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ABSTRACT

An investigation on the hydrography, distributions of plankton
stocks and particulate matter, level of primary productivity,
and potential fishery yield in the epipelagic zone of Hawaiian
waters was carried out in l979 at several stations between
Hawaii and Midway Islands. While a few important differences
exist between subareas of the high Hawaiian Islands and the
low Northwestern Hawaiian Islands regarding water temperature
structure and taxa of fish larvae, the physical-chemical
environment and the abundance of planktonic stocks are strongly
uniform and have low variability in both space and time.
Although the oceanic habitat is relatively uniform along the
archipelago, waters around the Northwestern Hawaiian Islands
have slightly higher average amounts of plankton stocks �0 to
30X! and daily primary productivity �0X! than the Hawaiian
Islands. The best estimate of potential fishery yield from
Hawaiian waters is 50 to 100 kg km yr of live biomass, or
about 2 to 4 times the average annual catch of tunas in
Hawaiian waters in the past two decades.

Hawaiian Archipelago
potential fishery yield
primary and secondary productivity

INTRODUCTION

Research on the distributions of plankton stocks, primary produc-
tivity, and calculated potential fishery yield in the Hawaiian Archipelago
has been carried out to resolve whether any significant differences exist
for these variables between the northwestern and eight Hawaiian Islands.
The focus on this primary objective for the present study was taken to

191



help determine whether or not any fundamental biological differences in
the lower trophic levels between these two subareas in the Hawaiian chain
can account for or are manifest in the apparent greater abundance, stacks,
and larger sizes of certain high-order, pelagic carnivores in the North-
western Hawaiian Islands. These subarea differences in the abundance and
size composition of large pelagic predators may be attributed to three
primary factors: �! basic physical-chemical habitat differences such as
currents and hydrographic structure, a greater level of underlying primary
productivity in the water column, or differences in the composition of
organism sizes and taxa in the plankton; �! time-varying patterns in the
migration routes of these large pelagic fish; �! a much greater level of
fishing effort and degree of stock exploitations in the Hawaiian Islands.
Thus, most of the research effort has been a search for pattern in
spatial and temporal distributions of several key variables in the epi-
pelagic zone af Hawaiian waters. The variables measured and sampling
plan for the present study are described below.

METHODS

The planned field sampling design for oceanographic components in the
epipelagic zone of Hawaiian waters was based on two cruises of eight tran-
sects each  four per subarea in the Hawaiian Islands, A to D, and North-
western Hawaiian Islands, E to H! with three stations per transect on a
windward-leeward alignment  Figure 1!. For each variable of interest, this
station plan would enable statistical comparisons for seasonal changes
 winter versus summer!, differences between subareas, and differences
between stations along the transects. Thus, the ideal sampling grid cov-
ered 24 stations per cruise, whereas the actual sampling density averaged
20 stations per trip.

Figure 1. Sampling transects and stations occupied in the
Hawaiian Archipelago from Hawaii  A! to Midway
Islands  H! in 1979. The dotted lines enclose
the 3,660 m depth contour.
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Field sampling measurements of several environmental and biological
variables were carried aut in the upper 200 meters during each cruise in
1979, the first one being in late winter � to 29 April! and the other in
summer �1 June ta 9 July!. The data and samples collected far analyses
and study include incident light and vertical light attenuation, profiles
of temperature and salinity, plant nutrients  nitrate + nitrite!, particu-
late carbon  PC! and nitrogen  PN!, chlorophyll a and phaeopigments, daily
primary productivity, depth-average night and day zooplankton stock, the
mean dry weight and percentage of carnivorous taxa by numbers in the
macrozooplankton catch, and the taxonomic composition and abundance of
epipelagic fish larvae.

The analyses of samples and data collected were carried out with
only minor modifications to established procedures. The light data were
obtained using LICOR  Lambda Corp., Lincoln, NE! quantum sensors and
meters  mode1. 190S atmospheric sensor, model 550 printing digital inte-
grator, model 185A meter and model 192S submarine 2 pi hemispheric sensor!,
with Secchi disc depth readings taken near noon each day. Temperature and
salinity data were obtained from bucket samples for the surface, fram CTD
 conductivity-temperature-depth! casts and XBT drops to a maximum of 450 m,
and fram seawater samples for conductivity calibrations from hydrocasts
at each station. Sigma � t values were calculated from CTD temperature
and salinity values using Knudsen's tables  Knudsen, 1901!. From the
samples of each hydrocast, determinations of nitrate plus nitrite, PC and
PN, plant pigments and daytime  sunrise to sunset period! 1 C uptake were
carried out by conventional methods outlined in Strickland and Parsons
�972! with the following exceptions. PC and PN were measured using pro-
cedures and facilities given by Hirota and Szyper �976!, and the daytime
primary productivity was calculated from in situ incubations to depths of
150 ta 175 m from sunrise to about local apparent noon. The net-collectable
macrozaoplankton stock was sampled and assessed during both daytime and
nighttime with a standard 0.7-m diameter bongo net in oblique tows ta
about 200 m and by a 0.7-m wide by 0.35-m high rectangular mouth neuston
net, both nets being of 0.18-mm aperture  Hirota and Szyper, 1976!. From
the oblique bongo net collections, a small aliquot was taken from each
preserved sample and the total number of macrazaaplankters and the number
of individuals which are carnivorous  viz., chaetognaths, siphonophores,
other cnidarians, ctenophores, fish larvae, and several taxa of crustaceans,
including many copepad genera! were counted by dissecting microscope at
low �0 ta 40X! power. From these data and the total macrozooplanktan
stock as dry weight, it is possible to estimate the average plankter dry
weight  Mullin et al , 1975! and the percentage of carnivares of total
numbers. Collections of ichthyoplankton were made at each station with
four types of nets, but all with the same 0.5-mm mesh apertures. The
neustonic ichthyaplankton were collected in both daytime and nighttime
with a 1-m wide by 0.5 � m high rectangular mouth net. The epipelagic taxa
were collected only at night in oblique tows to about 100 m primarily with
a 2-m by 2-m square mouth larval fish trawl and a 1-m diameter ring net
on cruise I with a 20-m �-ft! Isaacs-Kidd Plankton Trawl  IKPT! during
cruise II  IKPT mouth area ca. 2.4 m !. Because of this change in collec-
tion gear during the ichthyoplanktan part af the study  due to a break in
the 2-m by 2-m net frame!, differences in the abundance data of fish larvae
must be viewed with caution.



RESULTS

Data from the 1979 survey of the hydrography, particulate matter,
and productivity of Hawaiian waters show that for most variables there
are small mean differences  ca. 10 to 40Z! in either space or time
 Table 1!. The physical-chemical environment of the tropical ocean and
these biotic components show a strong uniformity and low variability of
average values  coefficient of variation in percentage is the sample
standard deviation expressed as a percentage of the mean!, except for the
mixed layer depth.

TABLE 1. A COMPARISON OF TEMPORAL AND SPATIAL VARIATIONS IN MEAN VALUE

OF TEN SELECTED VARIABLES  COEFFICIENT OF VARIATION IN PERCENT!
ALONG THE HAWAIIAN ARCHIPELAGO IN 1979

Temporal Changes Spatial Changes
W nter Summer Nort-

 April!  June-July! western
Hawaiian

1979

Variable

1. Quantum flux, Ei m d

2. Surface temperature, 'C

3. Mixed layer depth, m

7. 23

�.4!
6,09

 8,4!
7. 15

�. i!
6.42

�. 5!

When the plant nutrient data from all the stations in each season
are plotted against the water density  Figure 2!, it is evident that
the main part of the nutricline is consistently between 24.5 and 26
sigma � t units and that there is very little seasonal change in the
nutrient concentration-density structure of the upper 200 m. Thus,
these data clearly show that the Hawaiian Islands and Northwestern
Islands subareas are not very heterogenous, the differences of mean
values being much less than a factor of two.
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4. Euphotic zone,
�X Io!

5. Total nitrate-nitrite,
mg-atN m 2 0 to 200 m

6. Total particulate N,
mgN m ~ 0 to 200 m

7. Chlorophyll a, mg m ~
0 to 200

8. 1~C uptake, mgC m d
0 to 175 m

9. Nighttime neustonic macro�
zooplankton stock,
mg dry wt m

10. Nighttime average macro-
zooplankton stock, mg
dry wt m ~ 0 to 200 m

54.7

�. 7!
23. 1

�.1!
130

� 6!
ill

�.6!
285

 9. 1!
648

� ' 2!
9.89

�.0!
80

�0.5!
2.40

�2.0!

51.6

�-5!
25.6

�,3!
50

�2.8!
104

�.0!
256

�3.0!
707

�. 0!
9. 88

�.5!
101

�0.8!
3.49

�4.0!

51. 8

 9.9!
24.8

 O.5!
108

 9.1!
110

�.5!
265

�4.9!
604

�.0!
9.10

 9.6!
73

�6.2!
2.47

�5.9!

57.0

�.8!
23.6

�.8!
83

�0.0!
106

�.9!
282

�4.9!
732

�-0!
10.6

�.3!
102

�1,8!
3.21

�9.4!
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Figure 2. Seasonal variation in the nutrient concentration-

density structure of the epipelagic zone in
Hawaiian waters, with data from all stations
being combined for each cruise.

The observed variations in primary productivity in Hawaiian waters
for 1979 appear best related to the upward flux of nitrogenous plant
nutrients  NO~ + NO~! inferred from the vertical gradient of the nutri-
cline  Figure 3, N = 13, r = 0.73, p < 0.01!. Note that this positive
correlation applies only to those stations at which the top of the
nutricline i.s deeper than the photic zone �X of surface light!. This
relationship only holds for about one-third of the stations sampled �3
of 38!, and whenever the nutricline depth is within the photic zone the
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For each of several parameters, results from this study were sepa-
rated into data sets of Hawaiian versus Northwestern Hawaiian Islands

subareas and tested statistically for median and mean differences
 Table 2!. Only the PN and primary productivity values are significantly
different  p, the probability of equal medians due to change, being less
than 0.05!. Other parameters which do not show a significant difference,
but which suggest a trend are the plant pigments, percentage of carni-
vorous macrozooplankters, and the abundance of total ichthyoplankton
 Table 2!. Note that the significant median difference for daily primary
productivity  p < 0.01!, for all stations taken together is due to higher
level of productivity at inshore stations  p < 0.05!, since oceanic
windward and leeward station levels are not significantly different between
subareas  p = 0.2!.



TABLE 2. RESULTS OF STATISTICAL TESTS FOR 16 PARAMETERS MEASURED IN

HAWAIIAN WATERS DURING WINTER AND SUMMER CRUISES IN 1979

Hawaiian Islands .'1orchves cern Islands 0-test t-test
N 'Ned lan N Nedian P

Parameter

18 115 19
18 279 20

0.12
0.70

Depth of mixed layer  m!
N03 e NO2  mg-atNIm !

70
294

0.12
O. 71

PC  mgm !
PN  mgm !
C/N ratio
Chlorophyll a  mg m !
Phaeopigments  mg.mP~!
Chl. a/Chi. a + Phaeo. ratio

18
18
18
18
18
18

5 740
586

9.23
9.33
8.57
0.493

20
20
20
20
20
20

5750
732

7.90
10.3
8.98
0.523

0.99
D.0008**
0.0007ee
0.077
0.68
0.099+

0.53
0.0014**
0.0019ee
0.065
0.71
0.098

no18 65.6 1.01 O. 013*

0.030*
0.22

0,02 5*

0.030*
0,32

Primary Production
 mgC m ' day I!

Inshore star.ion
Leeward and vindward

7
11

104
97.9

61.1
71,6

7
13

Zooplankton dry weight  mg m 3!
Animal dry weight  ug animal !
2 ca rnivo res  I !

28
28
28

4.44
11.8
6.40

0.88
0.88
0.095

40
40
40

5.39
11.2
7.48

0.25
0.99
0.082

Total larval fish  no m ~ 10 !
Total tuna spp.  no.m -'-10 1!
Inshore reef larval fish

 no m i 10 ~1
reer taxa  I!

0.056+
0.44
0. 39

14
14
14

135
2.67

19,9

19
19
19

242
0.70

24.6

0.23
G. 84
0,27

8.60 0.8914 8.42 19 1.00

Nore; Null hypotheses are that no difference exists between subareal medians or means of the
parameter. P is probability of a significant difference due co random sampling variability.
* and ** Indicare probability less than 0.05 and 0.01, respectively, and a + is for p less chan
O. l.

A hypothetical nitrogen mass balance description for the epipela-
gic zone in Hawaiian waters  Figure 4! shows the presumed relationships
for steady state vertical transport: upward flux of dissolved "new"
inorganic nutrient  nitrate!, uptake and consumption-transformation by
plankton, and downward loss to sinking. The importance of hydrographic
structure and processes controlled by zooplankters is evident in their
relationship to abundance and productivity of the phytoplankton. The
general relationship of nitrogen mass balance in the vertical direction
for tropical, permanently stratified environments seem simple enough to
verify by measurement, but the frequency of departures from a steady
state and the importance of storms and changes in weather will require
documentation.
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level of productivity is more variable and is not related to the nutri-
cline gradient. These results are interpreted to Incan that the level
of 1"C fixation in the water column is lifnited by the vertical flux or
supply of new inorganic nitrogen  nitrate! to plants in the photic zone,
and this relationship  Figure 3! is consistent with the findings of
other studies in tropical-subtropical habitats  Eppley et al., 1979;
King and Devol, 1979; Herbland and Voituriez, 1979!. From the C and14

chlorophyll a data  using a FC/Chl a ratio of 60! the specific growth
rate of the phytoplankton in the water column is 0.15 per day  range
ca. 0,3 to 0.05 per day!, or a doubling ti1ne of about 5 days.
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sent data from winter and summer cruises, respectively.

Figure 3.
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Estimates of secondary production by macrozooplankton and the poten-
tial pelagic fish yield  from the fifth trophic level! in Hawaiian waters
are made using our field data and the computational procedures and
assumptions given by Allen �971!, Ryther �969! and Sheldon et al.
�977!. Because there was neither a significant difference in the macro�
zooplankton stock as median dry weight in the upper 200 m between subareas
or in the median size of plankter weight  Table 2!, the secondary produc-
tion by macrozooplankters was calculated using the day and night overall
mean stock  S! in the upper 200 m �.5 mg dry wt. m ~!, an instantaneous
growth rate  g! of O.l per day, and the mean FC/dry weight ratio �,35!.
The calculated net production by the macrozooplankton  Pnet = g+S! equals
38.5 mgC m 2 day 1, 14 gC m 2 yr 1, and 140 metric tons biomass km 2 yr
 using a biomass/PC ratio of 10!. These values compare with average
levels of primary production  Table 1! of about 90 mgC m 2 day
33 gC m 2 yr 1, and 330 metric tons biomass km 2 yr 1. For a 10% food
chain efficiency and five trophic level food chain  plants to piscivorous
fish!, the calculated potential pelagic "tuna" fishery yield ranges from
33 to 140 kg km yr 1 based on annualized rates of primary and secondary
macrozooplankton production, respectively. It is expected that the esti-
mate based on primary production could be too low by about 50% due to PC
formed by bacteria and other microbial heterotrophs not considered in our
study, while the estimate based on secondary macrozooplankton production
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may be too high because we have ignored a more rigorous account of the
trophic status of these animals  ca. 10% are carnivorous, Table 2!. Thus,
50 to 100 kg biomass km yr for the range of potential fishery yield
values in Hawaiian waters seems the best estimate. This is 10 to 20 times
lower than our initial estimate because of much lower primary productivity
measured during the study �3 gC rn 2 yr 1 versus 75 gC m 2 yr 1 estimated!,
a lower percentage of carnivorous taxa in the rnacrozooplankton catch, and
using a 10% versus 15% food chain efficiency. The 50 to 100 kg km 2 yr 1
is two to four times greater than the average annual pelagic skipjack tuna
landings in Hawaii per unit area of fishing ground from about 1950 to 1970
 Uchida 1970, 1975!, for which the catch has averaged 25 kg km 2 yr 1  ca.
4,500 metric tons per year in 181,000 km2 fishing area!. These data
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Vertical flux nitrogen mass balance model for a stratified,
two-layered tropical oceanic environment



suggest that the pelagic tuna and other high-order piscivorous fish catch
is close to the maximum sustainable catch per unit effort  discounting
effects of migration! of one-half to one-fourth of the total potential
yield  Sheldon et al., 1977!. This finding is supported by those of
Uchida �968! who found higher catches per unit of effort in underfished
areas outside the Hawaiian skipjack grounds. It would appear that whereas
total landings can be increased within the Hawaiian area by increasing
effort, the catch per unit of effort should decline unless a change in
technology is made  viz., use of aggregating buoys or other school-
locating techniques!.

The study of ichthyoplankton in the Hawaiian Archipelago was carried
out by grouping taxa as offshore pelagics versus reef and inshore fishes,
with detailed emphasis being, given to pelagic fishes of commercial and
sport value  Table 3!. The median abundance of total fish larvae is sig-
nificantly higher in the NWHI than in the main Hawaiian Islands  Table 2!,
although apparently less so in summer than in winter  Figure 5!. Further,

TABLE 3. LIST OF ICHTHYOPLANKTON TAXA IDENTIFIED

FROM SAMPLES COLLECTED IN HAWAIIAN

WATERS, WINTER AND SUMMER CRUISES IN
19'79

3. Surface-living
Clupeidae
Engraulidae
Exocoetldae
Hemir smphid as
Holid as
Home idae
Scombersocidae

A. OffSHORE AHD PELAGIC TAXA

I. Commercial and Sport pish

Haarshor e
Dccapterrre sp.
Se letr crrrererroph aha Drrrrs
Sericla epp.
Other Caiangidae

I. iion-Pelagic Kgga
Armand y t ides
Apo p,on idee
Atherinidae
Blenniidse
Gobiidae
pomacentridaa
Syngnathidae
Tetraodontidae
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Oceanic
Corryphaena eqrrias lie
conpphaena hippums
Corpphaarra spp.
Gerrrpdlus terpene
Pealotrrs tripes
Other Gempylidae
Istiophoridae
drrmie sp.
Krrtycrrrrrrre affi nie
Eats crerrrrue pe larri a
~ ala lrrrrpa
~ air'racaree
Ipmrrncra spp.
Trichiuridae
Xiph~ gladius
Quid entif led Scombridae

2. Deep-living or Benthic
Asar sip idee
Belonidae
Brotulidse
Chanpeodentidae
Cheilod ipter idae
Chlcroph thalmidae
Kv sr mann e I I I d as
Gonos tome t idae
Lophiiformes
Piyctophidae
Botosud idee
Psrslep id idee
Pepasidae
Stasis toidci
Stromateoidee
Tetragonuridae

2. Pelagic Eggs
Ac en thur idee
Bo thidae
Cal I ionymidae
Ca rapid as
Chas todon t idee
Dactylopteridae
Diodontidaa
Pistui.ariidse
Ho!ocentridae
Kyphosidae
Labt idee
Lutianidae
Hicrodesmidae
Phrgilidae
Hullidae
Gstraciontidae
Pleuronectidae
Pomscanthhdae
Priacanthidae
Scorpaenidae
Serranidae
Sphyraenidae
Synodontfdae
Tetrandontiformes
Others
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Figure 5, Variations in the abundance of total fish larvae
 circles! and of fish larvae of inshore reef taxa
 squares! between seasons and stations in Hawaiian

waters in 1979

there is a significant positive correlation  r = 0.62, p   0.01! between
the percentage of larval fishes which are inshore taxa and the total con-
centration of fish larvae, suggesting an addition of reef and inshore
ichthyoplankton to a "background" level of offshore, oceanic fish larvae
at about 50 to 100 individuals per 1,000 m~.

Among the significant findings in the i.chthyoplankton study in spatial
differences or gradients and seasonal changes are the following.

tions in 1979 at all stations in the present study  only two specimens
caught in all neuston and oblique tows!, whereas they were very abundant
in the Northwestern Hawaiian Islands  Nihoa-Laysan! in 1977  TC-77-02,
oblique bongo net tows by National Marine Fisheries Service personnel!.

2. In oblique nighttime tows to about 100 m total tuna species,
primarily the skipjack and ahi, occurred at an average of less than
I/1,000 m and 1% of total fish larvae in the winter cruise  83 tuna
larvae total!, whereas in the summer cruise these values increased to
an average of 23/1,000 m of total tuna larvae and over 7% of total fish
larvae �,569 tuna larvae total!.
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3. Tuna larvae tend to be captured at locations where the water
temperature at 50 m depth exceeds 23 to 24'C, and in both 1977  TC-77 � 02
bongo net series! and 1979 the catch of tuna larvae tends to tail off and
decline from about French Frigate Shoals toward Midway.

4. The ichthyoplankton and taxa of daytime neuston collections are
comprised mainly of larval and early juvenile flyingfishes  Exocoetidae!,
goatfishes  Mullidae!, and larval lanternfishes  Myctophidae!, which are
probably forage for seabirds, while nighttime collections catch many adult
myctophids. Also the sea moth, ~Pe usus pe~ilio, was frequently caught in
night neuston tows in the Northwestern Hawaiian Islands �03 specimens,
both cruises!, occurring there at 9/13 stations on cruise I and 7/10
stations on cruise ll. By contract only two larvae of ~Pe asus were taken
by oblique tows off Hawaii and Molokai  stations BW and CI! and none
were taken by neuston net in the Hawaiian Islands.

5. Two species of pelagic sauris  Scombersocidae! were collected by
neuston net in the present study, Cololabis saira  Pacific saury! at the
northern end of the chain at Laysan, Lisianski, and Midway Islands on
cruise I and C. adocetus  dwarf saury! from around Hawaii Island on both
cruises. These occurrences of larval Cololabis at opposite ends of the
Hawaiian Archipelago reflect cooler, subtropical fauna in the northwest
and a warmer, tropical north equatorial fauna in the southeast.

6. Small numbers of larvae of billfishes  Istiophoridae and Xiphii-

neuston tows, the Istiophoridae in daytime tows and the other mainly at
night. C. ~hi urus was much more common in winter �8 specimens! than
in summer � specimen! 1979, whereas the little dolphin, C. ~e uiselis was
more nearly common in both seasons  in winter 6 fish, in summer 9 fish!.

DISCUSSION AND CONCLUSIONS

We have presented above the major findings from our research in 1979
on the hydrography, plankton stocks and productivity, and estimated poten-
tial fishery yield from Hawaiian waters. We have given emphasis to
seeking patterns in the differences for parameters between the Hawaiian
and Northwestern Island subarea' A longer, more detailed analysis of our
existing data will enable a search for statistically significant differ-
ences between seasons and between oceanic windward and leeward versus

"inshore" stations. While there are statistically significant differences
between subareas in a few parameters  e.gep level of primary productivity
and PN concentration!, they are not as great as one might expect a ~riori
based on seasonal changes in hydrographic structure and weather across the
Hawaiian chain. As a first approximation the oceanographic conditions in
Hawaiian waters could be considered the same, with differences between
areas less than a factor of two and related to random sampling variability
and changes in the water column by the prevailing circulation. However,
when evaluations of parameters are taken at a more specific level  e.g
some of the ichthyoplankton data!, differences between subareas and time

and tuna species!.

201



The best estimate of 50 to 100 kg biomass km yr as the potential
fishery yield in Hawaiian waters  to a distance of + 30 km windward and
leeward of the island masses! can vary from about 10 to 1,000 kg km yr
depending on assumed values for the food chain efficiency �0X! and the
number of transfers �! through the trophic levels �! to the final yield.
We are unable to refine or make these estimates much more accurate, with
the exception that we can obtain direct measurements of the instantaneous
rates of growth  g! for representative macrozooplankters of about 10
micrograms dry weight to compare it with the 0.1 per day value we assumed.
The effect of seasonal migrations by tunas on the landings is largely 50
to 100 kg km yr is accurate, it is possible to predict that the pre-
sent catch of about 25 kg km yr is close to the maximum value of catch
which can be sustained from Hawaiian waters unless greater harvest is
offset by immigration. Thus, an increase in landings per effort would
require exploitation of new fishing grounds offshore or in the North-
western Hawaiian Islands or use of new technologies in fishing.

FUTURE RESEARCH NEEDS

Future research needs which could ideally be addressed to supplement
existing information include the factors and processes which control
temporal fluctuations in hydrography, plankton stocks, and particulate
carbon fixation from scales of days to between years. Such research might
include an investigation of: �! the short-term  days to weeks! nature of
steady states between nutrient supply, plant production, and the consump-
tion of particulate carbon by zooplankton, and �! the control of these
processes and the variations in abundances of biota due to the complex of
currents and transport around our islands in the Hawaiian chain. How do
larvae of inshore fish species get 30 km to windward of islands in summer
if the prevailing surface current follows northeast tradewinds? What and
how do seasonal changes in currents, hydrographic conditions, and food
influence seasonal variations in fish larvae, recruitment and the catch of
large pelagic fishes? Is the seasonal variation in catch of pelagic tunas
due mainly to migration of fish stocks into Hawaiian waters in the second
and third quarters of the year or are there some influences of changes in
environmental conditions on fish schooling and availability?
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FISHERY: A PROGRESS REPORT
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ABSTRACT

Studies of Northwestern Hawaiian Islands bottomfish stocks

provide urgently needed information concerning the response
of these species to exploitation. Cluster analyses indicate
the existence of three principal species groups in this
fishery which are segregated on the basis of depth. No dif-
ferences have been. detected in species assemblages through
time or between high island banks. Production estimates
indicate that in rich areas a harvest of almost 600 pounds
of bottomfish per nautical mile of 100-fathom contour could
be sustained on an annual basis. Attempts at aging the
opakapaka, Pristipomoides filamentosus, the dominant species
in the fishery, are proceeding on schedule but parameter
estimates are open to certain questions in interpretation.
Opakapaka show a definite size stratification according to
depth of capture and a description of this spatial pattern
will allow bias to be reduced in the estimation of mortality
rates. Studies concerning the selectivity of fish hooks
indicate they provide relatively unbiased size samp1es and
that gear restrictions would be ineffective in managing this
fishery. Progress towards the completion of this project is
on schedule although some problems remain to be overcome.

stock production
aging
mortality

bottomfish

otoliths

depth distribution
gear selectivity

INTRODUCTION
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With the enactment of the Fishery Conservation and Management Act
of 1976 and the subsequent establishment oF the 200-mile fishery ccnser-
vation zone, the fishery resources of the Northwestern Hawaiian Islands



 NWHI! have become increasingly important, It is now generally acknowl-
edged that the magnitude of these largely untapped resources is sub-
stantial and that in the near future, catches from this region could
significantly increase the total landings of fishery products in the
state of Hawaii. The realization that these resources hold considerable
economic promise has had several consequences.

One major effect has been a rapid increase in the funding and sup-
port of research programs, such as this one, aimed at both understanding
the ecology of this pristine area and concomitantly, determining optimal
strategies for the utilization of its resources. This in turn has led
to several relatively detailed studies of populations or stocks in the
NWHI which previously had attracted little or no attention, even around
the main high islands. An excellent example of this is the Hawaiian
handline fishery for deep-dwelling bottomfish, which prior to 1978 had
never been studied, even though species taken in this fishery are some
of the most highly valued in the state  Ralston, 1979!. This observa-
tion only serves to underscore the importance of research programs cur-
rently being conducted in the NWHI in that they allow comparison of a
disturbed ecosystem with an undisturbed one. Such comparisons are inval-
uable in assessing the effects of exploitation on community dynamics and
aid not only in developing management strategies for the resources of
the NWHI but, reciprocally, they allow an assessment of main island
resources as well.

The initial specific objectives of this study were, and remain,
fourfold. These are: �! to attempt a more realistic multispecies stock-
production analysis by using a multivariate clustering technique to pro-
vide estimates of sustainable yield of bottomfish per unit area, �! to
accurately determine the pattern of growth for the opakapaka, ~priori o-
moides filamentosus, the single most important component of this fishery;
�! to develop a statistical model for determining instantaneous mortality
rates and to apply it to bottomfish length-frequency data; and �! based
upon these results to undertake an analysis of the problem of growth
overfishing by utilizing the yield-per-recruit approach of Bevertan and
Holt �957!.

When all four phases of this study have been completed a synthesis
of the information relating to selected bottomfish stocks will be possi-
ble. Alternate and independent application of both surplus production
and dynamic pool models to the problems of overfishing will allow a
realistic appraisal of the present condition of these stocks and their
potential for future yields.

METHODS

All of the stock � production analyses reported upon herein were
applied to the Hawaii Division of Fish and Game  HDFG! catch report data
set. This computerized data file contains all of the monthly catch
reports submitted to HDFG by the licensed commercial fishermen of the
state, spanning the years 1959-78 inclusive. The Graham-Schaefer sur-
plus production model  Ricker, 1975! was applied to those catches and
effort statistics concerning species reported to have been commonly
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taken by deep-sea handline methods. No equilibrium approximation was
attempted.

A multivariate clustering program  BMDP, P1M! grouped the 13 species
in the fishery according to their various tendencies to appear with one
another in the catch. Consequently, the groups that were formed include
species which are more or less simultaneously subjected to fishing mortal-
ity; therefore, group members were treated as though they were exposed to
identical values of annual fishing effort. The annual yield for group
merrrbers was then pooled to provide estimates of group catch, whereas the
accumulated annual number of vessel days during which group members were
reported caught formed the corresponding value of fishing effort.

All research sampling was conducted aboard the RV ~Eas Rider while
participating in cooperative vessel charters with other Sea Grant program
participants. Four cruises have been made to date comprising some 60 to
70 days at sea. Every fish caught was identified to species and measured
to the nearest millimeter fork length  FL!. The depth of capture was
noted. Otolith and gonad samples were taken from selected specimens for

later analysis'

During examination in the laboratory the otoliths were mounted on
glass slides after being sectioned and polished. Presumed daily incre-
ments are visible in such preparations when viewed through compound optics,
The age of a specimen can therefore be estimated by relating the density
of increments to size and then integrating the resultant function. Confi-
dence intervals for these estimates have been calculated using the "Delta
Method" in which the first several terms of the Taylor series are expanded
about the mean value. Age and length data were fitted to the von
Bertalanffy growth model  Ricker, 1975! with the help of the nonlinear
regression routine obtainable through the Statistical Analysis System  SAS!.

Gear selectivity experiments were performed by simultaneously fishing
with four different sizes of hooks  Nos. 28, 30, 34, and 38!. The presen-
tation of hooks was planned to conform as closely as possible with a Latin
Square design  Snedecor and Cochran, 1967!. Each bottomfish gurdy an board
the vessel was rigged with one hook of each size and each hook size was
equally distributed according to line position between gurdies  i.e., top
to bottom!. The disposition of all four hooks on each gurdy was then moni-
tored for all drops made while fishing.

RESULTS

Stock roduction

Cluster analyses were conducted on the catch records from each of the
four major high island banks. This was done in order to determine whether
biological heterogeneity in the deep-sea handline fishery can be attribu-
ted to geographical effects. These four banks are defined by the continu-
ity of the 100-fathom contour and include the following islands: �! Hawaii,
�! Maui, Lanai, Kahoolawe, and Molokai  MLKM!, �! Oahu, and �! Kauai,
Niihau, and Kaula Island  KNK!. Subdivision of the MLKM bank was consid-
ered inadvisable in spite of its large size because the analysis treated
each bank as a separate stock and movements within any given bank along the
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The results from these two comparisons indicate that no discernible
patterns of geographical or temporal difference exist in the bottomfish
fishery. The intrinsic variation between clusters obtained from the same
bank in three adjacent years  Hawaii in 1976, 1977, and 1978! was as
great as comparisons of the variation in clusters formed between differ-

ent banks and through longer periods of time. While there were a few
suggestions of minor differences in the species composition of groups
between banks, these were relatively insignificant and were ignored.
Only one fairly consistent pattern of grouping was repeatedly exhibited
across banks and through time. The clustering analysis shows that the
bottomfish fishery is loosely composed of three species groups which are
apparently segregated on the basis of the depth range of member species
 Table l!. As previously stated, these groups behave in a manner for
the most part independent of time andjor location.

TABLE l. BOTTOMFISH SPECIES GROUPINGS DEFINED BY CLUSTER ANALYSIS

Approximate Depth Range
 Fathoms!

SpeciesGroup

Uku, ulua, taape, a'awa
Opakapaka, hapuupuu, kahala, gindai,

nohu, lehi
Onaga, ehu, kalikali

30-70

40-120

100-160

Once these more realistic, biological groupings had been established,
analysis of catch and effort statistics by bank and species group could
proceed. Thus, the Graham-Schaefer model was applied to the HDFG data set
12 times, once for each bank and species group combination. Significant
results  p   0.05, one-tailed test! were obtained in 5 of the 12 applica-
tions of the model  Table 2!. In general, the analyses from the NLKM bank
described the effects of fishing adequately  all possible regressions sig-
nificant! and the analyses of Group III were useful as well  three of four
regressions significant!. The fact that the results from the other appli-
cations of the model were statistically insignificant becomes more palat-
able when one realizes that approximately 50/ of the statewide catch of.
bottomfish is harvested from the MLKM bank  Ralston, 1979!. Furthermore,
if one treats all the species of Groups I, II, and III, as one multispecies
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100-fathom contour were thought to be likely. On the other hand, the
100-fathom contours around the islands of the KNK bank are not continuous
and these three islands were pooled simply because of their close proximity
to one another and their s~all sizes. The banks of the NWHI were not con-
sidered in this phase of the study because NWHI catches currently amount
to only about 20X of total state landings  Ralston, 1979!. Similarly,
cluster analyses were employed on data from the years 1959, 1965, 1971, and
1977 to determine whether there have been temporal effects on bottomfish
species composition. These various comparisons provided insight into any
biological change which may have occurred in the fishery through time and
also illuminated any differences which might exist between islands or banks
with regard to their species composition.



group and performs a similar production analysis, the regression for total
bottomfish from the MLKM bank is significant as well  Table 2, lower por-
tion and Figure 1!. It is reassuring to note that the sum of the values
of maximum sustainable yield  MSY! for the three species groups from the

TABLE 2. SUMMARY OF STOCK-PRODUCTION STATISTICS FOR ALL SIGNIFICANT

REGRESSIONS

Length of
Species

Bank 100-Fathom
Group

MSY Catchability
Optimum

 Boat-Days!

I MLKM

I I MLKM

I II MLKM

III Oahu

I!I KNK

All Species Pooled as One Group
390 233,800 901 599
150 34,600 424 231

0.00080

0.00168

MLKM

Oahu

Q
lO
U

1000 1200 1400400 600 800

Effort � boat days
200

Figure 1. Graham-Schaefer stock-production analysis of the
total bottomfish landed from the MLKM bank
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396
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MLKM bank in the upper portion of Table 2 accounts for 97.8X of the total
MSY value for the pooled analysis in the lower portion of the table. This
is excellent agreement considering the circumstances.

These results show that the production of bottomfish is greatest
around the MLKM bank, not only in terms of total yield, but also when
corrected for differences in fishable area between banks as well. For

example, if all species are considered as one multispecies stock  lower
portion of Table 2!, a figure for MSY per nautical mile  nmi! of 100-
fathom contour can be calculated. These results show that a yield of
599 lb of bottomfish/nmi can be sustained on an annual basis from the
MLKM bank whereas a comparable figure for Oahu only amounts to 231 lb/nmi.
These two figures provide convenient estimates of the upper and lower
bounds of annual Hawaiian bottomfish production per nautical mile when
all species are considered together.

There is some advantage to be gained however, by splitting the fishery
into the groups listed in Table 1. Not only is the biological realism of
the stock-production analysis enhanced but several interesting patterns
emerge. Notice, for example, that while the estimate of MSY for Group I
from the MLKM bank is less than that for Group III from the same bank, the
fishing effort required to reach that figure is substantially greater, in
spite of the fact that the catchability coefficient for Group I is greater.
This apparent contradiction can be reconciled because the virgin biomass
of Group I at this bank is much less than Group III, whereas the intrinsic
rate of natural increase for this stock is nearly double that of Group III;
hence, the disparity in catchability coefficients.

While these figures have no direct bearing on the NWHI, the subject
of this workshop, this is only because of the historical lack of substan-
tial fishing effort in this region. Without figures to work with it is
impossible to estimate yields. In spite of this it is possible to extrap-
olate and apply the estimates of production for the high islands to the
NWHI. It is known that the total perimeter of the 100-fathom contour in
the NWHI is approximately 1,000 nrni. Employing the figures obtained
earlier concerning the estimates of upper and lower bounds on bottomfish
production, we may guess that MSY for bottomfish from all areas of the
NWHI would amount to somewhere between 230,000 and 600,000 lb annually,
a range comparable to that for the main high islands,

At this time complete readings and age estimations have been obtained
from 43 separate otolith preparations. These were sampled from 35 dif-
ferent opakapaka specimens, ranging in size from 18.6 to 69,9 crn FL.
Both left and right sagittal otoliths were examined in eight of. these fish
to calibrate the accuracy of the integration technique. The results of
these calibration checks reveal that independent analyses of two otoliths
taken from the same fish yield similar estimates of age. Thus, any varia-
tion in age estimates obtained from separate specimens of similar size is
almost entirely attributable to true differences in age rather than sam-
pling error stemming from methodology. Overall some 73X of the observed
variation in ring density has been explained by the integration model «nd
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it has been possible, on the average, to estimate the age in years of
individual fish with 95X confidence.

0 1000 2000

Increments

106
Years

0

Figure 2. Growth of opakapaka at French Frigate Shoals
and Necker Island

The growth equation describing this curve is:

 !805[1-0.164 t +0.841!

where t is age in years and E is FL in centimeters. The estimate of
asymptotic size  80.5 cm! appears to be very reasonable inasmuch as the
largest opakapaka observed to date among over 1,000 measured specimens
has been 78 cm FL. At present the estimate of the instantaneous growth
rate �.164/yr! and the scaling parameter �.84 yr! are open to some
question. Differences in the interpretation of increment periodicity
between this program and National Marine Fisheries Service  NMFS! inves-
tigators have arisen and must be resolved  J. Uchiyama, Southwest Fish-
eries Center Honolulu Laboratory, NMFS, NOAA, Honolulu, Hawaii 96812,
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From these data it has been possible to formulate an estimate of the
von Bertalanffy growth curve for opakapaka sampled at French Frigate Shoals
and Necker Island in the NWHI  Figure 2!. All of the plotted points in
this figure correspond to separate individuals  N = 28!.



personal communication, May 1979!. If increments are deposited more
frequently than once a day, as suggested by these researchers, then the
two parameter estimates provided here would underestimate the growth
rate of this species. This topic will be further discussed under "Future
Research Needs."

Estimation of mortalit

Populations of animals frequently demonstrate a heterogeneous pat-
tern of spatial distribution in the environment, according to such vari-
ables as age and size. If such a population were sampled within some
subset of its total range, the results would present a biased represen-
tation of the species as a whole. Such considerations are important when
attempting to estimate the mortality of certain bottomfish stocks.

The size, and therefore the age, of opakapaka is known to be nonran-
domly distributed according to depth of capture and will serve to illus-
trate this point  Figure 3!. If a sample of this species were obtained
from a depth range of 40 to 70 fathoms, it is clear that many of the
larger fish would be underrepresented. This should be evident in that the
peak abundance of small fish �0 to 39 cm FI.! occurs in 40 to 50 fathom
depths and the abundance of this size group tapers off quite rapidly with
increasing depth, whereas larger fish �0 to 69 cm FL! show a more even
abundance distribution with varying depth. The effect of such a sampling
bias  i.e., underrepresentation of large fish! would be to overestimate
the mortality rate of the species. By similar reasoning, if the sample
were obtained in deep water then the mortality rate would be underestimated.
Only by knowing the form of the density distribution of the various sizes
of fish at different depths can this sort of bias be corrected. The
results presented in Figure 3 will help to provide an unbiased estimate of
the mortality rate of Meeker Island opakapaka. A similar description of
the relationship among density, size, and depth is also available for
French Frigate Shoals. Furthermore, there is evidence to suggest that no
seasonal change in these patterns occurs although this species is known
to undertake small-scale diel vertical migrations. Currently, it would
appear that another important hottomfish species, the hapuupuu, ~g ine ha-
lus truernus shows ,no such spatial heterogeneity with regard to size.

Gear selectivit

It is important to study the selective nature of fishing gear for
two reasons. Since fishing gear usually does not take a random sample of
those fish present, it becomes necessary to evaluate the extent of sta-
tistical bias present in samples which are obtained by fishing. Addi-
tionally, gear selectivity studies frequently answer questions of direct
import to management. For example, restrictions on gear can be used as
a regulatory option. For these reasons the effects of variation in hook
size on bottomfish catch have been examined.

First, it is reasonable to expect that larger hooks would catch larger
fish. However, this does not appear to be the case according to the data
already gathered  Figure 4! . Over a broad range of hook sizes  Nos. 28 to
38! there is no significant difference in the average size of opakapaka
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caught on dif f erent sizes of hooks  F = 0. 55, d. f . = 3, 99! . During
experiments conducted so far, the largest opakapaka caught was taken on
the smallest size hook while fish as small as 26 cm FL Mve been captured
on the largest size hook. Similar results were obtained for the hapuupuu
 F = 0.70, d.f. = 3, 35! and appear to hold for ehu, Etelis marshi, pig
ulua, Caranx cheilio, and kahala, Seriola dumerili, as well. Thus, size-
frequency distributions of bottomfish caught by fishing with hooks of the
indicated series are apparently representative over a broad size range.
In addition, these results indicate that gear restrictions would be
ineffectual in managing these stocks.

E
O

50

30

10

32 3428 30 38

Hook Size

Figure 4. Effects of hook size on the size of opakapaka caught.
Circles signify means which are boxed by the standard
error and bracketed by the standard deviation.

FUTURE RESEARCH NEEDS

At this point, midway through the completion of this research pro-
gram, real progress has been made. Attempts at treating the Hawaiian
deep-sea hand1.ine fishery as a multispecies stock have proven successful
with the help of cluster analysis techniques and other improvements in

213

Not only is the average size of the catch unaffected by hook size
but the number of fish caught is similarly insensitive to such variation.
Fishing experiments indicate that there is no difference in the mean num-
ber of opakapaka caught on each of the four different sizes of hooks on
different days of fishing  F = 1.21, d.f. = 3, 19!. Furthermore, bait
loss was similar for all sizes of hooks  F = 1,66, d.f. 3, 19!. All
of these results in con/unction with each other indicate that alterations
in gear have very little effect on the outcome of fishing for bottomfish
species. Differences among the particular days fished had a much greater
impact on all of the variables measured than did differences in hook size.



the analytic approach. Analysis of the spatial distribution of opakapaka
has provided valuable information in assessing mortality rates. Further-
more, research into the selectivity of fish hooks as a sampling device
has shown that length-frequency distributions obtained by this method are
relatively unbiased and that gear restrictions are a poor choice for
managing this fishery. While there is reason to be satisfied with the
progress to date, several areas other than those listed will demand more
attention during the ensuing year.

The most serious of these concerns the difference in interpretation
relating to the periodicity of otolith increments in the opakapaka. At
present there is no way of resolving this issue without obtaining defin-
itive experimental evidence. This kind of evidence may be obtained by
sequestering live fish which have had their otoliths marked in viva. The
difficulty in performing this experiment stems from maintaining opakapaka
alive in captivity. Their deep-dwelling habit. and physoclistous condi-
tion almost inevitably leads to a lethal embolism for those individuals
brought to the surface. In spite of this hindrance, both this program
and NMFS investigators have maintained opakapaka specimens in aquaria for
moderate periods of time. The solution to this nagging problem is criti-
cal and constitutes the single most important aspect of this research
program which remains unresolved.

The determination of opakapaka mortality rates should proceed
smoothly once the previous problem is solved. Work is currently underway
to generate a growth curve similar to Figure 2 concerning main high
island apakapaka. Regression statistics from these curves will provide
the basis for transforming length data into unbiased age estimates. Once
corrections for age-depth stratification have been made  Figure 3! esti-
mation of instantaneous mortality rates will be possible. If no differ-
ences exist in the growth of opakapaka from these two areas the data can
be pooled resulting in improved estimates of regression parameters. At
that paint the application of the Bevertan and Holt �957! dynamic pool
model would be very straightforward.

While this program has focused rather intensively on the bialogy of
the opakapaka, it was initially hoped that similar analyses could be con-
ducted on hapuupuu, uku, ~A zion vizescens, and onaga, Etelis cazbunculus,
as well. Several obstacles are hindering this goal at present. The first
is the inordinate amount of work required in generating growth curves for
these species. The analysis of daily otolith growth increments in these
fishes is a very time-consuming process and initially it was planned that
information gathered by NMFS researchers would be shared to optimize
available resources. Progress at present is slaw and it is not known
whether the formulation of growth curves will be possible for any impor-
tant species of battamfish other than opakapaka. This problem is
troubling but can be circumvented by other, though less desirable, means.
It is possible to undertake a yield-per-recruit analysis without direct
recourse to age data although potentially unrealistic assumptions must
be made  Martin, 1978!. A more serious problem, however, is the lack af
extensive length-frequency samples fram these three bottamfish species,
especially for uku and onaga. Table 1 shows that opakapaka, uku, and
anaga are segregated by depth and, as a result, catches of the lat.ter two

214



species have been negligible during field work. Adequate length-frequency
samples for these two species are a necessity and could be obtained by a
regular monitoring program at the United Fishing Agency fish auction.
Interprogrammatic cooperation with NMFS should assist in this regard.

A realistic stock-production analysis of HDFG catch reports has been
completed and production estimates per unit area are available. Labora-
tory studies on the otoliths of opakapaka are progressing on schedule but
further experiments are needed to provide additional clarification. In
addition, most of the data collection and analysis necessary for the esti-
mation of mortality rates of opakapaka stocks have already been accomplished.
While problems have arisen which will require further work, a reasonable
appraisal of Hawaii's deep-sea handline fisheries resource seems near at
hand.
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A PRELIMINARY REPORT ON BOTTOMFISHING

IN THE NORTHWESTERN HAWAIIAN ISLANDS
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ABSTRACT

Regional and day-night differences in the distribution and
catchability of bottomfishes are shown through analysis of
catch data collected by the National Marine Fisheries Service
on cruises of the NOAA ship Townsend Cromwell in the Northwest-
ern Hawaiian Islands. Large catches of opakapaka, ~priori o-
moides filamentosus, in the Nihoa to Gardner Pinnacles region

ther up the chain. Mean fish weight for several species
increases going up the chain, possibly due to fishing pressure
in the Nihoa to Gardner Pinnacles region. Day fishing results
in a greater cat'ch rate than night fishing. Preliminary growth
estimates indicate that opakapaka takes 3.25 yr. and kahala,
Seriola dumerili, takes 1.75 yr. to attain a 70-cm fork length.

bottomfish

age and growth
distribution and relative abundance

INTRODUCTION

With the creation of the 200-mile Fishery Conservation Zone in 1976
and the extensive fishing pressure around the main islands of Hawaii came
the need for marine resource assessment of the Northwestern Hawaiian
Islands  NWHI!. Under the Tripartite Cooperative Agreement, the Southwest
Fisheries Center Honolulu Laboratory, National Marine Fisheries Service
 NMFS! assumed responsibility for the quantitative fishery assessment and
survey of benthic slope and pelagic resources of the NWHI  Uchida et al.,
1979!. One major portion of our responsibility is the deepwater bottom-
fish resource.
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At present, the NWHI bottomfish resource supports a small commercial
fishery which has been in existence since at least 1948. Due to the long
distance between the NWHI and marketing ports, most of the commercial
fishing effort has been limited to the area between Nihoa and Gardner
Pinnacles.

The Insular Resource Task of NMFS has examined various aspects of
biological and fishery data on the NWHI demersal fishery. Studies on the
feeding habits  see paper by Humphreys!, spawning and fecundity  see paper
by Kikkawa!, occurrence of ciguatoxin  see paper by Ito and Uchida!, and
age and growth  J.H. Uchiyama, Southwest Fisheries Center Honolulu Labora-
tory, NMFS, NOAA, Honolulu, Hawaii 96812, personal communication, March
1980!, are in various stages of completion. This report will discuss the
distribution and relative abundance of the demersal fishes obtained from
our survey cruises and the progress on age and growth studies on opakapaka,
P ' ti oides filamentosus, and kahala, Seriola dumerili.

MATERIAL AND METHODS

The sole source of information used in this paper is the catch data
obtained by NMFS on cruises of the Townsend Cromwell from October 1975
to May 1979. During this period, the Cromwell occupied 112 handline
fishing stations on eight cruises in the NWHI. Except where otherwise
stated, all references to catch refer to the catch of the eight most
important commercial species caught by the Cromwell: opakapaka; ehu,
Etelis marshi; onaga, E. carbunculus; kalekale, P. sieboldii; gindai,
P. zonatua; hutaguthl, Catanx oheilio; kahala; and hapu'upu'u. ~Z ine he-
lus

Fishing operations were conducted while drifting near the edge of
the banks at bottom depths varying from 30 to 200 fathoms. Our handline
gear consisted of lines with from 2 to 15 hooks  Nos. 20 to 30! per line.
We generally used hydraulic or electric gurdies to aid in line retrieval
and occasionally fished manually retrieved lines as well. The most com-
monly used bait was stripped squid. In processing the catch, we recorded
species, sex, weight, and both standard and fork or total length measure-
ments. Where appropriate, we preserved gonads, stomachs, tissue samples,
and otoliths for future analysis at the laboratory.

On the Cromwell we usually retrieve lines as soon as one fish is on,
regardless of the number of hooks we are using. For this reason, I chose
line-hours rather than hook-hours as an esti~ate of fishing effort. In
data analysis, I used catch per unit effort  CPUE! by station both for
weight  kilogram! and numbers of each species as two measures of relative
abundance and catchability.

I used analysis of variance  ANOVA! to test the null hypothesis that
location in the chain, species, and day-night factors have no effect on
CPUE. Since there were insufficient data to allow for a bank-by-bank
analysis, I divided the project area into three regions. Region I, Nihoa
through Gardner Pinnacles, represents the area fished by commercial vessels
on a regular basis. Region II, Raita Bank through Lisianski Island, is
separated from Region III, Pearl and Hermes Reef through Kure Atoll, by a
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natural break in the chain. In the test for day and night differences in
catchability, the separations between day and night stations were not dis-
tinct, so I arbitrarily placed data into day or night categories depending
on whether most of the fishing effort occurred before or after 0600 and
1930 hours.

We followed the methods of Struhsaker and Uchiyama �976! in cleaning,
mounting, and reading otoliths for age determinations.

RESULTS

The CPUE of the combined catch of all commercial species varied con-
siderably among stations. Many stations had no catch at all whereas at
one Midway Island station, the catch rate was 43.3 kg/line-hour  9.3 fish/
line-hour!. On a bank-to-bank basis, overall. catch rates ranged from D at
Salmon Bank and an unnamed bank northeast of Midway to 12.6 kg/line-hour
�.1 fish/line-hour! at Pearl and Hermes Reef. A portion of this varia-
tion may be due to the wide range in fishing effort at the various stations
and banks �.5 to 32.3 line-hours and 3.3 to 231.7 line-hours, respec-
tively!. Regional catch data for each species are presented in Table 1
for day, night, and overall catches. Table 2 compares day and night CPUE
by weight for each species. Catch composition of the five major species
in numbers by region is displayed in Figure 1  onaga, gindai, and kalekale
make up such a small portion of our catch that they are not included in
this figure!. Table 3 lists the incidental species caught with their
overall catch rates.

In a three-way ANOVA of CPUE in terms of weight, significant differ-
ences in CPUE were found among regional  P = 0.02!, species  P = < 0.01!, and
day � night  P = 0.01! classifications and with region to species  P 0.01!
and species to day-night  P = 0.02! interactions. In a three-way ANOVA
with CPUE in terms of numbers, however, significant differences were
found in only three cases: species, day-night, and region to species. In
a one-way ANOVA of mean fish weight by region for each species, signifi-
cant differences were found for ehu between Regions I and II, and I and
III; hapu'upu'u between Regions I and II; kahala between Regions I and
III; and gindai between Regions I and II. Results of a chi-square test
of the number of fish caught by species by region show significant
differences in species composition by region.

We have collected otoliths from fi,sh of all of the commercially
important species mentioned in this paper. Preliminary growth curves
for opakapaka  Figure 2! and kahala  Figure 3! have been estimated from
otolith examinations  Uchiyama, personal communication, March 1980!.
Laboratory, NMFS, NOAA, Honolulu, Hawaii 96812, personal communication,
March 1980!.
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TABLE 2. OVERALL CATCH PER UNIT EFFORT FOR DAY AND
NIGHT FISHING STATIONS

CPUE  weight!
RatioSpecies

NightDay

100

REGION I IIREGION IIREGION I

Figure 1. Catch composition by region in
terms of numbers
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Ehu

Opakapaka
Hapu'upu'u
Butaguchi
Kahala

Gindai

Kalekale

Onaga
All species together

Z 60

vo

8 eo

40

50

O 20

0.77

1.63

2.21

1.45

0.84

0.12

0.06

0.08

7.16

0.53

0.53

1.26

0.26

1.13

0.05

0.04

0.06

4.17

1.45

1.96

1.75

5.58

0.74

2.40

1.50

1.33

1.72



TABLE 3. CATCH OF INCIDENTAL SPECIES IN THE NORTHWESTERN HAWAIIAN

ISLANDS

Catch CPU E

Species Number Weight
 kg!

Number Weight
 kg!

Gempylldae
Promethich~th s prometheus 47 20.6 0.049 0.021

Priacanthidae

Priacanthus sp. 0.005 0.0032.7

Holocentridae
0.006 0.002BPe

Tetraodontidae

0.018 0.00917 9.1

Scorpaenidae
Pontius 0.009 0.011

0.001 0.002

0.001 0.001

10.7
1 5

0.7
~caco sis

~Scot acne colorata

Labridae
Bodianus bilunulatus 0.005 0.006

0,007 0.015
5.7

14.1B.

Lu tj anidae
~A rion virescens
Pristi omaides auricilla

0.001 0 F 008
0.002 0.002

7.5
1.6

Scombridae
Scomber ~a onicus 0. 005

0.014
5.2

13.3

0.003
0.003Sarda orientalis

Mullidae
0.001

0.001
1.4
1.4

0.001
0.001

p f lu~eri

Sphyraenidae
S h sp ~ 0.004 0.0044.0

Synodontidae
Trachinoce halus ~m o 8 0.001 0,0010.6

Muraenidae
0.001 0.001

0.002 0.008

0.008

0.9

7.3Squalidae

Carcharhinidae
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Carangidae
Caranx ~lu ubris
C. ~inobl lis
C ~ ~se c to s us
C. sexfasciatus

C ~ ~melam us
Cara~noides fsrdau
~Kla atts ~bi innulatus

13 41.0
38 349.7

1 0.9

1 0.7
3 11.6
3 18.1

2 20.2

0.013
0.039

0.001

0.001
0.003
0.003

0.002

0.042
0.361

0.001

0.001

0.012
0.019

0.021
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Figure 2. Preliminary growth curve for opakapaka,
Pristi omoides filamentosus
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Figure 3. Preliminary growth curve for kahala,
Seriola dumerili
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DISCUSSION AND CONCLUSIONS

The three-way ANOVA tests showed that the regional increase in
overall CPUE in terms of weight for the combination of all commercial
species presented in Table I is significant  P = 0.02! whereas the
change in CPUE in terms of number is not  P = 0.12!. This results in an
increase, by region, in the mean weight of the hypothetical composite
commercial bottomfish. There are two possible explanations for this
increase. Either the mean weight of individuals within a species is
increasing or a generally larger species comprises a greater percentage
of the catch on a regional basis from Regions I to III. To check on the
first possibility, I ran a one-way analysis of variance of mean fish
weight by region for each species. As mentioned in the results section,
ehu, kahala, gindai, and hapu'upu'u showed significant regional differ-
ences in mean weight. Also, in all significant cases, mean weight
increased between Regions I and II or I and III. Thus, increase in mean
weight of fish by species does contribute to the overall increase in
CPUE by region, This may be an indication of fishing pressure in Region
I where mean weights were significantly lower for these species, or it
may be due to other factors such as temperature or habitat differences
between regions.

The significant difference in CPUE in terms of numbers by species
by region shown in the three � way ANOVA indicates that there is a change
in species composition by region, as well. Cell values for variance in
the chi-square test showed that opakapaka and hapu'upu'u are major con-
tributors in this difference. These changes in relative abundance for
opakapaka and hapu'upu'u are shown graphically in the species composition
by region  Figure I!. The difference in overall mean weights for opaka-
paka �.0 kg! and hapu'upu'u �.8 kg! indicates that the regional change
in the species composition is also a factor in the regional increase in
CPUK in terms of weight.

Day and night differences in catchability are also significant.
Results of the three-way ANOVA show that day and night CPUE in terms of
weight is significantly different on both an overall and by-species
basis. Differences in day and night CPUE are presented in Table 2 as
the ratio of day CPUE to night CPUE. As can be seen, the day CPUE is,
in general, higher than the night CPUE. In fact, the only commercial
species with a higher CPUE at night is kahala. The day-night difference
is particu1arly noticeable for butaguchi where the day CPUE is over five
times greater than the night CPUE. These differences in catchability
may be due to changes in feeding activity between day and night or a
nightly migration away from the areas that we normally fish. Similar
trends were found for CPUE in terms of number, but they were not found
to be significant on a species basis.

Commercially, fishing for opakapaka is usually conducted at night
with night catches reported to be far better than day catches
 C. Yamamoto, captain, FV Koko, Honolulu, Hawaii 96814, personal com-
munication, Nay 1980 and M. Shinsato, captain, FV Taihei Maru, Honolulu,
Hawaii 96814, personal communication, Nay 1980!. That our results
differ from the experiences of commercial fishermen is probably due to
the differences in fishing techniques employed. On the Townsend Cromwell
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we fish close to the bottom while drifting for both day and night fishing
operations. Commercial fishermen on the other hand, may drift fish during
the day, but at night they usually anchor over opakapaka grounds, chum to
aggregate the fish, and fish well off the bottom  up to 15 fathoms!.

Our studies of age and growth of bottomfishes are still in the pre-
liminary stages. We have made age estimates on a few specimens of each
of the commercial species discussed in this paper. We still have many
otoliths to read, but we do have enough data to establish tentative
growth curves for opakapaka  Figure 2! and kahala  Figure 3!. Because
we have no data for fish outside of the size ranges of those used to
generate the curves, estimates of age using these curves should be
limited to fish falling within these ranges, For greater confidence in
our growth estimates, we must verify the temporal nature of the suspected
daily growth increments on otoliths. We are currently conducting experi-
ments to mark otoliths by tetracycline injections in captive fish  e.g.,

otolith growth increments.

FUTURE RESEARCH NEEDS

Much work remains to be done in this project. At the conclusion of
the field work, we should have enough catch information to make a bank-
by-bank analysis of distribution and relative abundance of bottomfishes
in the NWHI. We should also have enough otoliths read to determine
reliable growth curves for all the commercial species. Reliability of
these curves, of course, will be largely dependent upon verification of
the daily nature of the otolith growth increments. This, combined with
future progress in other areas under current investigation  fecundity,
spawning season, foraging habits, and ciguatoxin!, will give us a fair
understanding of the biology and catchability of bottomfishes in the NWHI.

There are other areas of investigation that would also be helpful.
Recording the time of day that each fish is caught, rather than just the
duration of the station as we presently do, would give a much better
picture of the catchability of each species throughout the day. It is
possible that there are some interesting relationships, such as increased
catchability at dawn and dusk, that are obscured by present methods of
data collection.

Fishing operations should be conducted while at anchor using chum to
aggregate fish. This technique should produce high catches. Catch results
using this technique could then be compared with those obtained while drift
fishing.

A study of recruitment has been proposed by NNFS which is designed to
exert heavy fishing pressure on a small bank followed by monitoring the
recovery of fish stocks. Results from this study would produce a better
estimate of bottomfish stocks in the NWHI than is now available.
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PRELIMINARY STUDY ON THE SPAWNING SEASON OF THE OPAKAPAKA,
PRISTIPOMOIDES FILAMENTOSUS

Bert S. Kikkawa

Southwest Fisheries Center Honolulu Laboratory, National Marine Fisheries
Service, NOAA, P.Q. Box 3830, Honolulu, Hawaii 96812

ABSTRACT

As part of the survey and assessment program of the North-
western Hawaiian Islands, the National Marine Fisheries Service
has been studying the distribution, apparent abundance, and
biology of commercially valuable bottomfish. This study deals
with the reproductive cycle of the opakapaka, Pristi omoides
filament'osus, one of the most important snappers in the Hawaiian
fishery. The results showed that the development of ova
within the paired ovaries is heterogeneous. Stages of matura-
tion, determined from the development of ova in the most
advanced mode in the distribution of random ova diameters,
showed a positive relationship with the gonadal somatic indices.
The gonadal somatic index peaked in August with spawning pos-
sibly taking place in September.

opakapaka
reproduction
Northwestern Hawaiian Islands

INTRODUCTION

The opakapaka or pink snapper, Pristi omoides filamentosus Cuvier
and Valenciennes, which has been fished intensively around the Hawaiian
Archipelago for decades, is the most important bottomfish in terms of
landed weight and cash value. This snapper is prized for its good taste
and pleasing appearance  Brooks Takenaka, Assistant Manager, United
Fishing Agency, Honolulu, Hawaii, personal communication, 3anuary 1980!.

There is a limited amount of literature on the life history and
biology of the opakapaka. Most papers written about the opakapaka deal
with the fishery.
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ln 1976, the National Marine Fisheries Service  NMFS!, Honolulu
Laboratory initiated a resource assessment program for the Northwestern
Hawaiian Islands  NWHI!. Part of the program deals with the bottomfish
resource and its interaction with the ecosystem. This study examines
the spawning behavior of the opakapaka.

METHODS

For a major part of the resource assessment program, the NOAA ship
Townsend Cromwell was used to survey the bottomfish resource in the NWHI.
The opakapaka with other bottornfishes were caught on handline gear using
four hooks  No. 26! per line. The lines were retrieved by four powered
gurdies on the starboard rail. Opakapaka were usually caught between
40 and 120 fathoms.

The fish landed vere measured for fork length  FL! and standard
length  SL! in millimeters and weighed to the nearest 10 g. Otoliths,
gonads, and stomach content samples were removed and retained for further
studies. Samples were preserved in 4X formaldehyde and seawater. No
quantitative observations were taken on the preserved ovarian material
until 6 or more months had passed and shrinkage had been stabilized.

A pair of ovaries was examined for homogeneous development of the
ova. A No. S cork borer with an inside diameter of 10.026 mm was used
to extract core samples from the anterior, middle, and posterior regions
of both ovaries. Each of the core extended from the outer surface of
the ovary to the centrally located lumen and was divided into an outer
layer, central layer located adjacent to the lumen, and a middle layer,
thus providing a total of 18 subsamples. Developing ova were teased
from each of the 18 subsamples and 200 randomly selected ova were measured.

S awnin seasonalit

For the spawning season of the opakapaka, 21 ovaries collected
between February 1978 and June 1979 were examined. Maturity of the
ovary was determined by examining the rniddle core sample. Four hundred
randomly selected ova were classified according to stage of maturity
from the three layers of the cored sample. The mean of the last two
advanced modes were taken to determine ovarian maturation state.

Develo mental sta es of the ova

The developmental stages, determined on the basis of physical
appearance  Uchiyama and Shomura, 1974!, are described as follows:

1! Primordial

Primordial ova are found in all the ovaries, usually ovoid in
structure and transparent. No ova diameters were measured.
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2! Early developing ova

Ova are transparent to translucent with the beginning of opaque
yolklike matter in the ovum. The shape of the ova is usually ovoid
or wedgelike. Size range: 0.15 to 0.39 mm in diameter.

3! Developing ova

Ova are completely opaque and ovoid. Size range: 0.16 to 0.67 mm
in diameter.

4! Advanced developing

Ova are ovoid and have a translucent margin. The fertilization
membrane has formed. Size range: 0.39 to 0.60 nnn in diameter.

5! Early ripe

Ova are usually round or spherical. The yolk material is translucent
and the oil globules have formed. Size range; 0.47 to 0.58 nnn in
diameter.

6! Ripe ova

Ova are transparent and contain oil globules. No ovary in the ripe
condition was collected.

7! Residual ova

Ova are degenerating and show signs of shrinking.

RESULTS

Homo eneit of development

In the test of homogeneity, ovary No. 14 was selected and the ova
diameters in the developing stage from each of the 18 sites were compared.
The frequency distributions of the diameters were skewed to the right of
the mean. A Kruskal-Wallis non-parametric test  Sokal and Rohlf, 1969!
was used to test. the homogeneity of locations for the distributions of
ova diameters for the 18 sites. The results showed that the locations of
the 18 distributions differed significantly  X = 191.45, df = 17s
P = 0.05!. The development of the ovary in the opakapaka is therefore
heterogeneous. Heterogeneous development of large ovaries were also
demonstrated in the bigeye tuna, Thunnus obesus, by Yuen �955!, in the
albacore, y. ~alalun a by Otsu and Uchida �999!, and in the swordfish,
~Xi hiss ~ladius, by Uchiyama and Xhomura �9�!.

~Saw

The gonadal somatic index  GSI!, because it can be easily calcu-
lated, can be used to reduce time-consuming and tedious examination and
measurement of the ova, provided it can be shown to have a positive
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relationship with stages of maturity  Table 1!. To explore this possi-
bility, a test was conducted initially to determine whether fish size
was related to the GSI; however, no significant correlation was obtained
 r 0.025; df = 20; P > 0.05!, indicating that fish size was not asso-
ciated in any way to the GSI. A test between fish size and stages of
maturity also showed no significant correlation  r = 0.212; df = 20;
P > 0.05!. When GSI was plotted against stages of maturity, however,
there was an indication of a positive trend. A test of the relationship
between GSI and stages of maturity showed a significant positive corre-
lation  r = 0.540; df = 20; P < 0.01!, but because only two samples past.
the early developing stage were available, the relationship cannot be
accepted as conclusive  Figure 1!. It would appear, however, that as
females mature, the weight of the ovary not only increases faster than
the total body weight, but also rises and falls in relation to develop-
ment, spawning, and redevelopment.

To determine the spawning cycle of the opakapaka, GSI was plotted
against the month of capture. The results show that it reached its low-
est level in March and peaked in August {Figure 2!. The opakapaka,
therefore, appears to have one spawning period each year in early fall,
probably in September  Table 1!.

DISCUSSION

Sy examining conditions and occurrence of the early ripe and
advanced developing ova throughout the 18 sites, it was possible to
determine visually that development of the ovary in the opakapaka was
heterogeneous. Of the total 18 subsamples from one fish, only six sub-
samples had ova in the advance developing stage and two subsamples had
ova in the early ripe stage.

In the test for homogeneity of location, developing ova were used
because of their consistency throughout the 19 subsamples.
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TABLE 1. FORK LENGTHS, GONAD WEIGHTS, GONADAL SOMATIC INDICES,
AND STAGES OF MATURATION OF 28 OPAKAPAKA SAMPLED
BETWEEN FEBRUARY 1978 AND JUNE 1979

Preserved

Gonad

Weight
 g!

Fish

Weight
 kg!

Gonadal
Somatic Maturity

Index

Fork

Length
 cm!

Date of

Catch
Sample

No.

5,28

3.72
5. 58

5.05

3.69

4.66

4.00

4.00

5.88

2.52

6.49

2.02

70.1

60.4

71.4

72.7

58.7

66.2

63.1

62.1

72.22

52.0

76.3

48.7

1.1158,61 Dev.

Dev.

Dev.

Imma.

Adv. Dev.

Dev.
Dev.

Innna.

1.05
0.74

1.73

58.84

37.16

64.00

54.68

96.22

1. 37

2.41

89.44

136.16

33.61

20.81

223,42

35.81

36.38

14.09

3. 55

2.10

1.66

5.45

2.18

2. 49

2.81

2.36

3.00

2.90

5. 53

6.30

2.17

5. 40

5,30

2.10

6.90

4.10

1.64

1.. 46

0.50

0.37

0.38

2.76

0.65

0.48

0.47

0.54

2.10

1.37

11. 12

10.99

152.8

40.85

10.34

25.57

28.78

38.01

74.70

Gonadal 100index = X
fish weightsomatic

Dev. = developing ova; Imma. = immature ova; Adv. Dev. = advanced
developing ova; and Resid. = residual ova.
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1 2 3
4 5 6 7
8 9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

10/25/78
8/09/78
8/11/78

10/25/78

8/09/78
8/09/78
9/13/78
8/11/78
9/13/78
9/17/78
9/17/78
9/19/78
8/24/78

10/ /78
10/ /78
10/ /78
10/ /78

3/05/78
3/05/78

10/ /78
3/06/78
2/26/78
3/06/78
2/26/78
6/02/79
5/18/79
5/23/79

67.1

54.0

52.0
59.0

58.0

57.3

55.4

71.0

73.5

52.6

64.0

68,3
45. 6.

94.7

74.9

Resid.

Adv. Dev.

Dev.
Dev.

Early Ripe
Adv. Dev.

Adv. Dev.

Adv. Dev.

Adv. Dev.

Immae

Innna.
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OEVELOPINS RIPE

STAGE OF MATURITY

Figure 1 ~ Relationship between stages of
maturity and gonadal somatic index

filamentosus
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Figure 2, Relationship between month of capture
and gonadal somatic index in the
opakapaka, P i t' oides filamentosus
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FUTURE RESEARCH NEEDS

More opakapaka need to be sampled between November and July, includ-
ing a wide range of gonads ta determine minimum size of spawning and
sexual maturity. It is important that ripe ovaries be obtained to better
understand ovary development, fecundity, and spawning cycles.

SUMMARY

Preliminary results show that the apakapaka ovaries develop
heterogeneously.
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