 10 percent. Two lots of eggs were placed
in the floating pen anchored off the end of the
dock where salinity was 26.7°/60 and temper-
ature 18.5° C. The remaining two lots were
placed in containers in the laboratory. Twelve
hours later, eggs in the laboratory containers
had failed to develop beyond early cleavage and
showed signs of decomposition. Samples of eggs
from_the pens appeared normal, although in one
compartment, few ova were fertilized. This trial

furnished .most of the developing embryos and

yolk-sac: larvae used for the descriptions.

DESCRIPTION OF EGG

Living eggs showed an iridescent, glasslike
transparency, with little or no color in the yolk.
Iridescence disappeared when the material was
placed in formalin, but the chromatophores were
retained and accentuated as the developing em-
bryo and yolk became clouded. The following
description is based on preserved material.

The egg is spherical and has a resilient; trans-
parent membrane.. Under magnification of 100
diameters or more, the membrane surface is

marked with fine, short lines that form no dis-
cernible pattern. The yolk is segmented, con-
tains a single oil globule, and is pale yellow.
The oil globule is near the vegetative pole and
floats uppermost throughout development. Coarse
granulation of the yolk appeared to be character-
istic of eggs not fully matured.

Comparative measurements showed the plank-
tonic eggs to be slightly larger than those obtained
artificially (table 1). Fertilized eggs in the plank-
ton, similar in appearance and structure to those
artificially fertilized, were assumed to be from
vellowfin menhbaden. Whether the artificially
fertilized eggs had not reached maximum size
because of immaturity, or whether naturally
spawned eggs swell to a greater size could not
be determined. Eggs, ranging from approxi-
mately 1.0 to 1.1 mm. in diameter, developed
a fertilization membrane and perivitelline space;
however, the very low fertility and the failure
of most eggs to develop beyond the earliest stages
of cleavage indicated that these ova had not
reached maturity.

TaBLE l.—DMeasurements of yellowfin menhaden eggs, in
millimeters

Planktonic eggs Artificially
(N=200) fertilized eggs
Item (N=50)

Range Mean Range Mean

Fertilized egg_ oo 1.21-1.48 1.34 | 1.15-1.30 1.22

Perivitelline space_. . ____._...... .33- .50 .42 .34- .46 .39
Yolko e L77-1.04 .90 77— .95 ]
Ofl globule .o evmmmeemae e .05-..18 .13 .07- .16 .13

Developing yellowfin menhaden eggs from the
plankton were buoyant, floating just beneath the
surface film. Unfertilized eggs rested on the bot-
tom in still. water. Artificially fertilized eggs
formed a layer above the unfertilized eggs, floating
off the bottom with the slightest disturbance.

DEVELOPMENT OF THE EMBRYO

In discussing the development of vyellowfin
nienhaden eggs the following three stages are used
(Ahlstrom and Counts, 1955):

Early—from fertilization to closure of the blastopore.

Middle—from closure of the blastopore to the time that
the separating tail begins to curve laterally away from the
embryonic axis.

Late—from the time the tail curves away from -the
embryonic axis to the time of hatching. -
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EARLY-STAGE EGG

The perivitelline space developed and widened
within 15 minutes after ova and sperm were mixed
in sea water. If the ova and sperm were mixed
in the absence of water, the perivitelline space
was not readily apparent until after sea water
had been added. Unfertilized and fertilized eggs
from the same lot, one hour after the sex products
were mixed, are shown in figures 4 and 5.

Early cleavage was rapid, and a layer of cells
was formed by the 7-hour stage (fig. 6). Con-
tinued,cell division resulted in the formatlon of a
dome-shaped blastodermal - cap on’ the yolk
(fig. 7). after-12 hours. Eggs collected from the
plankton (fig. 8) showed the blastodermal cap
covering nearly one-third of the yolk. These
late blastula were estimated as 14 hours old.

FicUre

4.—Unfertilized egg of yellowfin menhaden.

LN

Ficure 5.—One-hour stage with perivitelline space.

Fraure 7.— Twelve-hour stage with blastodermal cap.

Some of the early stages showed yolk diffusion
into the perivitelline space (fig. 9). This was
assumed to be due to mechanical rupture of the
yolk membrane during the handling and preserva-
tion of the eggs, since yolk encircled by the blas-
toderm in later stages did not appear to be
ruptured (figs. 10, 11, 12, and 15).

At the late blastula stage the blastodermal cap,
now known as the embryonic shield (fig. 9), had
developed. The early embryo could be seen as a
medial thickening of the shield. The peripheral
¢ells continued to spread over the yolk surface.

The early neurula marked the end of the early-
stage egg (fig. 10). The developing embryo, with
a discernible head and several myomeres, became
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Ly,

.o ..'......-u..-. . . LR P - ..';
Fieure 8.—Circa 14-hour stage with blastodermal cap.

R 3N 2!

Ficure 9.— Sixteen-hour stage with embryonic shield.

visible about the time of blastopore closure.
Artificially fertilized eggs were not sampled at
this stage. Eggs estimated at the 24- and 30-hour
stages were obtained from plankton collections
made during the rearing studies. Particles adhered
to the surface of artificially reared eggs, probably
due to the absence of water movement in the
culture bowls. Eggs from the plankton were
clean by comparison.

The early-stage eggs showed little pigmenta-
tion. A few small chromatophores were scattered
over the surface of the yolk, but none was appar-
ent on the blastula or early neurula.

Ficure 10.—Circa 24-hour stage from plankton with
early neurula.

Figure 11.—Circa 30-hour stage from plankton with late
neurula.

MIDDLE-STAGE EGG

The developing embryo encircled two-thirds of
the yolk. Myomeres were visible along most of
the embryo, the head was well-defined, and the
optic lobes appeared as lateral expansions (fig. 11).
The late neurula was raised above the volk as a
cylindrical embryo and not as a mere thickening
of the embryonic shield (fig. 12). At the end of
this stage, the tail had become separated from the

yolk and was curved laterally away from the

embryonic axis (fig. 13). This occurred 40 hours
after fertilization. Small chromatophores devel-
oped on the yolk, and several appeared along the
embryo, usually just posterior to the head.
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Ficure 13.—Forty-one-hour stage with tail separating
from yolk.

——. - P [ -

Ficure 14.— Forty-six-hour stage with late embryo.
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— —_— =

FicurE 15.— Forty-six-hour stage hatching.
LATE-STAGE EGG

The embryo had grown so large that the tail,
free of the yolk, fell just short of touching the
head (fig. 14). The somites were visible except
near the end of the tail. The embryo was very
active, exhibiting convulsive movements at fre-
quent intervals. The tail was outlined with a
distinct finfold. Pigmentation generally was lim-
ited to one to three small chromatophores along
the tail and three to eight in the head or anterior
region. Pigmentation of embryos was variable,
and no pattern or concentration of chromatophores
was discernible. .Hatching occurred with the
rupture of the external membrane, and the larva
emerged, head first (fig. 15), 46 hours after
fertilization.

YOLK-SAC LARVA

Yellowfin menhaden, like many other fishes
with pelagic eggs (Ahlstrom and Counts, 1955),
hatched in a relatively undeveloped condition.
The mouth had not formed, and the eyes were
unpigmented. Fin rays had not developed, and
the pectoral fin buds were not visible. However,
the anus had formed and was discernible as a
tube passing through the finfold.

The early larva (figs. 16 and 17) floated ventral
side up, with the yolk and oil globule uppermost,
except during brief, convulsive swimming. During
initial swimming, the larva oriented dorsal side
up and then, in a head-down position, would move
towards the bottom. Body movement would stop
after a few seconds and the larva would turn
ventral side up and float towards the surface.
Such behavior was most marked during the first
24 hours. As the larva grew and the yolk dimin-
ished, swimming increased and by 48 hours was
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nearly continuous. Even during brief periods of
rest, vertical stability was maintained with the
dorsal surface up.

Measurements of larvae are given in table 2.
The larvae nearly doubled in length during the
absorption of the yolk; however, 80 percent of
this increase occurred during the first 27 hours.

The late larva continued to lengthen slightly
after the 27-hour stage (fig. 18). Between 40 and
60 hours the most apparent change was the
shrinking yolk sac (figs. 19 and 20). At the 62-
hour stage, eye pigment developed, and the
mouth opened (fig. 19). Swimming was continuous
and directed as the larva moved across a 6-inch

culture bowl with apparent ease. It constantly
counteracted the bouvancy of the yolk by swim-
nming in a head-down position. Prior to the devel-
opment of eye pigment, larvae appeared randomly
distributed in the culture bowl and did not react
to the approach of the pipette used to collect
samples. After the appearance of pigment, larvae
oriented away from the source of light and swam
from the approaching pipette.

Pigmentation of yolk-sac larvae was limited to
widely spaced, small chromatophores along the
sides and on the finfold. The chromatophores

appeared as faint speckling at a magnification of

20 X and as distinct structures at 100 X.

Fieure 16.—Newly hatched larva 2.8 millimeters long.

Ficure 17.—Sixteen-hour larva 4.0 mm, long.

TABLE 2.—Measurements ! of yellowfin menhaden yolk-sac larvae, in millimelers

(N =10 specimens at each age)

Total length Distance snout to anus Yolk-sac length Yolk-sac width
Hours since hatching
Range Mean Range Mean Range Mean Range Mean
2.70-2.92 2.26-2. 42 2.35 1.10-1.21 1.18 0.77~.94 0.83
3.85-4.18 3.24-3.41 3.32 1.10-1.21 1.16 L72-.71 .74
4.24-4.68 3.41-3.68 3.59 . 94-1.04 1.00 .686-.72 .67
4.34-4. 62 3.46-3.74 3.57 .77- .88 .81 . 50-. 60 .4
4,43-5.28 3.584.18 3.7 . 38— .60 .53 .22-.39 .27

1 Measurements of volk-sac larvae were of preserved material. Ahlstrom and Ball (1954) estimated as much as 20 percent shrinkage due to formalin preser-
vation. Investigators examining fresh larvae should interpret the measurements accordingly.
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Figure 18.—Twenty-seven-hour larva 4.5 mm, long.

Figure 20.—Sixty-two-hour larva 4.9 mm., long.

The rest of the larvae died within a few hours
after the 62-hour stage.

I wish to acknowledge the facilities and help
furnished by Sembler Fisheries, Sebastian, Fla.
Persons connected with the firm gave direct as-
sistance during regular and trial fishing trips,
plankton tow-net collections, and examination of
the landings.
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ABSTRACT

The short bigeye, Pseudopriacanthus altus (Gill), is a marine fish restricted
to the western North Atlantic, ranging, primarily on hard bottom, from South-
port, Me., south to the Virgin Islands and in the Gulf of Mexico and Bermuda
waters. Caribbean and Bahamian records are scarce, and the species may
range more widely in these areas than present findings indicate. The late-
summer spawned larvae are pelagic, occurring in the Gulf Stream. The pre-
juveniles are pelagic initially, but they migrate to live at or near the bottom in
sandy or rocky habitats where the adults are found. The larvae and prejuveniles
undergo a transformation in color and color pattern as they change habitat.
While changes in chromatophore arrangement are well-known for' larvae,
apparently the change in pigmentation to the final chromatophoral arrangement
occurring in large prejuvenile P. altus is little known and rarely reported in
fishes.

Meristic and proportional characters and their development from larvae
through adults are discussed. The development of other morphological features,
as well as color pattern, also is discussed in detail.
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DEVELOPMENT AND DISTRIBUTION OF THE SHORT BIGEYE PSEUDO-
PRIACANTHUS ALTUS (GILL), IN THE WESTERN NORTH ATLANTIC

By DAvID K. CALDWELL, Fishery Research Biologist

BUREAU OF COMMERCIAL FISHERIES

The initia]l phase of a biological inventory of
the marine waters between the Florida Straits
and Cape Hatteras, N.C., included the collection
of both plankton and dip-net samples of larger
pelagic organisms during the biological, chemical,
and oceanographic operations of the U.S. Fish
and Wildlife Service research vessel Theodore
N. @ill.
arranged network of stations (Anderson,
Gehringer, and Cohen, 1956) from January 1953
to December 1954. Part of the second phase of
this inventory is the identification of larval and
prejuvenile fishes collected at sea. Series of these
small fishes provide excellent opportunities for
studying phases of the early life histories.

Understanding life histories of fishes, even
though all species may not be of direct commercial
value, is necessary for an understanding of the
interrelationships of different forms and for an
intelligent analysis of the biological potential
of an area. Such is particularly true when the
species under study demonstrates ecological
principles which might later be applied to the
management of commercial, sport, or forage
fishes. Pseudopriacanthus altus (Gill), the short
bigeye, of the family Priacanthidae, is an example
of such a species. A discussion of the distribution
and development of this species contributes to a
general knowledge of the biology of the fishes of
an area which is undergoing extensive study to
determine its biological potential and productivity.

This paper, based on collections of the Theodore
N. @ill and material from other sources, provides
a description of the very early development of
the short bigeye and carries this development
through to the adult stage. The ecological

Nore.—Presently Curator of Marine Zoology, Los Angeles County
Museum, Los Angeles, California; also Research Assoclate, Florida State

Museum, and Collabgorator in Ichthyology, Institute of Jamaica.
Approved for publication, June 2, 1961. Fishery Bulletin 203.

Nine cruises were conducted to a pre--

requirements are discussed, along with life history
and systematic notes, and geographical dis-
tribution. The study provides meristic, morpho-
logical, and morphometric characters that form
a basis for comparisons with other members of
the genus from other geographical areas. Materials
are provided which more clearly define generic
relationships and solidify family characteristics.

It is appropriate that the operations of the
vessel named for the author of this species should,
nearly a century later, contribute so materially,
in the form of data and specimens, to an under-
standing of the early life history of the species.

Various staff members of the Bureau of Com-
mercial Fisheries Biological Laboratory at Bruns-
wick, Ga., assisted in gathering and processing
data used in this paper. W. I. Follett and
Mrs. Lillian Dempster made many constructive
suggestions regarding the manuscript; elsewhere
in the text, where appropriate, T have mentioned
others who were most helpful during the course
of the work. In addition, W. B. Gray, of the
Miami Seaquarium, provided useful comments on -
living specimens.

NOMENCLATURE

Pending conclusions from a worldwide revision
of this group being prepared by W. I. Follett,
of the California Academy of Sciences, and myself,
I use the generic name Pseudopriacanthus Bleeker
instead of Pristigenys Agassiz, that is sometimes
used. Pristigenys was first applied to a fossil
fish, and if that form should prove synonymous
with the living one, jt will have nomenclatorial
priority for the species altus (and other species of
the Pacific). Myers (1958: p. 40) briefly dis-
cussed this problem recently, calling attention
to an earlier paper (White, 1936: p. 49) on the
same subject. Myers (p. 41) pointed out that
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the etymological root of Pristigenys is feminine
in gender, and if that generic name is accepted
the Atlantic short bigeye should be Pristigenys
alta (Gill).

METHODS

COUNTS

Counts of meristic characters were made under
magnification. Aberrant counts were omitted
if the apparent result of injury or were verified if
the specimen appeared normal otherwise.

MEASUREMENTS

Measurements were made in straight lines
between points, never over the curve of the part,
and were recorded to the nearest 0.1 mm.
Measurements on fish less than about 10 mm.
were made with a micrometer eyepiece and a
stereomicroscope; those on fish of about 10 to 25
mm. were made with the micrometer eyepiece or
a pair of fine-pointed dial calipers (calibrated
to tenths of a millimeter) under magnification;
and those on larger fish were made with the
calipers. Body parts showing injury or damage
were not measured.

CONSTRUCTION OF GRAPHS

Arithmetical plots of empirical data were used
in graphs of selected body parts in relation to
standard length. In addition, eye diameter into
standard length was plotted in relation to standard
length. Trend lines were not drawn, except in
the character of eye diameter, but were determined
by visual examination of the plots. The term
“inflection,’’ in the discussion of body proportions

in relation to size, follows Martin (1949) and'

denotes a change in slope of the line.
FISH ILLUSTRATIONS

Larvae were illustrated by elaborating detail
on ink drawings made at the Brunswick laboratory
by Mrs. Fanny Lee Phillips about 1955. . The
same specimens were used by each of us.

THEODORE N. GILL COLLECTIONS

The larvae and several of the prejuveniles were
from collections from Gill cruises, and the network
of collecting stations is described by Anderson,
Gehringer, and Cohen (1956). The abbreviation
“Reg.” (regular station) in association with the
depository prefix BLBG applies to Gill cruises
and specimens listed in table 1.

DEFINITIONS
MEASUREMENTS

Standard length.—Distance from tip of snout
(all measurements involving the snout were at
the lateral projection not at the midline) to
posterior end of hypural platé (base of midcaudal
rays), or tip of urostyle in larvae. TUnless other-
wise noted, all lengths of specimens referred to
are in standard length.

Depth A.—Distance from anterior edge of
insertion of pelvic spine to midpoint of base of
third dorsal spine.

Depth B.—Distance from midpoint of base of
third anal spine to midpoint of base of last dorsal
spine.

Head length.—Distance from tip of snout to
posterior edge of fleshy part of operculum.

Snout length.—Distance between inner edge of
anterior circumorbitals at middle of nostrils and
tip of snout.

Postorbital length.—Least dlstance between inner
margins of posterior circumorbitals and posterior
edge of fleshy part of operculum.

Eye diameter—Horizontal diameter from inner
margin of anterior circumorbitals at lower level
of nostrils to inner margin of posterior circum-
orbitals.

Interorbital width.—Least distance across top
of head between inner margins of dorsal circum-
orbitals of each eye.

Least depth of caudal peduncle—Distance on a
vertical with midline axis of body.

Dorsal-fin base and anal-fin base.—Distance
from anterior edge of base of first spine of fin to
posterior edge of base of last segmented ray of fin.

Pectoral-fin length.—Distance from inner dorsal
edge of base of most-dorsal element to tip of
longest ray with fin laid flat against the body.

Pelvic-spine length, second pelvic soft-ray length,
third dorsal soft-ray length, and third anal soft-ray
length.—Distance in an erected position on a chord
from midpoint of their bases to their tips.

Snout to dorsal-fin origin and snout to anal-fin
origin.—Distance from tip of snout to anterior
edge of base of first spine in each fin.

Snout to dorsal-fin termination.—Distance from
tip of snout to posterior edge of base of last soft-
ray of fin.

Snout to pectoral-fin origin.—Distance from tip
of snout to inner dorsal edge of base of most-
dorsal element of fin. '
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Pectoral-fin origin to midecaudal base.—Distance
from inner dorsal edge of base of most-dorsal
element of pectoral fin to base of midcaudal rays.

Dorsal-fin and anal-fin origin to midcaudal
base.—Distance from anterior edge of base of first
spine of fin to base of midcaudal rays.

Dorsal-fin and anal-fin termination to midcaudal
base.—Distance from posterior edge of base of
last soft-ray of fin to base of midcaudal rays.

COUNTS

‘Dorsal and anal spines.—There are ten dorsal
and three anal spines, all clearly visible and
separate. Numbers are recorded in Roman
numerals.

Dorsal and anal soft-rays.—Normally there are
11 dorsal and 10 anal soft-rays. The last soft-ray
of each fin, split to the base, was counted as one.
As the base of the penultimate soft-ray is often
very close to the base of the last split ray, its ray
should not be considered the anteriormost branch
of a doubly split soft-ray. Numbers are recorded
in Arabic numerals.

Pectoral fin.—All rays in both fins were counted,
including rudiments. All are segmented, at least
in large adults (the most-dorsal segments at a large
size), and all but the most-dorsal and the two
most-ventral become branched. Numbers are
recorded in Arabic numerals.

Pelvic fin.—It has a single spine, similar in
structure to spines of the vertical fins, and five
soft-rays (one of my specimens had four soft-rays
in one fin). _

Caudal fin.—The caudal fin has 16 principal
rays equally distributed between the two lobes,
as is characteristic in the family Priacanthidae.
All are segmented, and the innermost 14 are
branched. There is also a small number of
segmented secondary rays.

Gill rakers—Counts were made on the first
arch, usually on the right 'side. Rudimentary
gill rakers, often one or two occurring at the
origin of either limb, were included. A gill
raker located at the junction (angle) of the upper
and lower limbs was included in the count for the
lower limb. :

Pored lateral-line scales.—Only scales with a
complete tube were counted, usually on the left
side of the specimen, from the upper angle of the
opercular opening back to and including the scale
covering the base of the midcaudal rays. The

" several additional pored scales extending onto the

caudal rays were not counted. Sometimes the
tube system extended onto an adjacent scale
slightly above or below the main scale, but this
incompletely pored scale was not counted. Judge-
ment as to completeness of a tube may distort
the scale count by one or two scales. Counts were
considered the more accurate on larger specimens.

Vertical scale rows.—The number of anteriorly
oblique vertical scale rows was counted along the
midline of the body, usually on the left side,
beginning at a point just below the anterior
terminus of the lateral line (counting from and
including the first complete scale on the cleithrum)
and continuing posteriorly to the base of the
caudal fin. Like the pored-scale row, several
vertical rows of scales continue onto the fin, and
the last row counted was the one which, when
visually extended anterodorsally, included the
last pored scale counted (the scale covering the
base of the midcaudal rays). Counts of the
number of rows on a fish may vary one or two
rows due to the sometimes irregular arrangement
of the rows, and counts made on larger fish were
considered the more reliable.

Scales above and below lateral line.—Scales above
the lateral line were counted in an anteriorly
directed oblique line to the origin of the dorsal
fin, and those below in a posteriorly directed
oblique line to the origin of the anal fin. Scales
are subject to crowding in the region adjacent
to the fins and the counts could not always be
made accurately, except on the largest fish.
Pored lateral-line scales were not included in a
count.

PIGM ENT;&TION

Descriptions of pigmentation represented in the
drawings and photographs were made from
microscopic observations of preserved individuals.
Chromatophores may have faded from some of the
smaller specimens, and descriptions of these
fish may be incomplete.

DEVELOPMENTAL STAGES

Larval —Defined as the stage of development
beginning with hatching and ending with forma-
tion of the adult complement of all fin rays, or in
P. altus when about 7-8 mm. A ray was con-
sidered to be completely formed when it became
partially ossified (determined by its staining red
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when treated with alizarin). Larvae of this
species are pelagic on the open sea.

Prejuvenile.—Defined as beginning with end of
the larval stage and continuing until the in-
dividual leaves its pelagic habitat, descends to the
bottom, and completes a transformation in
physical appearance to that of the juvenile and
adult. Early prejuveniles have immaculate soft
dorsal and anal fins; later ones have the soft
parts of the vertical fins spotted, with or without
a black edge. The maximum size for prejuveniles
in nature apparently is about 65 mm.

Juvenile.—Defined as commencing when trans-
formation to the adult physical appearance is
complete (in the bottom habitat) and terminating
with attainment of sexual maturity. In both
juveniles and adults the soft parts of the vertical
fins are immaculate except for a black edge.
The size at which the juvenile-adult transition
stage is reached was not determined.

Adult—Defined as starting with the onset of
sexual maturity.

STUDY MATERIAL

The larvae of P. altus used in this study were
collected during plankton surveys conducted
from the M/V Theodore N. Gill in the waters off
the Atlantic coast of the southeastern United
States by the U.S. Fish and Wildlife Service
South Atlantic Fishery Investigations (now
Bureau of Commercial Fisheries Biological Lab-
oratory, Brunswick, Georgia). Several prejuvenile
and numerous adult specimens are also deposited
at this laboratory as a result of exploratory-
fishing operations conducted by other Bureau
vessels (primarily M/V Oregon, Silver Bay, and
Combat) and my own collections. All of the
material at this laboratory is referred to in this
paper by the letters BLBG (no catalog numbers)
and accompanying pertinent data.

This study material was greatly supplemented,
especially in the middle sizes, by specimens from
various institutions. I am most grateful to the
persons named here for permitting me to examine
materials in their charge or, in two instances, for
examining specimens for me. These persons and
their institutions, collections, or the place in which
they examined specimens include—

United States National Museum (USNM),
through Leonard P. Schultz; Chicago Natural
History Museum (CNHM), through Loren P.

Woods; Academy of Natural Sciences of Phila-
delphia (ANSP), through James E. Béhlke;
Woods Hole Oceanographic Institution (WHOI),
through Richard H. Backus; University of Florida
Collections (UF), through John C. Briggs, John
D. Kilby, and Daniel M. Cohen; Bingham
Oceanographic Collection (BOC), through James
E. Morrow; Tulane University (TU), through
Royal D. Suttkus; University of Georgia (UG),
through Donald C. Scott; Charleston Museum
(ChM), through E. Milby Burton; University of
Miami Ichthyological Museum (UMIM), through
Luis R. Rivas; University of North Carolina
Institute of Fisheries (UNC), through Earl E.
Deubler; Stanford University Natural History
Museum (SU), through George S. Myers and- the
late Margaret Storey; University of Miami Marine
Laboratory (UMML), through C. Richard
Robins; Cornell University (CU), - through
Edward C. Raney; California Academy of Sciences
(CAS), which includes old Indiana University.
numbers (IUM), through W. I. Follett; U.S.
Fish- and Wildlife Service Ichthyological Labora--
tory, U.S. National Museum (USFWS Ich. Lab.),
through Giles W. Mead; M/V Delaware collections,
through Robert H. Gibbs (RHG); Academy of
Sciences in Havana, Cuba (ASH), examined by
P. P. Duarte Bello and Jose Suérez Caabro;
Museum of the Naval Academy at Mariel, Cuba
(MNAMOQ), examined by Duarte Bello and Suétez
Caabro. In addition to these, I am particularly
grateful to Winfield Brady, who is now, and J. B.
Siebenaler, who was then, of Florida’s Gulfarium,
Fort Walton Beach; to F. G. Wood of Marine
Studios, Marineland, Florida; and to Craig
Phillips, who was then of the Miami Seaquarium,
for specimens deposited for this study at this
laboratory and at the University of Florida
Collections.

Specimens examined and their present location
are listed in table 1. Where available, data as to
depth of capture for bottom-caught individuals
and, in pelagic specimens, depth of water over
which capture was made, are also included.
Estimated depths are from hydrographic charts.
Habitats are listed with question marks when_
data with the specimen were incomplete—the
habitat being inferred either from the geographical
location or-physical appearance of the specimen
as conipared with that of specimens of known
habitat.
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TaABLE 1.—Location and date of capture, number, size range, habitat, metamorphic stage, and present location of 264 specimens
of Pseudopriacanthus ‘altus studied

[Metamorphic stages, based on vertical fin coloration: Pretransformation (P), transforming (T), completely transformed (C)]

Number Meta-
Location Date captured of speci- | Size (mm.) Collection ! Habitat 2 morphic
. mens stage
1
ATLANTIC OCEAN:
Massachusetts. . _-coenooooaoo_] 2 49.3-57.1 | CNHM 55986. Pelagic (7). commeo oo, T, P
Katama Bay, Mass. 1 41.1 | USNM 49665. P
Do 1 48.2 | USNM 49618_ P
Do.. 6 30.8-47.3 | USNM 49664. P, T
Do... 1 40.0 | USNM 126831__ P
Do.. 1 (?) | CAS 20584 (IU. .-
Do.... Sept. 19, 1899__ 1 USNM 63928. P
Do. 1600. 4 P, T
Do.... No date. 1 P
........ 8 f;
22
1 P
1 P
1 P
2 T, P
1 T
Acushnet aner, Mass 3
Newport, R.1 1 4]
Rhode Island October 1875.. | 1 . 5
Ouctslde New Haven Harbor, | Oct. 8, 1956.__.___.__ 1 .4 P
FIII:? Island Inlet, Long Island, 2 .0 P
Do. 1 .2 P
Long Beach, Long Island N.Y__. 1 .1 P
Quoque, Long Island, N.¥_ -| August 1952_ 2 .2 P
Tomkinsville, N. No date_...._ 1 2.3 T
39;37' N., 70°58' W. to 39°34’ N., | Aug. 19-20, 1953_____ 24 9.9 | WHOI, Blue Dolp Pelsglc, ca. 1 ,300 fathoms..__| P
Atlantic Glt N.J. No date 1 57.9 | ANSP 13315, . oo Pelagic (?)--- T
Ventnor, N.J. .. Aug. 29,1981 _._____ 1 23.2 | ANSP 54834. _ do P
Do. . Alllggst-September 13 21.1-26.6 | ANSP 54620-32.____._______ do.._.____... P
Lovelady Island, N.J July 30, 1931_.__.____ 1 27.4 | ANSP 51633. do. - P
Corson Inlet, N I Sept. 17 1928__ 1 38.8 | ANSP 51308.____. : L T T P
39°07’ N., 65°58' W 1 10.2 | RHQG, Delaware. Pelagic, ca. 2,500 fathoms. P
38°37' N. 68"14' w 3 11.3-13.9 | ... do..coooen- | Pelagic, ca. 2, 1000 fathoms P
38°25" N 72"40’ W 1 19.9 | USNM 155627, . Pelagic (?) P
38°10' N 68"10' . 1 13.8 | WHOI, Delaware Pelagic, ca. P
off Ocean View, Va.......—.. pt. 1 54.3 | USNM 155612..____ Pelagic T
34"25:” 2N‘ , 75°31’ W to 34°55.5' N., June (?) 3,1885_ _____ 1 196.9 | USNM 151017, Albat Bottom, ca. 25 fathom: (o]
34°46' NI, 76°28' W Sept. 10, 1950..__.___ 1 44.4 | BLBGQ, Silrer Bay 1263.. Bottom, 4-6 fathoms. P
34°46' N, 76°04' W' Sept. 12 1959.__ 1 62.5 BLBG Silver Bay 1273__ Bottom 17 fathoms... T
34°38' N, 76°49' W.. Sept. 22, 1059 1 42.0 | BLBG, Silver Bay 1291._....| Bottom, 8-10 fathoms P
34°36' N, " 75°58 Aug. 12, 1953._ 3 3.2-3.9 | BLBG, Qill Cr. 3, reg. 75...| Pelagic, 22 fathoms... P
Ca. 34°35' N., 75°52" Oct. 18, 1885__ 1 16.1 .Ugslg M 83884, 4lbatross (sta. Pelagic, ca. 25 fathom P
34°32' N, 75°58' W_..___ Sept. 11, 1959, 1 58. 9 LBG Silver Bay 1268, , 30-31 fath T
18 mi. SW of Cape Look Feb. 1 225.4 | UNC 13.. William J_.__.._. Bol‘.tom 50 fathoms. . ] C
Off Cape Lookout, N.C.____..___. sept 1 3.4 | USNM 111796, Albatr Pelagic. P
Oﬂ Cape Lookout nght Ship, |....- do. 2 5.2-5.8 | USNM 111795, Fish Hawk... do. | P
34"21’ , 16°3¢’ W Sept. 23,1050 _._.___ 2 48.6-49.4 | BLBQ, Silver Bay 1209____._ Bottom, 14 fathoms..._ T, P
34°09 N, 76°02' W__ Oct. 19, 1885, 2 10.5-11.2 | USNM 111797, Albatross.._| Pelagic, ca. 250 fathoms P
33°57' N, 77°01’ Sept. 4, 1959 1 15.0 | BLBQ, Silrer Bay 1222_____. Pelagic, 16-17 fathoms. P
°44’ N, 77°00 Aug. 11, 1953.. 2 2.6-2.7 BLBG Gill Cr. 3, reg. 65___ Pelaglc, 21 fathoms. ... P
33°40.5’ N, 76°69.5° Dec 9 1959 _________ 1 213.2 BLBG, Silver Bay 1506... Bottom, 21-22 {fathoms. C
33°39’ N ., 76°48’ 5 86.2-208.6 | BLBQ, Silver Bay 1505__ Bof.tom, 55-58 fathoms C
33°35' N, 76°50' W .. 1 210.7 | UNC 1324, Le Gatita.—_. Bottom, 37.5 fathoms C
33°20' N., 76°40' W 1 2.7 | BLB@G, Gill Cr. 3, reg. 64___| Pelagie, ’210 fathoms... P
33°11’ N., 77°3l' W 1 ca. 250 | BLBG, Silver Boy 1672_.. Bottom, 30-32 fathom: C -
33°04’ N, 77°59’ 2 90. 5~133.4 BLBG Silver Bay 1738_. .Bot.tom 20-21 fathom! C
33903’ N, 78°21' W__ 1 15.0 BLBG Gill Cr. 8, reg. 54. ... E’elaglc 17 fathoms. P
Oft Cape Romain, 8. 1 166. 5 Cth ?‘17 3.6, Richard and Bottom 20 fathoms. . C
Tno
32°51' N., 78°32' W 1 179.3 | BLBQ, Silver Bay 1360. C
32°58' N., 78°15' 1 ca. 15 BLBG Gill Cr. 8, reg. 53 lagie(?) 3. ) eam s
32°40' N., 76°46' 2 8.6-8.7 | BLBG, @Gill Cr. 7, reg. 62 i P
32°37' N, 78%4¢9/ 1 108.1 | BLBG, Siloer Bay 1743. Y
32°32' N, 78°40’ 32 161.0-261.8 BLBG Silver Bay 1393 ) C
32°82’ N., 79°01' 1 79.5 | UMIM 1985, Combat 427._..| Bottom, 35 fathoms. .- ___[-.—o.ccoo-
32°12' N, 78°26' 2 4.4-6.6 | BLBG. Gill Cr. 3, reg. 49___| Pelagic, 180 fathoms P
31°57’ N., 79°16' 1 8.3 BLBG Gill Gr 3 reg 42 Pelagic, 72 fathoms. P
31°36’ N., 79°52’ 1 12.1 . 38_ Pelagic, 27 fathoms. P
31°35’ N, 79951’ W 2 2.4-5.3 Pelagic, 25 fathoms, P
Charleston, 8.C.__.—.... 1 227.0 Bottom..._... [
18 mi. 8E. of Ch; Sto 1 167.5 Bottom, c: o]
Off Charleston, S.C 1 215.6 Bottom... c
Commercxal trawling area, Brans- Sept. 18-19, 1 24.1 Bottom, tho P
31"02’ N 80"00’ w July 30, 1953.. 2 4.8-8.2 | BLBQ, Gill Cr. 3, reg. 31__.| Pelagle, 29 fathoms._ P
W0°11 N, 80°17" W -Aug. 31, 1956. 1 84.5 US;‘WS Ich. Lab,, Combat | Bottom, 32 fathoms. o]
72. .
30°01° N., 80°32' W' Jan. 14, 1957... 1 92.7 UgoI;Ws Ich. Lab., Combat | Bottom, 22 fathoms.. |1C
Off St. Augustine, Fla_.._.._._.._ -Oct. 3, 1956_________. 47.2 Bottom, ca. 10 fathoms...... T

See footnotes at end of table.
620220 0—62——2
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TasLe 1.—Location and date of caplure, number, size range, habilal, melamorphic stage, and present location of 264 specimens
of Pseudopriacanthus altus studied—Continued

[Metamorphic stages, based on vertical fin coloration: Pretransformation (P), transforming (T'), completely transformed (C)]

Number Meta-
Location Date captured of speci- | Size (mm.) Collection ! Habitat ? morphie
mens stage
ATLAN’I‘IC OCEAN—Contmued
20°43 4, 1960. 1 129.8 | BLBQ, Silver Bay 2079_...__ Bottom, 2022 fathoms.__.... [o]
20°40’ N., 80°22’ W 1 4,0 BLBG Qill Cr. 3, reg. 19___ Pelaglc, 25 fathoms.._ P
29°00'-N., 80°11’' W 1 Head only BLBG Gill Cr. 8, reg. 14_..| Pelagic, 86 fathoms________..|.cceccoaoo
28°21’ N., 80°09' W 1 3.5 BLBG @Qill Cr. 8 Teg. 10._. Pelagic, 23 fathoms. . P
27°00’ N., 79°18' W 1 a9 | BLBG, Gill Cr. 3, reg. 1_.__| Pelagic, 370 fathoms_ P
Off W. tlp Grand Babama Island. 1 Ca. 19 BLBG. GillCr. & .. ... Pelagle () ¢ fenmamae
26°31' N, 80°01' W croooan . 25, 2 59.0-72.0 | UMIM 1191, Pelican 15.__..| Bottom, 30-35 fathoms._____| ...
BaFkler s Haulover, Miami Beach, | Nov. 28, 1855 1 137.2 | UMIM 1847 oo iTA733 o« A —— Cc
a. .~
Near Cutler, Biscayne Bay, Fla..| July 26,1958._.__..._ 1 43.5 | BLBG . oo ocomom o ememcmnfanans T
Soldier Key, near Miami, Fla_._._ Ca. August 1954___. 1 73.2 {ooa- do ... Bottom 3 fathoms. _ T
25°10° N, 80°02' W Sept. 22,1957... 1 16.9 | BLBG, Combat 438. - Pelaglc, 200 fathoms. P
Bermuda -3 5 I 1 23.8 | CN HM 48584___. _| Pelagic(?). P
“Bermuda? .o eieeaaaaaaaa Nodate.._..._...._. 1 236.0 | CNHM 48608 -| Bottom(?) (o]
GULF OF MEXICO:
Deadman’s Bay, Fla.....o . |ocaelOomen 1 37.6 | USN'M 73063, Fish Hawk___.|....A0 o eoaamen P
24°25" N., 81°46° W__ 1885 (Jan 157) e 1 06.3 | USNM 37772, Albatross. C
DOeeooomaamam Jan. 15,1885 ... 4 63.2-106.0 | USN'M 84498, Albaiross. -do. ]
. 24°25' N, 81°47' W d 1 66.1 | USN'M 134165, .Albatross Bottom("), ca. 75 fathoms.._| C
Dry ’I‘ortugas, Fla_. 1 39.9 | USNM 117086..._. ... Bottom(?) oo P
10mi, N. of Loggerhead Key, Dry 1 50.5 | UMIM 2870 oo cemenam Bottom, ca. 20 fathoms. ...} occeeo- -
Tortugas, Fla.
20 mi. NE. of Dry Tortugas, Fla__ 1 02,4 Bottom, ca. 18 fathoms C
25mi, NNE. of Dry Tortugas, Fla_ 2 87.2-94.3 Bottom, 17-18 fathoms_. (o]
30 mi NE. of Loggerhead Key, 2 67.3-77.9 Bottom. oo ooeoas (o]
y Tortugas, Fla.
24“59 °35' W__ 1 65.2 | CNHM 59804, Oregon 1022__ Bottom, 39 fathoms._.._.._.. T
o.._. ______ 2 78.2-90. 4 U:lsgrz;vs Ich. Lab., Oregon |- Q0. —cceeoeaccoomma- (o]
. 1 70.8 | TU 13201 Oregon 1022_..... R s T T C
Lemon Glty& Fla_ 1 47.2 | USNM 181345 . __.--..__- Bottom(?) __ . eevommeaaoo P
27°07' N., 83°19' W 1 45.2 | CNHM 59893 Ormm 963...| Bottom, 23 fathoms_ T
27°36' N., v 83°al’ WLl 1 92.1 Bottom, 25 fathoms. c
Anclotte Keg Paseo County, Fla_ 1 204.3 Bottom(?) .l C
28°47' N., 84°37' W __ et Mar. 15, 1885 1 63.4 84511 Bottom(?), ca. 24 fathoms___| T
Do. - Nov. 15, 1885 1 63.7 | USN'M 132201, Albatross. .| Bottom, ca. 24 fathoms.. C
28°50.8' N., 85°28' W Deec. 17,1952_ 1 106.1 | CNHM 45488, Oregon 732___| Bottom, 57 fathoms C
28°56.5 N., 85°18’ W Dec. 16, 1952_ 1 79.2 | CNHM 45486 Oregon 731_.. Bot,tom 40 fathoms [o]
29°21’ N, 84°49' July 26, 1958. 1 82.7 | BLBG, Silrer’ Bay 587 - Bot.tom, 15 fathoms C
Ca. 132;5 mi, SW. of Panama City, | Apr. 19,1958 i 196.5 BLBG. .| Bottom, ca. 20 fatho (o]
Inlet at Destin, Fla. ... .o 1 149.2 Bottom, 2.5 fathoms.. (o]
Ca. 1 mi. off Dest,ln Fla._.. 1 165.8 Bottom, 16 fatboms. ... C
off Dest.i.n 3 L Y — 1 183.6 .| C
1 201.7 dn ............... C
Near Destln ) ) I N 1 176.9 Bottom, 17 fathoms. . (o]
Fort Walton’ Beach, Fla_.__....__ 2 23.3-40.7 Bottom, ca. 1 fathom._
[Oft] Pensacola, Fla_...__.__..__.- 1 161.1 | SU 280 _| Bottom . oo
Pensacola, Fla..._.. 7] CAS 20585 (IUM 8570) ... Unknown.__..ceooecaeo-
30°17' N., 87"13’ W.___. 1 167.0 | CNHM 64180, Oregon 1647__| Bottom, 7 fathoms___.___...
12 mi. SSW. of Horn Is 1 52.6 | USNM 155625 . caceeen Bottom, ca. 10 fathoms.._._. T
28°08’ N, 94°35' W 1 169.9 | TU 16282, Silver Bay 10, .| Bottom, 31 fathoms...._.... C
W;]t:.‘gn 5 mi. of Gorpus Christi, 1 24.0{ CNHM 40320, - cecoocneemm-- UnKNOWN e cecmeccmcc e emmmnmmm e
19°48’ N., 91°20’ W Aug. 25,1951 ... 1 40.9 CN’HM 46507, Oregon 440- | Bottom, 14 fathoms.____._.. P
20°20’ N., 91°28' W Dec. 13,1952 ________ 1 55.6 UMIM 1848, Oregon 721_.._.. Bottom, 17 fathoms__.._.___ T
22°15' N., 88°55’ W____ Dec. 13,1952___ 1 46.6 | CNHM 45487 Oregon 125..- Bottom, 25 fathoms. . P
°32’ N, 88°47' W' Jan. 11,1951 _____.__. 1 71.7 | ONHM 46506, Oregon 222.__| Bottom, 29 fathoms._....... C
WEST INDIES:
Vedado (Havana), Cuba..__...... 1944 _________________ 1 Ca. 260 | MNAMC (mounted)......- C
“Cil ba . 1 Ca. 250 | ASH (mounted)..._.. - C
1 108.3 | BLBG, Oregon 2608 Bottom, 42 fathoms (o]

1 Collections listed in text, p. 104
2 Depths and questioned habitats discussed in text.

TaBLE 2.—Reliable records of 7 Pseudopriacanthus altus
which were nol studied

[Collected by M/V Oregon; ﬂrsizl‘é %mcizvggﬁs listed by Springer and Bullis
]

1 p.
Station Locality Date Depth
. (fathoms)
29°22' N, 88°06' W_..._____. Feb. 16, 1951..._ 45
28°25.6' N, 92°33.5' W_______| Apr. 10, 1952_____ 29
29°49' N., 87°19° W__. .| Jan, 10, 1957....- 30
29°57 N., 86°13' W___ _| Feb. 12, 1957._.... 25
28°05' N ., 94°54' W .. -—-| Mar. 13, 1957_... 31
28°07' N ., 95°03' W_._ -] Mar. 14, 1057.... 31
28°06’ N, 95‘08’ A\ Mar. 14, 1957._.. 31

3 Stomach contents:- Futhynnus alletlcratus (Rafinesque).
1.8tomach contents: Thunnus atlanticus (Lesson).

A few records based on apparently reliable sight
identifications of trawled or dredged bottom forms

are included in table 2.

GEOGRAPHICAL DISTRIBUTION

Pseudopriacanthus altus has been considered by
most authors to be a West Indian species that
regularly occurs north to South Carolina on the
Atlantic shores of the United States, and to Pen-

sacola, Florida,

in the northeastern Gulf of
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Mexico (Breder, 1948: p. 168; Bigelow and
Schroeder, 1953: p. 410; Boulenger, 1895: p. 359;
Hildebrand and Schroeder, 1928: p. 255; Jordan
and Evermann, 1896: p. 1240; Jordan, Evermann,
and Clark, 1930: p. 323; .and Smith, 1907:
p- 285). They further noted that this species is
found as a straggler in the Gulf Stream as far
north as Massachusetts.

Based on available material, recent field work,
and the literature, the geographical range of the
short bigeye can ‘be stated as extending from

Southport, Me. (Scattergood and Coffin, 1957: -

p. 156),-to Horn Island, Mississippi, and scattered
localities in the western and southern parts of the
Gulf of Mexico (table 1 and fig. 1). It is also
known from Bermuda (Beebe and Tee-Van, 1933:
p. 141), Cuba (Fowler, 1942b: p. 75; Duarte
Bello, 1959: p. 71), and from the vicinity of the
Virgin Islands (Oregon station 2608). This dis-
tribution is similar to that given by Briggs (1958:
p- 275), with ecological restrictions to be discussed
later.

It is difficult to explain why the short bigeye
has almost always been considered a West Indian
species, except that early published and perhaps
erroneous ranges for fishes from poorly known
areas are often copied blindly without reference
to faunal studies for specific localities. Evidence
for the apparent rareness of P. altus in the West
Indies, the Caribbean, and from northéastern
South America (where the fishes are often very
similar to those of the West Indies and the
Caribbean) is found in a number of faunal lists
which cover these areas and which fail to include
the short bigeye. Some of these are Evermann
and Marsh, 1902 (Puerto Rico); Cockerell, 1892
(Jamaica); Metzelaar, 1919 (Dutch West Indies),
1922 (Lesser Antilles); Meek and Hildebrand,
1925 (Panama); Bean, 1890 (Cozumel, Yucatan);
Fowler, 1919 (Panama, Brazil, Surinam, St,
Martin, St. Croix, St. Christopher, Jamaica,
Haiti, Bahamas), 1928 (Bahamas, Haiti, Puerto
Rico, St. Lucia, Dominica), 1937 (Haiti), 1941
(Brazil), 1944 (numerous Antillean islands and
banks, Central America, Cayman Islands), 1951
(Brazil, Patagonia), 1952 (Hispaniola), 1953 (Co-
lombia); Beebe and Tee-Van, 1928 (Haiti," Santo
Domingo), 1935 (Haiti, Santo Domingo); Nichols,
1929 (Puerto Rico, Virgin Islands); Herre, 1942
(Antigua, Barbados); Beebe and Hollister, 1935
(Grenadines); Schultz, 1949 (Venezuela); Erd-

man, 1956 (Puerto Rico); Cope, 1871 (St. Martin,
St. Croix, St. Christopher, New Providence);
Puyo, 1949 (French Guiana); Miranda-Ribeiro,
1915 (Brazil); Nichols, 1912 (Cuba), 1921 (Turks
Island); and Parr, 1930 (Bahamas, Turks Island).

Recent trawling operations by the U.S. Fish
and Wildlife Service M/V Oregon in the West
Indies (where hauls were made over rough bottom
which is good habitat for P. altus) yielded but one
specimen, and extensive trawling off the north-
eastern coast of South America yielded none.

The species is often taken by handline and in
traps in the waters of Florida and the two Caro-
linas, and both of these methods are and have
long been regular forms of commercial fishing
throughout the West Indies (often conducted in
deep water around rocks—where the species occurs
in the United States). Markets where all species
so caught are sold also have long been a regular
source of specimens for ichthyologists in the West
Indies. My own collections in the field and in
the markets of Nassau, Havana, and Jamaica
have failed to produce P. altus. Thus, P. altus
either must be rare in the West Indies or must
occupy & habitat which makes it extremely diffi-
cult to collect. .

I doubted the presence of P. altus in the West
Indies—on the lack of records as previously noted—
until T enlisted the help of Dr. P. P. Duarte Bello
and Dr. Jose Susrez Caabro of the Laboratorio
de Biologia Marina of the Universidad Catolica
de Santo Tomas de Villanueva at Havana, and until
the recent collection of a single specimen by the
Oregon. (station 2608) off the Virgin Islands (table
1). Poey (1856—58, 1866, 1868) did not list this
species for Cuba, and it was not until 1875 (p. 114)
that he listed a 52-mm. fish as “Priacanthus?”
and stated that it was like P. altus except for
color. His specimen could not be located to
clarify this record. Fowler listed the species in.
the collections of the Academy of Sciences in
Havana (1942b: p. 75) and a specimen (presum-
ably mounted) at the Instituto de Matanzas
(1942a: p. 65). In. August 1958, Dr. Duarte
Bello told me that the specimen at the Academy
of Sciences was actually P. altus, though labeled
Pempheris mulleri Poey, and was approximately
250 mm. in standard length (mounted). The
label read only “Cuba.” He and Dr. Suérez
Caabro found a second mounted specimen, 260
mm. standard length, in the museum of the Naval
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Fioure 1.—Geographical distribution of Pseudopriacanthus altus.

Academy in Mariel, Pinar del Rio Province. The
example was labeled as having been taken about
1944 at Vedado (Havana), and their conversa-
tion with the former curator of that museum
confirmed the locality and included the fact that
the specimen came from deep waters, ‘“maybe
more than 60 fathoms.” The data which Duarte

Bello sent me from these specimens substantiate
his determinations. The following records were
received in a later letter from Dr. Duarte Bello,
dated September 19, 1960. I have not seen his
specimens, which were being maintained alive in
the Cuban National Aquarium, but presume his
identifications are correct as he is familiar with
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the species. The records further substantiate a
permanent Cuban population of P. altus—at least
in the Havana region. The two additional cap-
tures are a 134-mm. individual from Jaimanitas,
Mariano, La Habana, taken with hook-and-line
using squirrelfish as bait on June 18, 1960, in 110
fathoms; and a 196-mm. specimen taken in the
same manner at the same depth and locality on
August 8, 1960, with grunt as bait.

Duarte Bello (1959: p. 71) listed this species
from Vedado (presumably the 260-mm. specimen)
and cited Jordan and Evermann (1896: p. 1239)
and Jordan, Evermann, and Clark (1930: p. 323)
for a Cuban distribution. Larger fishes in collec-
tions from the Havana region usually must be
questioned as to locality of capture, especially
when they are old or when no data other than
“Havana’ or “Cuba’ are given. They may have
come from the market, and market fishes sold in
Havana were often collected in Florida or Yucatan
waters (see Caldwell, 1957: p. 97) which is within
the known range of P. altus. In view of the
findings by Duarte Bello and Suarez Caabro, at
least one of the mounted Cuban specimens and the
two ‘living individuals must be viewed as adults
having valid locality data, and a permanent popu-
lation may occur there.

With the Cuban and Virgin Islands records,
there can be no doubt that P. altus occurs, at least.
occasionally, in the West Indies. An examina-
tion of general current systems as outlined by
Sverdrup, Johnson, and Fleming (1942: chart VII),
Galtsoff (1954: p. 29), and Leipper (1954: p. 121-
122) shows that apparently no countercurrents
originate in continental waters north of the Carib-
bean or in Bermuda waters and flow to the
Bahamas, Antilles, or the Caribbean in general,
that could carry larval P. altus to these areas from
the north. The Virgin Islands specimen is 108
mm. in length, and presumably nearly adult. The
Virgin Islands and Cuban populations of adults
undoubtedly contribute to the Gulf Stream
(Florida Current) population of larvae and pre-
juveniles as that current flows through the Straits
of Florida. A 19-mm. prejuvenile taken from the
stomach of a Thunnus atlanticus (Lesson) col-
lected in the vicinity of the western tip of Grand
Bahama Island (@ill cruise 4, table 1) might have
been captured along the eastern edge of the cur-
rent flowing by Grand Bahama. This bigeye

almost certainly came from the Bahamas, Cuba,
or the Antilles, as it is unlikely that so small a
specimen spawned in the Gulf of Mexico or in
Atlantic waters of southern Florida could have
made its way across the Gulf Stream. A 2.2-mm.
larva was captured in a plankton net at regular
station 1 on Gill cruise 3 on the eastern side of the
Gulf Stream. Presumably the specimen, though
probably just hatched, rode the fast flow of the
Stream to this point from somewhere in the
Bahamas or northern Antilles.

If the West Indian population of adults extends
much to the south of the Virgin Islands, its larvae
might be expected to the eastward of the Bahamas
as well, as certain portions of the North Equa-
torial' Current flow from the Lesser Antilles up
along the outside (east) of the Bahamas.

- Tt is likely that the Bermuda population was
based originally, and is perhaps in part maintained,
on recruitment from the continent or from the
West Indies, via branches of the Gulf Stream (see
Sverdrup, Johnson, and Fleming (1942: chart
VID).

ECOLOGICAL DISTRIBUTION

FACTORS INFLUENCING DISTRIBUTION

Pseudopriacanthus altus may occupy two sepa-
rate habitats, depending on its stage of develop-
ment. The larvae and prejuveniles up to ap-
proximately 60 mm. standard length are pelagic or
have just left this niche, and these stages frequently
are taken offshiore by dip-net and in plankton or
other surface-fishing nets. With one exception,
possibly based on adults (a comment by Fowler,
1940: p. 13, that the species was taken in the fall
by trawlers working off Cape May, N.J.), all of
the specimens that I have seen; and inferences in
the literature for others, indicate that P. altus is
a straggler, through the medium of the Gulf
Stream, north of about Cape Hatteras, N.C. I

found no large specimens from north of that point

in museums, although very small specimens were
quite numerous. In continental waters south of
Cape Hatteras and in the Gulf of Mexico, large
adults were taken by U.S. Fish and Wildlife
Service explorations and sport-fishing and com-
mercial boats of various kinds. Large specimens
also were seen in museums. Larvae and pre-
juveniles from southern waters also were collected
or were seen in museums.
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Larvae are found at or near the surface in or
near the edge of the Gulf Stream (fig. 6), which
undoubtedly influences their distribution.

Many small specimens, approximately 23 to 58
mm., from the coasts of New Jersey, Long Island
(N.Y.), and from the south shores of the Cape Cod
region were examined (table 1). As their appear-
ance resembled that of offshore-caught specimens
(and from partial data provided with some), it
was presumed that these specimens actually were
stragglers washed inshore from and by the north-
ward-flowing currents. In fact, P. altus was
originally described from a 1.2-inch specimen
which, according to the author (Gill, 1862: p. 133),
probably arrived in Narragansett Bay, R.I., the
type locality, via the Gulf Stream. Recently,
Scattergood and Coffin (1957: p. 156) and Morrow
(1957: p. 241) noted small specimens taken under
conditions which indicated that they were settling
to the bottom (the one record in a trap set at 10
fathoms, the other in an oyster dredge in 3.3
fathoms). As no adults have been recorded from
these waters, it is presumed that these specimens,
too, would not have survived. I have examined
Morrow’s specimen (BOC 3738, table 1), and find
that it resembles the pelagic forms. The speci-
men reported by Scattergood and Coffin unfortu-

nately disappeared from a public display tank

(Scattergood, personal communication). The
color they describe suggests a pelagic form. Both
of these specimens had probably just settled to
the bottom after arrival inshore. Offshore, pre-
juveniles have been taken by dip-net or other
nets at or near the surface. One collection ex-
amined indicates that at least the prejuveniles may
oceur in considerably deeper waters (though they
are still pelagic). A series of 24 specimens, 12.4
to 19.9 mm., was collected in an Isaacs-Kidd
midwater trawl at 24 fathoms over a depth of
approximately 1300 fathoms (see table 1, WHOI
collection, Aug. 19-20, 1953). Dr. Richard H.
Backus wrote me in August 1958 that this is not
u closing net and that “there is no assurance that
the catch actually came from 24 fathoms but
statistically speaking the chances are great that
it did.” '

South of Cape Hatteras, juveniles and adults
are apparently bottom dwellers and show a pref-
erence for hard, especially coral or rock, bottoms
in depths up to about 60 fathoms (rarely to 110
fathoms). The adults are frequently taken by

handlines or traps from in or near rocky areas or
hard bottoms. This is particularly true of the
larger specimens. It may be that the juveniles
just arriving at the bottom from the pelagic
habitat may be less restricted in their preferences,
as most specimens taken from other than a rock
bottom (or one with limited spots for the fish to
hide in) were the smaller bottom forms.

The juveniles and adults apparently are very
secretive. I have observed this in aquarium
specimens, and Winfield Brady of Florida's
Gulfarium, Fort Walton Beach, found this to be
the case in his observations of wild specimens at
depths of about 100 feet. Brady further stated
that the fish would remain perfectly motionless in
a niche in the rocks while he captured it without
the aid of a net.

The preference of P. altus for a hard rocky
bottom is well illustrated by its distribution in the
Gulf of Mexico. The known Gulf distribution of
P. altus is spotty (fig. 1; tables 1 and 2), as shown
throuth extensive fishing by the U.S. Fish and
Wildlife Service throughout most of the Gulf in
all depths, in all seasons, and on all types of
bottoms. Other collectors’ findings substantiate
this (table 1). When a chart of this distribution
(fig. 1) is compared with the chart of the sedi-
mentary provinces of the Gulf of Mexico as pro-
vided by Lynch (1954: p. 79), a similarity is
shown (particularly where coral and limestone
oceur).

The short bigeye probably occurs on the entire
Campeche Bank off the north and west coasts of
Yucatan and in limited areas in the vicinity of
Tampico and Vera Cruz, Mexico (areas of coral
and limestone). P. altus is known from the entire
Gulf coast of Florida, some Alabama and Missis-
sippi waters, and certain areas in the north-
western Gulf (fig. 1)—all areas of hard bottom on
Lynch’s chart. Off the south Atlantic coast of
the United States the bottom in areas where P.
altus has been most regularly taken is also hard
(see Moore and Gorsline, 1960: p. 18). Breaks
in the range of P. altus in the Gulf correspond to
Lynch’s charted areas of soft mud bottom.
Hildebrand (1954, 1955) did not list this species
from shrimp fisheries conducted on soft bottoms
in the western Gulf and western Yucatan areas.
The West Indian specimens (table 1) were taken
in areas where coral and rock are abundant.
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Bermuda also furnishes abundant coral or rock
substrate.

Temperature is possibly the most basic limiting
. factor in the distribution of P. alfus, as the short
bigeye is a subtropical or tropical species. Where-
ever conditions of temperature are suitable,
however, the bottom type seems to be especially
important in the success of permanent populations
of adults.

Specimens are usually taken singly or in twos
or threes, but it is not known whether this seeming
rarity is a real phenomenon or a false impression
gained from the secretive habits of the species as
juveniles and adults and from the limited collec-
tions of pelagic forms. The collection of a large
group of prejuveniles (24 specimens, WHOI col-
lection, Aug., 19-20 1953, table 1) and an even
larger series of adults in a single trawl haul (32
specimens, BLBG, Silver Bay station 1393, table 1)
suggest the latter premise to be correct. Other
museum collections from northern waters (table 1)
indicate aggregations also, though in these in-
stances data are not specific and complete enough
for certainty.

EFFECT OF HABITAT ON METAMORPHOSIS

Results of recent studies (Parr, 1930: p. 58;
Hubbs, 1941: p. 184, 1958: p. 282; Breder, 1949:
p- 296; and M. C. Caldwell, in press) make it-oh-
vious that a wide variety of marine fishes which as
adults occupy a bottom habitat have pelagic lar-
vae and prejuveniles which undergo considerable
change in appearance in their transition from the
pelagic to .the bottom habitat. Such stages have
frequently been described as separate species or
genera (Hubbs, 1958). Furthermore, it has been
shown (Breder, 1949) that the specific size (or age)
of the individual does not dictate time of change
in form, but rather that the environmental change
seems to trigger the metamorphosis after the de-
layed development. The fish maintains its pre-
juvenile appearance while continuing to grow
until, probably within limits, the attainment of
suitable conditions of environment. Such an ar-
rested development is known for invertebrate
marine animals (Thorson, 1957: p. 482) as well as
for fishes (Breder, 1949: p. 296; M. C. Caldwell).
As a consequence, a prejuvenile still in its pelagic
environment may actually be larger than another
of its kind which is in the proper habitat. It is
this phenomenon that has resulted in confusion
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leading to the description of the larger or equally
sized prejuvenile of a well-known adult as a sepa-
rate form.

Pseudopriacanthus altus exhibits such a change
of appearance and shows this differential or de-
layed development related to time of settling to
the bottom. :

Metamorphic stages in P. altus are quite
different, and several fisherman told me that there
were possibly two species of Pseudopriacanthus in
the western North Atlantic. One was said to be
a “dwarf,” which was immediately suspect. The
“dwarf” form proved to be merely the prejuvenile
stage of P. altus. With the differential develop-
ment in relation to habitat, the ‘“dwarf”’ form had -
been seen that was larger than the “normal”’ form.
No large specimens of the ‘“‘dwarf” form were
known simply because they either transformed if
the proper habitat was attained or died if it was
not. Although a simple method of detecting
transitional stages, based on color pattern, was
later found, the color pattern would not. be par-
ticularly noted on casual observation. Hubbs
(1958: p. 282) noted that “prejuveniles meta-
morphose very rapidly into the juveniles, which
are much more like the adult. For this reason,
transitional specimens are seldom encountered.”

Thus, the fishermen had seen either large pre-
juveniles or transformed specimens of a similar or
greater size—the two having quite different ap-
pearances. None of the form with the adult
appearance was found smaller than about 50-55
mm., which made the validity of the “dwarf” form
even more suspect, since this is about the maxi-
mum size for the latter. Figure 2 illustrates the
two forms in question. They look very different,
and as the difference in their standard lengths is
only 2 mm., the possibility of two species was
reasonable, 'if one had only these specimens.
Note the differences in overall body color, spinous-
fin membranes, and especially eye size. These
two specimens are extremes of a gradient of
general appearance.

It was necessary to find an obvious character,
showing the extremes as well as indicating inte-
gration, in order to separate the three groups
(pretransformed, transforming, and transformed)
with relation to size and habitat. The color pat-
tern of the caudal and soft parts of the vertical
fins proved useful in this respect. The pre-
juvenile pattern consists of immaculate or spotted
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Fioure 2.—Upper: Large pelagic prejuvenile Pseudopri-
acanthus altus from Massachusetts, showing early meta-
_morphic characteristics (49.3 mm. standard 'length,

" CNHM 55986). Lower: Small bottom-dwelling P. altus
from off St. Augustine, Fla., showing late metamorphic
characteristics (47.2 mm. standard length, BLBG).

fins (figs. 16, 17, and 24), while the transformed
juvenile and adult pattern shows an immaculate
fin with a distinet dark edge (figs. 19-23). Fins
on larvae and early prejuveniles are immaculate,
and there is no dark edge on fins of a nontrans-
forming late prejuvenile. The transition in color
pattern appears to be a migration of the spot-
forming pigment to the edge of the fin, where it
accumulates to form the dark border. The tran-
sition pattern is shown in the two specimens illus-
trated in figure 2. In figure 3 the specimens which
appear as intergrades in fin coloration lie between

the specimens showing the extremes in color pat-
tern, and the entire group forms an integrated,
though overlapping, series. The individuals from
north of Cape Hatteras (table 1) with an inte-
grated fin coloration were taken inshore, and even
if washed there, they could have begun the rapid
transformation (Hubbs, 1958: p. 282). Most of
the individuals from north of Cape Hatteras had
the pure pelagic fin coloration (immaculate or
spotted, depending on their size), however large
they were, further evidence of arrested develop-
ment (other than increase in size) with main-
tenance of the pelagic environment. The trans-
forming specimens from the geographical range of
the adult usually were trawled or were from in-
shore situations and thus were probably under-
going successful transformation. Some small
spotted-fin bottom specimens, all from the geo-
graphical range of the adult, probably had just
reached the bottom habitat when collected.

Even within the geographical range of the adult,
the size at which the prejuveniles settle to the
bottom varies (perhaps based on their geographical
origin), for of two specimens collected at the same
time (Silver Bay station 1299, table 1) the larger
(49.4 mm.) retained the pretransformation (spot-
ted) fin coloration, while the smaller (48.6 mm.)
exhibited the transitional coloration.

This phenomenon is exhibited in four other
collections also, all from Massachusetts. These
collections are old, taken without complete and
precise ecological and locality data, which pre-
cludes definite conclusions as to transitional
relationships. The four collections, indicated in
table 1, are—

(1) CNHM 55986, 2 specimens, the larger
(57.1 mm.) with the pretransformation fin pattern
and the smaller (49.3 mm.) with the transforming
fin color. (2) USNM 49664, 6 specimens, one of
the middle-sized ones (42.4 mm.) with the trans-
forming fin color and the others (30.8, 39.3, 42.9,
44.9, and 47.3 mm.) with the pretransformation pat-
tern. (3) USNM 68129, 4 specimens, the largest’
and smallest (34.5 and 55.9 mm.) with the trans-
forming fin color and the two middle-sized ones
(49.3 and 50.8 mm,) with the pretransformation
pattern. (4) USNM 58833, 2 specimens, the
larger (41.1 mm.) with the pret.ra,nsfdrnmtion fin
color and the smaller (35.7 mm.) with the
transforming color.
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Ficure 3.—Relation of eye diameter to.standard length in Pseudopriacanthus altus.

(Untransformed larvae and pre-

juveniles represented by crosses, transforming prejuveniles by open circles, and transformed juveniles and adults by

squares. ). .

No series contained both metamorphosing and
metamorphosed specimens.

The largest specimen with the transitional
coloration was trawled from 3 fathoms off Soldier
Key, Florida (table 1). According to the label,
it was estimated to be 2 inches (about 50 mm.)
total length at capture (about 40 mm. standard
length). The transitional (or transformed) colora-
tion would be expected under those conditions
unless the fish had just settled to the bottom

20220 0—62——3

when captured. It was then kept in an aquarium
at . Marineland, Florida, for about. 2} months,
and during this time it grew to a total length.
of 93 mm. (73 mm. standard length). At 73 mm.
the fins still retained the transitional coloration,
the body remained dark, and the eye was still
relatively small. How long the specimen would
have retained these transitional features is un-
known, but they were retained, under these
unnatural conditions, on this much larger speci-
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~ Ficure 4—Relation of eye diameter to head length in Péuedopr-iacanthus altus. (Untransformed larvae and prejuveniles
represented by crosses, transforming prejuveniles by open circles, and transformed juveniles and adults by small

dots.)

men than any found in nature (ca. 65 mm. the
largest). The fish was found dead on the floor
beside the aquarium, which might suggest that
some force drove the transitional individual to
seek a more suitable habitat, and that its only
method of escape was to leap.

In relation of eye diameter to standard length,
there often is a striking differenceé between the
pelagic and bottom forms—the latter having a
relatively larger eye at comparable sizes. Also,
regression lines estimated visually show that the
increase in eye diameter per unit of increase both
in length of fish (fig. 3).and in length of head
(fig. 4) is greater in the smaller (pelagic) fishes
than it is in the larger (bottom) forms. Rather
than there being an inflection in the zone of
transformation (about 35 to 65 mm.), there
appears to be a step, the result of a very rapid
and apparently sudden increase in relative (as
well as actual) eye size during transformation.
The fish assume the bottom habitat at different
sizes, and it is in the size range of the transforma-
tion that P. aeltus changes from a pelagic to a
bottom habitat. Once the relative size of the
eye reaches its maximum—in the size range
(35-65 mm. standard length) at which the bottom

habitat is assumed—it maintains a constant rate
of increase (but lower than initially) to the
largest size, though the eye diameter may be
relatively smaller in larger fish than in the pelagic
young.!

Figure 5 demonstrates the relation of eye
size to habitat, length of the fish, and stage of
development suggested by fin coloration. The
open circles represent specimens dip-netted, sur-
face-netted, or washed ashore. The solid squares
represent specimens either demonstrated or sug-
gested to have come from a bottom habitat.
A few nontransformed specimens taken from a
bottom habitat are indicated by open squares.
Transitional stages from each habitat, as de-
termined on fin color pattern, are represented
by half-solid symbols. The dashed line suggests
the dividing line between pelagic and bottom- .
dwelling specimens, with a few exceptions among
bottom forms.

It is evident that pelagic individuals not
finding suitable habitat continued to grow and
may exceed in length the bottom-dwelling in-

| Some of the smallest larvae (fig. 5) have a much smaller eye in relation
to standard length than most of the adults, but as they differ so from the
adults in many features they are omitted from this discussion.
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dividuals, as discussed earlier. Despite a wide
range of eye diameters, particularly in the larvae
(about 5 mm. or less), in which they may be
influenced by physical distortion of the specimens,
the eyes of pelagic specimens generally are
relatively smaller than those of bottom-living
ones. Transforming bottom forms plot generally
lower on the graph thau pelagic forms of the same
gize. Whether this increase in

not known, though I favor effect (or the need for
a larger eye in the dimly lit zone which the adult
usually inhabits as compared with the brightly
lit surface waters occupied by the larvae and
prejuveniles). It is not clear what processes
trigger the descent of the fish to the bottom.
These offshore-caught forms were taken at
or near the surface (both the larvae and pre-
juveniles), except for a group taken by a mid-
water trawl set at 24 fathoms over 1,300 fathoms
(table 1). These individuals, well north of the
range of the adult (fig. 1), might have been
seeking the bottom. Perhaps the stimulus in
this case is light—with the fish changing from
a positive to a negative phototropic response.
This might also initiate the increase in relative

relative eye.
size with change of habitat is cause or effect is.

eve size, to compensate for the reduced illumi-
nation. A change in dietary requirements and
the pursuit of food also may influence the change
of habitat in that the new requirements are met
only in the bottom habitat.

The differential rate of growth (previously
noted) related to habitat is well illustrated by the
material examined. The largest actual or in-
ferred pelagic forms (up to 58 mm.) were taken
in northern Atlantic waters (table 1), which
suggests they continued to grow without changing
form as they were carried north by the Gulf
Stream. The large pelagic form illustrated in
figure 2, from Massachusetts, is one of these;
while the small, nearly transformed bottom form
is from about 10 fathoms, off St. Augustine,
Florida, or well within the range of the adult.

The smaller pelagic forms taken in northern
Atlantic waters could easily have heen spawned
in the northern part of the range of the adult
and not yet had time to reach a large size. Pre-
juveniles taken in southern latitudes in the
Atlantic (table 1) are all small (maximum size
about 20 mm.), suggesting that they had been
spawned from nearby adults or had found their
way to an inshore bottom to transform rather
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Gill-caught material. '
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than be swept north of the range of the adult.
Once north of Cape Hatteras, they would find
themselves generally in too deep water to trans-
form until they reached the coasts of New Jersey,
Long Island, or Clape Cod. There, prolonged
life is probably impossible due to temperature.
Likewise, pelagic forms taken in the Gulf of
Mexico are small; however, there is much suitable
habitat within this semienclosed area to provide
proper temperature, depth, and substrate for
the prejuveniles to settle in and transform
successfully.

SPAWNING
TIME OF SPAWNING

Larvae collected during the Gill operations give
some indication of the time of spawning of P. altus.
The smallest specimen (2.2 mm.) was taken on
July 25 off the east coast of southern Florida at
regular station 1 on' @ill cruise 3 (table 1; figs.
6 and 7). Individuals of comparable size were
taken at other stations and on subsequent cruises
through the middle of September (table 1; fig. 7).
Such small specimens must have been only a few
days old at most, and probably only & day or so.
While they indicate that the spawning season for
this species must extend for at least 2 months,
from mid-July to mid-September, 8.6- and 8.7mm.

specimens taken July 6 off North Carolina at
regular station 62 on Gill cruise 7 indicate an even
more extended season. To reach this size proba-
bly took at least several days, which extends the
spawning season back to early July or perhaps
late June. Gordon (1960: p. 61) noted the collec-
tion of a 62-mm. total length individual in Rhode
Island in July, indicating a still somewhat earlier
initial spawning, at least in some years, for this
specimen to have reached this size by even late
July (fig. 7). Specimens taken after mid-Septem-
ber were 10 mm. or more (table 1; fig. 7), indicating
completion of the spawning season. Further
evidence for a midsummer to late summer or
early fall spa.wmng in southern latitudes is seen
in table 1.

Several 20- to 30-mm. specimens were taken in
northern latitudes in the late summer and early
fall. These were not included in figure 7 becsuse
only partial data, such as a month or spread of
2 months, were given on labels. There are also
numerous references in the literature to late
summer and fall collections of small (prejuvenile)
specimens in New England and slightly inore
southern waters and to their apparent arrival there
via the Gulf Stream.

Still further evidence that spawning is complete.d
by mid-September at the latest is given by a
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F16uRE 7.—Size distribution, by months, of specimens of Pseudopriacanthus altus, 75 mm. standard length or less.
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series of 32 presumably spent adult specimens
(161.0-261.8 mm.) taken at Silver Bay station
1393 on October 26 (table 1).

PLACE OF SPAWNING

From all evidence, P. alfus is a very secretive
and sedentary species unlikely to undertake major
spawning migrations, if it moves at all. The
adults seemingly spawn where they spend their
mature life, in waters of ahout 60 fathoms or less
(table 1), rarely to 110 fathoms. Collections from
the Gill show that the larvae are pelagic. Al-
though sampling was conducted from near the
shore out into the approximate axis of the Stream
(Anderson, Gehringer, and Cohen, 1956), most
of the larvae were taken westward of the Gulf
Stream (fig. 6) over depths of less than 100
fathoms, mostly 20-30 fathoms (table 1). Like-
‘wise specimens dip-netted in southern latitudes
(below Cape Hatteras) were taken to the shore-
ward, except for those taken nearer the middle of
the Gulf Stream in higher latitudes south of Cape
Hatteras and one taken on the eastern side of the
Stream northwest of Grand Bahama Island (table
1; fig. 6). -The latter individual could have been
spawned along the western edge of the Bahama
Islands, or even in the northern Antilles, and
reached its point of capture, despite its small size
(2.2 mm.), in the fast flow of the Gulf Stream in
this region (Leipper, 1954). The larvae taken
in the main Stream off the Carolinas (table 1;
fig. 6) from farther offshore could have had a
similar origin, or could have originated in inshore
continental waters and been transported much
farther offshore after spending several days in the
vagaries of the flow. Prejuveniles taken well
offshore north of Cape Hatteras presumably could
have had either a southern inshcre continental
origin or one in the West Indies or Bahamas.

MORPHOLOGY

Detailed descriptions of morphological features
not discussed in this paper may be found in
Jordan and Evermann (1896:p. 1239), Smith
(1907: p. 285), Hildebrand and Schroeder (1928:
p. 254), and Morrison (1890: p. 163).

Larvae of other Priacanthidae were taken in
Gill tows, and series of these (Priaeanthus) were
distinguished from Pseudopriacanthus altus. Lar-
val P. altus (see figs. 8-10 and descriptions of
larvae in following section) could be distinguished

from larval Priacanthus of comparable size by
the presence of heavy pigment on the dorsal aspect
of the brain and on the dorsal surface of the gut,
a series of many small dark spots on the ventral
midline as opposed to series of only a few spots
(less than 10 at the smallest sizes) on Priacanthus,
pigmented gill arches at certain sizes, and by
shorter preopercular spines (half the length of
those in Priacanthus).

As with most marine fishes having truly pelagic
larvae distributed by ocean currents (a phenom-
enon which permits free exchange of genes),
Pseudopriacanthus altus exhibits no measurable or
significant geographical variation, but apparently
is constant throughout its range. As a partial
exception, the 108.3-mm. specimen from the Virgin
Islands (table 1; appendix table A-1), representing
a population so placed geographically that it
receives little or no gene influence from other areas,
exhibited characters which fell within the range of
meristic values for the species, but approached the
extremes of several specimens (low gill-raker count
of 6+17; high lateral-line scale count of 37; high
vertical scale-row count of 41; and a high pec-
toral-ray count of 19 left and 18 right). In body
proportions it appeared normal. ,

MERISTIC CHARACTERS

Counts were recorded only on prejuveniles,
juveniles, and adults. As, by my definition, the
full complements of all fin rays are not formed in
larvae, the numbers of spines and soft-rays were
not recorded for larvae. The progression of
development, however, is discussed under each
character—scale, fin-ray, and gill-raker formation
was very rapid, once initiated. The smallest
specimen for which counts were recorded and
included in the tables was 8.2 mm. It was con-
sidered the earliest prejuvenile. The next smaller
specimen available, 6.6 mm., although complete
in complement of other fin-rays, did not have a
full complement of secondary caudal rays. This
specimen was considered the largest larva of the
study. The point of division between larvae and
prejuveniles, by my definition, lies between 6.6
and 8.2mm.

Fin and Fin-Ray Development

Parts of the rays of many fins of critical-sized
specimens were missing. Therefore, the terms
“at least’” and “about’ are used in the following
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discussions, as the precise size at which a char-
acter developed could not be determined. Com-
plete segmentation and complete branching

indicate at least one segmentation line or one

branch in each ray (which segments or branches)
of the fin.

Caudal fin.—Development of the hypural com-
plex began at about 3.5 mm. The turned-up
urostyle was still obvious at 6.6 mm. and devel-
opment of the hypural was complete before 8.2
mm. Ossification was first noted in a 4.0-mm.
individual.

In the development of the caudal fin, a finfold
was present in the smallest larva (2.2 mm.; see
fig. 8), and rays apparently were forming, although
no ossification of rays was noted in stained speci-
mens until a size of 3.5 mm. Ossification pro-
ceeded anteriorly, and the full complement of 16
principal rays was evident in a stained 4.4-mm.
larva. Segmentation, beginning with the inner-
most rays, had begun by at least 4.4 mm., and
was completed by at least 8.2 mm. Branching
had begun at 10.2 mm., and was complete at
16.8 mm. Four dorsal and four ventral ossified
secondary rays were present for the first time at
8.2 mm. Large adults showed, by gross micro-
scopic examination, all secondary rays to be
segmented.

All 121 caudal fins so examined had 14 branched
principal soft-rays and two unbranched principal
soft-rays (the most-dorsal and-ventral principal
rays of the fin), The principal rays are divided
equally between the two caudal lobes.

Pectoral fins.—A pectoral-fin membrane (fold)
with forming rays was present in the smallest
larva (2.2 mm.; see fig. 8). Ossification, shown
by staining, began ventrally at about 3.5 mm.
There were 13 rays in the pectoral fin of a 4.4-
mm. larva, 15 in one of a 4.8-mm. larva, and 17
were seen in a 5.3-mm. individual. Segmentation
had begun by at least 6.6 mm., starting with the
uppermost rays, and was complete by about 8.2
mm. Neither the size at which branching began,
nor the sequence, could be determined, but it
was complete by 8.2 mm. In large individuals
the most-dorsal and two most-ventral rays are
unbranched.

The variation in number of pectoral rays of the
full complement is shown in table 3. In addition,
three other individuals had 17 left pectoral rays
(the right rays were not counted). Large series

TasLe 3.—Variation in pectoral fin-ray counts for 138 pairs
of fins in Pseudopriacanthus altus
[The upper number in each block is the count obtained for that combinatloni

and the number in parentheses below is the approximate percentage o!
that count in the total sample)

RIGHT
16 17 18 19 Total
18 1 1
0.7 0.9
17 1 81 7 89
0.0 (58.7) (5.1) (64.5)
E 18 3 43 46
E 22 31.2) (33.3)
19 ) 1 1 2
0.7 0.7) (14)
Total 2 84 51 1 138
(1.4) (60.9) (37.0) ©.7)

of specimens contained individuals with both the
17-17 and 18-18 counts, as.well as ones with unlike
combinations. Some juvenile and adult fish had
17 or 19 rays, but the usual count was 18, while
the predominant count for prejuveniles was 17,
with two specimens having 16.

Dorsal fin.—A finfold was present posteriorly
at 2.6 mm., and there was a complete fold in a
2.7-mm. specimen. No ossified rays were found
in stained specimens until 3.5 mm.; and ossifica-
tion proceeded posteriorly. A full complement
of ossified rays, distinguishable as pro-spines and
pro-soft-rays, was present in a 4.4-mm. stained
specimen. Segmentation of pro-soft-rays began
at about 6.6 mm., starting with the posteriormost
rays, and was complete by at least 8.2 mm. No
soft-rays were branched at 15.0 mm., but some
posterior ones were branched at 16.8 mm., and
branching was apparently compléte at 20 mm.,
and certainly at 34.0 mm.

The full complement of dorsal spines, 10 (X),
found in all 233 prejuvenile, juvenile, and adult
specimens so examined, was present by 8.2 mm.
(the earliest prejuvenile of the study), when seg-
mentation of the soft-rays was complete. Varia-
tion in the number of fully developed soft-rays is
summarized in table 4.

TasLe 4.—Variation in dorsal and anal fin-ray counts for
233 specimens of Pseudopriacanthus altus
[The upper number in each block is the count obtained for that combination,
and the number in parentheses below is the approximate percentage of
that count in the total sample]
COMBINATIONS OF FIN-RAY COUNTS (DORSAL; ANAL)

X, 10; I1TI, 10| X, 11; 11X, Dl X, 11; 111, 10| X, 13; 111, l1| X, 12,111, 11‘

1 1
©4) l 0.4) J

NUMBER

12 3 216
5.2) I 1.3) ‘ 9.7
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Anal fin.—A finfold was present at 2.6 mm.,
and a full complement of rays was seen at 4.4 mm.
(pro-spines and pro-soft-rays distinguishable).
The first ossified rays were seen in stained speci-
mens at 3.5 mm.; and ossification proceeded
posteriorly. Segmentation of pro-soft-rays was
first seen at 5.3 m., and was complete by about
8.2 mm. There was no branching of anal rays
“in a 13.9-mm. individual, but branching had be-
gun with the most posterior rays at 15.0 mm.,
and was complete by 16.8 mm.

The full complement of anal spines, three
(ITT), found in all 233 prejuvenile, juvenile, and
adult specimens so examined, was present by
8.2 mm., when segmentation of the soft-rays
was complete. Variation in the numbers of
fully developed soft-rays is shown in table 4.
The anal fins of individuals with a dorsal count
other than the modal X, 11 show the modal anal
ray count of III, 10 in all but one instance (a
specimen with a dorsal-ray count of X, 12 and
an anal-ray count of III, 11).

Pelvic fins.—This was the last fin to form,
there being no evidence of it until a bud appeared
in a 3.9-mm. specimen. Ossified rays were first
formed in a 4.0-mm. specimen, but the full com-
plement of 6 (distinguishable as 1 pro-spine and
5 pro-soft-rays) was not present until 4.8 mm.
Segmentation was first noted by about 6.6 mm.,
and was complete by about 8.2 mm. Branching
had started by 8.2 mm., and was complete at
8.7 mm.

All pelvic fins so examined, 147 pairs, had a
¢ount of 1 spine and 5 soft-rays, except for the
right fin of a 45.5-mm. specimen (from USNM
58831), which had a I, 4 count. Such a variant
'is extremely unusual in this constant-rayed fin,
and the low count was possibly due to an injury
to the embryo. .

Scales

Although the smallest prejuvenile (8.2 mm.)
was completely covered with scales, the smallest
individual on which vertical scale rows were
counted was 23.8 mm., and the smallest on which
lateral-line scales were counted was 26.4 mm.
The full range of adult complement of vertical
scale rows and pored lateralline scales was
present. at approximately these sizes. On the
basis of a previous discussion of the phenomenon

TaABLE 5.—Variation in counts of pored lateral-line scales
and vertical scale rows in 145 specimens of Pseudopria-
canthus altus

[The upper number in each block is the count obtained for that combination,

and the number in parentheses helow is the approximate percentage of
that count in the total sample]

PORED LATERAL-LINE SCALES

31 32 33 34 35 3 37 3% 39 Total
35| 1 1 1 2 5
©.7|©.n] ©.7] . 3.9
2 1 3 6
36 o] 0.7 @n @D
@ 3|1 3 4 9 4 2 |1 24
= 0.7 D] @8 6.2 CHLH[O.D (18.6)
g as | 2 2 | 10 5 4 | 4| 8 39
" 0.n 6.9 G4 @nles|ED (26.9)
2 o |8 | 8 |6 f2]1 3¢
g 8.2)| (5.5)| (5.8|(4.D|(1.4)|©.7 (23.4)
Q w 2 11 5 1| 4 1 24
é L9 7.6 G0l (0.7 (16.6)
= 1 1 3 (1|1 ]2 9
5 .7 ©.7] @D|0.D]0O.D[(L4g (8.2)
" 1 1 1 3
0.7 ©0.7n] ©.7) .1
1 1
43 ©.7 ©.7)
Total | .3 9 | 28 [ 40 | 36 |14 | 11| 8 | 1 | 145
(2.1)[(6.2)((10.3) [ (27.6)| (24.8)| (0. 7)| (7. 6) [ (2. 1| (0.7

(Caldwell, 1957: p. 105), I presume that once.
the scales are formed in P. altus, the number for
that individual remains unchanged. The varia-
tion in combinations of numbers of vertical rows
and pored lateral-line scales is shown in table 5.

No scales had formed at 4.8 mm. At 5.3 mm,,
there were small patches on the lower flank of the
belly on each side in the region anterodorsal to the
anus, and a small patch near the anterior end of
the isthmus. A 6.6-mm. individual was covered
with scales except for areas just ventral and
posterior to the base of the pectoral fins, on the
lower half of the caudal peduncle, and the lower
half of the flank of the body above the anal fin
and behind the anus. The scales appeared to
form first as widely spaced bristles. These soon
developed into the upstanding ctenii of the pre-
juvenile, and in final development they were
strongly ctenoid scales firmly anchored in the
scale pockets.

The lateralline scales did not form until about
25 mm. There was an open channel between the
other scales (seen in an 8.2-mm. individual) to
mark its course in the smaller fish. The scales
adjacent to this channel appeared to join to cover
the open area as they enlarged, meanwhile devel-
oping the pores. ‘
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Gill Rakers

The smallest specimen in which gill rakers were
counted was 19.9 mm. The count obtained,
8 4 19, falls'at the mode of the range for the adults.
Variation in combinations of upper-limb and
lower-limb gill rakers is summarized in table 6.

Although the size at which gill rakers first form
was not determined, they were well-developed in
the smallest prejuvenile of 8.2 mm.

TaBLE 6.—Variation in upper- and lower-limb gill-raker-

counts for 112 specimens of Pseudopriacanthus altus

[The upper number in each block is the count obtained for that combinsation,
and the number in parentheses below is the approximate percentage of
that count in the total sample]

UPPER LIMB
6 7 8 9 Total
| 1 3 2 8
e | en | ds 6.9
" 1 10 21
o 09 | 69 (18.8)
2 7 27 2 38
A B 69 | @y | @® | @
-]
1 3 32 9 45
E 2| oo | en | @;e | 6o | @w?
R4 1 1 2 .
o9 | 09 | 4® | @8
2 25 72 13 113
Total | ('gy | 223 | @643 | (L6
Bony Cranial Crest

A single prominent, medial, cranial crest,
armed throughoust its length with 8 strong dorso-
medial serrations, and with a sharply upturned
(about 40°) backward projection, was present on
a 2.2-mm. individual (fig. 8). At 2.4 mm., the
serrations had increased in number and become
less prominent, while the backward projection
had begun to decrease its angle and lie flatter
against the head and body. By 2.6 mm., the
serrations were lost on the anterior part of the
crest and were weak on the backward projection

Ficure 8.—Larval Pseudopriacanthus altus, 2.2 mm.
stardard length (BLBG, Gill Cr. 3, Reg. 1), Semi-
diagrammatic.

620220 0—62——4

" Figure 9.—Larval Pseudopriacanthus altus, 3.2 mm.

standard length (BLBG, Gill Cr. 3, Reg. 75).
diagrammatic.

Semi-

(which by this size was flat against the dorsal sur-
face of the body except for its still-upturned tip).
At 3.2 mm. (fig. 9), a small, weakly serrate, sec-
ondary crest had appeared on the anterior median
surface of the original crest. A compressed sec-
ondary crest also had formed at the angle made
by the upturned projection. By 6.6 mm. (fig. 10)
this crest had expanded to include the entire
length of the original crest. Strong serrations,
each supported by a thickening to the foundation
formed by the original crest, extended along the
top of this secondary crest (fig. 10). By 8.2 mm.,

" Fieure 10.—Larval Pseudopriacanthus alius, 6.6 mm.

standard length (BLBG, Gill Cr. 3, Reg. 49). Semi-

diagrammatic.

the serrations had become weaker, and the entire
crest had begun to be absorbed by overgrowth of
the dorsal surface of the head. Only a row of
weak serrations in the midline of the forehead re-
mained in a 16.8-mm. specimen, an outline only
by 19.9 mm., and all trace had disappeared in a
34.0-mm. individual.

Supraocular Crest

Larval and early prejuvenile P. altus possess an
eyebrowlike serrate bony crest over each eye.
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In the smallest larva, 2.2 mm. (fig. 8), this crest
bore three heavy serrations and extended over
only the anterior half of the supraocular region.
At 2.7 mm., this crest extended both posteriorly
and anteriorly over the entire top of the eye and
beyond. The serrations had increased in number
but decreased in strength. By 3.9 mm., the
crest extended farther around the eye to shield its
anterodorsal and posterodorsal arcs. By 6.6 mm.
(fig. 10), the serrations and the ridge itself were
becoming decreasingly prominent, and additional
serrate ridges were forming lateral to the medial
cranial crest. By 8.2 mm., the supraocular crest
had become more finely serrate and the additional
ridges were more prominent. By12.1mm.,(fig.11)
all of these crests and ridges were disappearing
(probably being overgrown as they ceased to grow),
and by about 35 mm. only vague outlines could be
seen. These, too, were lost by 40 mm.

Preopercular Spines

Larval P. altus possess a strong, conspicuous,
ridged, and serrate spine at the angle of the pre-
opercle, flanked by two spines that are shorter and
less prominent (but also ridged). In the 2.2-mm.
larva (fig. 8), the angle spine reached nearly to the
anal opening. It became progressively shorter in
relation to the head length as the size of the fish
increased (actually it appeared to be overgrown as
the preopercle enlarged), until in individuals of
about 75 mm., it remained only as a heavy, pointed
projection, little more conspicuous by its length
than its immediate neighbors above and below.
Although its outlines were still discernible in the
largest adult examined (261.8 mm.), it lost its
significance as a spine in fish above about 75 mm.
Beginning with the largest larvae, and as the fish
enlarged, other spines also developed as strong
serrations on both limbs of the preopercle, in-
cluding the two shorter spines which originally
flanked the angle spine. The serrations increased
in numbers and strength with length of fish to
about 200 mm,, after which they decreased. The
preopercle . of the largest adults is only finely
serrate and the larger angle spines are overgrown
and visible only as outlines.

Nostrils
Formation of the paired nostrils was complete

(including a tube surrounding the opening of the
more anterior one of a pair on each side) in an
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8.2-mm. specimen. No external openings were
discernible in a 6.6-mm. individual.

Teeth

"Adults of P. altus possess irregular rows of small
canine or sharp-pointed peglike teeth on the
premaxillaries and dentaries. Similar small peg-
like teeth also occur on the tongue, vomer, and
palatines. The size at which these teeth form
was not determined, but all teeth were present
and obvious in a 19.9-mm specimen.

At about 35 mm., a single row of rather widely
spaced canines, several times the size of their
neighbors, began to develop on the outer edge of
the premaxillaries and dentaries. As they first
appeared at about the size metamorphosis begins,
before the bottom habitat is assumed, and per-
sisted through the largest specimens examined,
their appearance may be related to a new diet.

Fin-Ray Serrations

The spines of the dorsal, anal, and pelvic fins
of the smallest prejuveniles develop ridges which
become rough due to small irregular projections.
These projections develop on the leading edge
of the single pelvic spine, and on alternate lateral
aspects of the dorsal and anal spines. The dorsal
and anal spines are heteracanthus (staggered)
in their insertions, and a spine that is heavy and
rough on its left side is more delicate and smooth
on its right. The next spine following is rough on
its right side and smooth on its left. In the larger
adults, the roughness tends to disappear, though
the alternating rough .and smooth appearance
persists.

The dorsal, anal, and pelvic soft-rays in the
smallest prejuveniles also develop the rough sur-
face on both sides, and this character persists in
lessening degree in the larger specimens examined,
though it is never completely lost.

Branchiostegals

A full complement of six branchiostegal rays on
each side was evident on a 2.7-mm. specimen, the

- smallest stained.

Vertebrae

- Qasification was first noted in the anteriormost
vertebrae in the smallest specimen (2.7 mm.)
stained. All vertebrae in a 4.8-mm. individual
showed some degree of ossification, which prog-
ressed posteriorly.
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BODY PROPORTIONS

Twenty-five body parts were measured on &
complete size range of specimens from the largest
larva (6.6 mm.) to the largest adult (261.8 mm.)
and the data presented in table A-1. Selected
measurements were made on 158 additional speci-
mens from the smallest larva (2.2 mm.) to a 254.9-
mnl. individual (table A-1). These measurements
were plotted relative to standard length, and the
resulting scatter diagrams are included in figures
3 and 25 to 32. Regression lines were eye-fitted
to the data with a straight-edge for discussion pur-
poses, but were not included in the figures. All
proportions of larvae were not measured because
most of the characters included here are based on
parts not present in larvae or because the larvae
are so unlike the prejuveniles that to include them
would be of little value. The larvae are illustrated
in figures 8 to 10.

The distances from pelvie-fin insertion to snout
and to midcaudal base were not measured, as
the insertion of this fin remained constant in
position with that of the pectoral.

Eye diameter in relation to head length and
to standard length was discussed in detail in
an earlier section on metamorphosis in relation
to change of habitat. The eye diameter initially
has & higher rate of increase than in sizes greater
than about 35~65 mm., the zone of transformation
(fig. 3). The relation of eye to head remains
constant at all sizes, after an upward step at
metamorphosis (fig. 4).

Ficure 11.—Pelagic prejuvenile Pseudopriacanthus altus,
12.1 mm. standard length (BLBG, Gill Cr. 7, Reg. 38).

F1GURE 12.—Pelagic prejuvenile Pseudopriacanthus altus,
15.0 mm. standard length (BLBG, Gill Cr. 8, Reg. 54).

Many of the regression lines eye-fitted to the
body proportions in standard length show inflec-
tions at various sizes (step indicated in paren-
theses) ; some show no inflection. The body pro-
portions are as follows:

Body depth- at pelvic-spine base, down (75—
85 mm.), figure 25; body depth at third anal-spine
base, down (75-85 mm.), figure 25; head, down
(125-135 mm.), figure 32; snout to dorsal-fin ori-
gin, down (120-130 mm.), figure 30; snout to
dorsal-fin termination, down (75-85 mm.), figure
30; snout to anal-fin origin, no inflection, figure
30; postorbital, down (80-90 mm.), figure 32;
least depth of caudal peduncle, down (150-160
mm.), figure 29; dorsalfin origin to midcaudal
base, down (95-105 mm.), figure 29; anal-fin origin
to midcaudal base, down (95-105 mm.), figure 29;
dorsal-fin base, down (65-75 mm.), figure 32;
anal-fin base, down (80-90 mm.), figure 32; bony
interorbital, down (50-60 mm.), figure 31; pec-
toral fin origin to snout, down (110-120 mm.),
figure 31; pectoral fin length down (95-105 mm.),
figure 31; pelvic-fin spine length, down (150-160
mm.), figure 28; second pelvic-fin soft-ray length,
down (100-120 mm.), figure 28; maxillary, down .
(120-130 mm.), figure 30; third dorsal-fin soft-
ray, down (step at 70-80 mm.), figure 27; third
anal-fin soft-ray, down (70-80 mm.), figure 27;
snout, up (50-60 mm.), figure 30; dorsal-fin termi-
‘nation to midcaudal base, up (110-130 mm.),
figure 26; anal-fin termination to midcaudal base,
up (110-130 mm.), ﬁgure 26; and pectoral fin
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Ficure 13.—Pelagic prejuvenile Pseudopriacanthus altus, 16.8 mm. standard length (WHOI).

origin to midcaudal base, up (130-140 mm.),
figure 29.

Although the data are not sufficiently strong to
support a positive statement, 1 believe from ex-
amination of a size series of specimens (figs. 11 to
23) that the inflections in relations of body pro-
portions to standard length are, at least in part,
a function of a general postcranial elongation of
the larger fish, particularly in the region of the
caudal peduncle, brought about by a dispro-
portionately greater rate of increase in length in
comparison with increase in body part—riather
than a slowing down of growth in the body part
and a constant rate of increase in the length.

PIGMENTATION
PIGMENTATION OF PRESERVED SPECIMENS

The following descriptions are based on pigmen-
tation of formalin- and alcohol-preserved speci-

mens. In the discussion which follows, the word

“pigmentation” refers only to dark chromato-
phores, which appear brown or black. These
chromatophores remain, though varying in in-
tensity <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>