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ABSTRACT

Data from commercial fishermen and research sampling for lob-
ster fishing at Necker Island are examined. The abundance of
lobster appears to be very heterogeneous with the greatest
abundance in the northwestern part of the Necker bank. Esti-
mates of virgin population size and catchability for this
region are 125,000 legal lobsters and 3.94 pd 10 ~ per trap-
night, respectively. The estimated range of sustainable yield
from the northwest region based on the rninirnurn legal size of
8.25-cm carapace length and the present population size is
10,000 to 21,000 legal lobsters per year. Yield-per-recruit
analysis indicates that substantially greater yields may be
possible if the minirnurn legal size is reduced from 8.25 cm.
However, this latter result is based on strong assumptions
about recruitment which can only be confirmed by field tests.
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INTRODUCTION

Commercial spiny lobster, Panulirus mar inatus, fishing began on a
regular basis off Necker Island in the Northwestern Hawaiian Islands in
November 1976. Seven commercial fishing vessels from Honolulu reported
lobster catches during the period from November 1976 through April 1979.
Some of these vessels trapped in the area frequently while others
trapped only occasionally.
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This report analyzes and summarizes cormnercial and research data for
the P. ~mar inatos fishery off Netker IsLand daring the period from Novem-
ber 1976 through April 1979. Estimates of virgin population size, catch-
ability, and sustainable yield are obtained and a yield-per-recruit



analysis is performed. The commercial data consists of monthly totals of
the number of legal lobsters caught and the effort expended  Table 1!.

TABLE l. TOTAL MONTHLY CATCH  IN NUMBERS! AND EFFORT  IN TRAP-NIGHTS!
IN THE COMMERCIAL FISHERY FOR LEGAL LOBSTERS AT NECKER ISLAND,
OCTOBER 1976-APRIL 1979

Region II

Catch Effort

Region I Total
Date

Catch Effort Catch Effort

1976

107

616

984

73

156

276

73

156

276

107

616

984

Oct.

Nov.

Dec.

1977

11,629 2,7371,656 1,599 1,08110,030

67

461

24

678

293

58

53

122

75

534

120

120

1978

203

54

398

60

112

1,373
5,222
7,040

401

2,349
3,139

1979

658

958
1,563
1,925

658

958
1,563
1,925

Mar .

Apr.

Two stations with no positions.
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Jan.

Feb.

Mar.

Apr.
May
June

July
Aug.
Sept.
Oct.

Nov.

Dec.

Jan.

Feb.

Mar.

Apr.
May
June

July
Aug e
Sept.
Oct.

Nov.

Dec.

15,588
7	32
9,727
5,404

10,524
2,901
1,885
2,485

1,314
978

3,687
3,022
3, 160
2! 940
2, 167
2,014

202

1,574
116

3,480
1,936
2,447
1,832
2,944

916

600
824

254

300

1,482
719

687

1,260
603
585

246

606

56

15,655
7,593
9,751
6,082

10,817
2,959
1,885
2,485

1,517
978

3,741
3,420
3,160
3,849
2,167
2�14

202

2,947
5,338
7,040

3,533
2,058
2,522
2,366
3,064
1,036

600
824

372

300

1,600
831
687'

1,724
603

585

246

1,007
2,405
3,139



A legal Lobster is defined as a lobster with a carapace length equal to
or exceeding 8.25 cm. These data were collected by National Marine
Fisheries Service  NMFS! observers aboard commercial vessels or were
reported in catch reports submitted by the vessels' owners. The unit
of effort is measured as one baited trap fished on the lobster ground
for one night, henceforth referred to as a trap � night. The research data
consist of total number and effort, as well as length and sex, for lob-
sters caught at sampling sites from the RV Townsend Cromwell.

Necker Island is surrounded by a large bank  Figure 1!. The com-
mercial catch by position indicates that the fishermen have primarily
trapped in the northwest region of this bank, indicated as Region I in
Figure 1. There were 90,368 legal lobsters trapped in Region I from
January 1977 through April 1979; only 17,740 Legal lobsters were trapped
on the rest of the bank  Region II! during the same period  Table 2!.
The catch per unit effort  CPUE! in Region II  Figure 2! shows consider-
able variation, and some of the more recent values for CPUE approach
those for Region I  Figure 3!. However, because of the lack of a longer
series of catch and effort data for Region II, this report will focus
only on Region I. By isolating Region I for study, we are making the
assumption that the lobster population in this region is closed. This
may not be an unreasonable assumption for adult lobsters because tagging
experiments by NMFS indicate minimal migration. However, in the case of
larval recruitment this may not be the case and for the long term, the
assumption of a closed population in Region I may not be valid.

2 3 4 5 6 7 8 9 IO 24 N

23'N
I644 W

1654 W Figure 1. Necker bank
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Catch Per Unit EffortCatch EffortYear

Region I

65,676
21,201

3,491

1977

1978

1979 �/1-4/30!

16,635
6,798
1,616

3.95
3.12

2.16

Region II

3,180
14,290

1977

1978
2, 105
6, 153

1.51

2.32

Combined  Regions I and II!

68,856
35,491

187740
12,951

1977

1978
3.67
2 ~ 74

4,5

40

25
u 2.0

1.0

Figure 2. Catch per unit effort  in legal lobsters per trap-night!
from Region II at Necker Island

RELATIVE ABUNDANCE

Catch per unit of effort provides a measure of relative
abundance. Changes in CPUE over time can result from changes in popula-
tion structure and size, as well as changes in fishery methods and gear.
In the case of the lobster fishery at Necker between November 1976 and
April 1979, the changes in fishing methods and gear have been minimal.
A graph of CPUE for legal lobsters from Region I on a monthly basis is
presented in Figure 3. Considerable month-to-month variation as well as
a declining trend is apparent.

One reason for some of the month-to-month variation in CPUE is that

the monthly CPUE is computed by pooling the catch and effort for all the
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TABLE 2. THE ANNUAL CATCH  IN NUMBERS OF LOBSTERS!, EFFORT EXPENDED  IN
TRAP-NIGHTS!, AND CATCH PER UNIT EFFORT FOR LEGAL LOBSTERS AT
NECKER ISLAND BY COMMERCIAL VESSELS FROM JANUARY 1977-APRIL
1979
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Figure 3. Catch per unit effort  in legal lobsters per trap-night!
from Region I at Necker Island

vessels reporting trips to Necker during the month. These vessels are
not always the same vessels but a subset of the seven commercial vessels
which comprise the fleet.

Catch per unit effort computed on an annual basis has declined each
year from 1977 to 1979, although the l979 figure should be treated with
caution because it is based on only an effort of 1,616 trap-nights and
may change when more 1979 data are available  Table 2!.

A regression of CPUE against month, weighted by effort, indicates
that at the 5% level the decreasing trend in CPUE for 1977 is signifi-
cant while the trend in 1978 is not. The CPUE for January 1977 and
January 1978 represents a sharp increase from the preceding and fol-
lowing months indicating a possible seasonal trend which should be
examined as more data become available,

The percentage of legal lobsters in the total lobster catch provides
an index of the. proportion of legal lobsters in the population to the
total lobster population. A decrease in this index could mean that the
number of legal lobsters in the population has been reduced and/or the
number of sublegal lobsters in the population has increased due to
increased reproduction, survival, or irmrrigration. We found that the
percentage of legal lobsters in the catch for the RV Townsend Cromwell
decreased from 54.2% in November 1976 to 23% in May 1979  Table 3!.

POPULATION ESTIHATES

The primary approach we selected to estimate population size was a
method proposed by Allen �966!  see Appendix I!. Basically, this
method consists of a least squares procedure which estimates population
size and catchability by minimizing the sum of squares between the actual
catch and the predicted catch based on effort.
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TABLE 3. THE AMOUNT OF EFFORT EXPENDED  IN TRAP-NIGHTS! AND PERCENTAGE
OF LEGAL LOBSTERS CAUGHT AT NECKER ISLAND BY THE RV TOWNSEND

CROMWELL

/ Legals
in Catch

Effort

 Trap-Night!Date

Region I

Oct.-Nov. 1976

May 1977
Oct. 1977

Mar. 1978

Oct.-Nov. 1978

May 1979

145

32

116

57

104

48

54.2

40.0

42.0

35.0

37.1

22.8

Region II

Sept.-Oct. 1977
Mar. 1978

Oct. 1978

234

61

52

62.6

81.0

67.0

We used the monthly commercial catch and effort data from November
1976 through April 1979 to estimate population size and catchability.
Allen's model assumes natural mortality and recruitment operate in the
population. In its most general form, this model assumes that the rate
of natural mortality is constant while recruitment may vary over time.
This most general form requires that the use supplies estimates of the
natural mortality rate and the recruitment rates. We do not have any
size and age data which might allow us to estimate these parameters and
consequently, we used a simplified version of Allen's model. We assumed
that the ratio of the rate of natural mortality to the recruitment rate
 e"/1-Wi! in Appendix 1 is constant. Given effort, we then estimated
this constant as the value which gave the best fit of predicted catch to
actual catch. We feel the assumption that the ratio  rate of natural
mortality to recruitment rate into the fishery! is constant may not be
unreasonable for the 2-year periad of our study. If it takes 6 or more
years for a lobster to grow from larval stage to legal size, and if the
majori ty of the mortality occurs during the early years of life, then
even an intense reduction of the population of legal lobsters in 1977
will not have a major effect on the ratio of natural mortality rate to
recruitment rate until 6 years later.
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The plots of actual monthly catch and predicted monthly catch
estimated by Allen's method are presented in Figure 4. The fit of the
model to the data is goad. Eased on this method, we estimate that there
were 132,406 legal lobsters in Region I at the beginning of November
1976. This number declined to 68,571 legal lobsters by April 1979. A
plot of the monthly estimated population size is given in Figure 5. As
coul.d be expected from the catch and CPUE data, the population size of
I.egal lobsters dropped severely during 1977 and decreased very slowly
during 1978.
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Figure 4. Catch predicted from Allen's model versus
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As an independent check on the results obtained by Allen's method,
we used Leslie's method of population estimation. This method is used
to estimate population size and catchability in situations where there
has been intensive fishing of a closed population over a short period of
time. Since this method applies to fishing over a short period of time,
we assume that natural mortality and recruitment are negligible.

We noticed from Table I that trapping was very intense from May
through August 1977. We used these data to estimate the population
size of legal lobsters at the beginning of May 1977 and the catchabillty
by Leslie's method. The estimated population size and catchability
obtained from Les1ie's method is in agreement with the estimates
obtained by Allen's method  Table 4!.

TABLE 4. A COMPARISON OF THE ESTIMATES FROM THE LESLIE AND ALLEN METHODS

Leslie Allen

127,000

3.58 x 10

125,000

3.94 >< 10

N
May

NMay is an est imate of the number of 1 ega 1 lobsters in Region I
beginning May 1977; q is the catchability coefficient.

Lobster ield- er-recruit anal sis

We can explore the relationship between size at entry into the
fishery  minimum carapace size! and yield with the Beverton-Holt equi-
librium yield equation. We will assume that over the range of minimum
legal sizes of interest, the number of recruits to a given size is con-
stant, that the lobster growth can be approximated by a von Bertalanffy
equation, and that the lobster weight can be expressed as:
weight = a  length!b. We then write the yield per recruit into the
fishery Y/R as:

W~ e B X, b,

where F is the fishing mortality, K is the growth coefficient for the
von Bertalanffy curve, W, is the asymptotic lobster weight, Z = F + M,
M is the natural mortality, tm = tmin � to, where tmin is the minimum
age of entry into the fishery and to is the age of zero length in the
von Bertalanffy curve, and B X, b, Z/K! is the incomplete beta function
evaluated at X = e K", and b is the allometric coefficient.

We will evaluate Y/R at several levels of fishing effort and
several minimum carapace lengths. We selected fishing effort  f! at
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F+ M  Lm- 1!

mi

where lmin is the minimum carapace length, 1 is the mean carapace length
of the population above 1»n, and F and M are the fishing and natural
mortality, respectively  Beverton and Holt, 1956!.

We are able to estimate the ratio M/K by taking a length-frequency
distribution from a sample of the population taken from Necker Island in
November 1976--before any substantial fishing effort was applied to the
region. This sample, consisting of 744 lobsters, estimated M/K at
approximately 3.5 for I = 12 cm. For the yield-per-recruit analysis,
we used values for M/K as 2, 3, and 4.

From the results of the yield-per-recruit analysis, we determined
the carapace length from among the set 6.75, 7.25, 7.75, and 8.25 cm,
which gave the greatest yield  Table 5!. In most situations, a minimum
carapace length of 6.75 cm achieved the maximum yield per recruit. Only
when M and M/K are low and I is large is the yield per recruit achieved
with a minimum carapace length greater than 6.75 cm.

TABLE 5. CARAPACE LENGTH  IN CENTIMETERS! AT WHICH THE MAXIMUM
YIELD PER RECRUIT  IN GRAMS! IS OBTAINED

Fishing Effort

2,500 5,000 7,500 10,000 12,500 15,000

K = 0.05, I = 18 7.75 8.25 8.25
K = 0 1, I = 15 6 75 6 75 6 75
K = 0.2, Lce = 12 6.75 6.75 6.75

8.25 8.25 8.25

7.25 7.25 7.75

6.75 6.75 6.75

M
2

K

K = 0.05, I = 18 6.75 6.75 7.25 7.25 7.75 7.75
K = 0 ~ 1, L = 15 6.75 6.75 6.75 6.75 6.75 6.75
K = 0.2, I = 12 6.75 6,75 6.75 6.75 6.75 6.75

M
3

K

K = 0.05, L = 18 6.75 6.75 6.75 6.75 6.75 6.75
4 K = 0.1, Loo = 15 6.75 6.75 6.75 6.75 6.75 6.75

K = 0.2, I = 12 6.75 6.75 6.75 6.75 6.75 6.75
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the fo11.owing levels  trap-nights!: 2,500, 5,000, 7,500, 10,000, 12,500,
and L5,000. Based on these values of f we can estimate F as F = qf
where q = 4 < 10 from Allen's method. We selected the following
values for the minimum legal carapace length: 6.75, 7.25, 7.75, and
8.25 cm. The value of tm corresponding to these lengths can be esti-
mated from the von Bertalanffy curve. We determined W~ to be 3,580 g
and the coefficient b in the weight-length relationship as b = 2,6 from
data in McGinnis �972!. There is not any one data set for lobster
growth which appears sufficientLy reliable. Results from tagging and
modal analysis by NMFS gives the estimates: K = 0 26/yr and L~ = 12.5 cm.
Observations by McDonald of an 18-cm carapace curve suggests L could be
as high as 18 cm. :.'e, thus, performed the yield-per-recruit analysis for
the following sets of K and L~ values:  K = 0.05, L = 18 cm!,  K = 0.1,
L~ = 15 cm!,  K = 0.2, Lm = 12 cm!. We used the relationship:



An examination of the yield-per-recruit results suggest that an
adoption of a 6.75-cm minimum carapace length could, in the worst case
 K = 0.05, L- = 18, M = 0.1, and F = 15,000!, result in a 15X decrease
in yield per recruit from the minimum carapace length of 8.25 cm, and at
best  K = 0.2, L = 12, M = 0.8, F = 1,500!, achieve a 167/ increase in
yield-per � recruit over an 8.25-cm minimum carapace length  Table 6!.
Clearly, these results should be interpreted cautiously because we have
no evidence to suggest that the level of recruitment will remain
unchanged when the minimum carapace length is lowered to 6.75 cm. How-
ever, the magnitude of the possible increase in yield which may be
achieved with a reduction from the existing minimum carapace length
should serve as impetus for further study and testing.

TABLE 6. YIELD-PER-RECRUIT  IN GRAMS! AS A FUNCTION OF FISHING EFFORT
 IN TRAP-NIGHTS! AND MINIMUM LEGAL CARAPACE LENGTH  IN CENTI-
METERS! FOR SELECTED GROWTH AND MORTALITY PARAMETERS

Fishing Effort

5,000 7,500 10,000 12,500 15,0002,5001 min
M

K
K = 0.2 Lo = 12

388

286

205

144

343

252

180

126

287

210

150

105

425

314

226

159

124

90

64

44

216

157

112

78

6. 75

7.25

7.75

8.25

3, K = 0 1, I = 15M

415

397

373

346

402

383

360

332

355

334

310
284

384

364

340

313

210

194

177

160

305

285

262

239

6.75

7.25

7,75

8.25

2 K = 0.05 Iso = 18
M

321

342

349

371

315

338

356

370

327

347

361

372

335

351

363

371

318

321

321

319

339

351

358

362

6.75

7.25

7.75

8.25

CONCLUSIONS
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The analysis of commercial catch and effort data indicating the
decline in CPUE from 3.95 in 1977 to 3.12 in 1978 strongly suggests that
a population size of 65,676 legal lobsters is not sustainable with a CPUE
of 3.90. This is further supported by the decline in the per'centage of
legal lobsters per trap from the Cromwell sampling data. The fact that
we do not reject the hypothesis that CPUE did not decline during 1978,
based on the test of the slope of the regression line, suggests that a
yield of 21,201 legal lobsters per year may be sustainable with a CPUE of



about 3.00. We can use the result of Allen's model to compute the
surplus production which can he harvested without reducing the popula-
tion size. This value is obtained by multiplying the population size
of legal lobsters by the ratio of the natural mortality rate to the
recruitment rate for legal lobsters and subtracting the initial popula-
tion size. We estimated the population size at the beginning of 1979
to be 67,766 legal lobsters and the ratio of the monthly rate of natural
mortality to recruitment to be 1.0116. Consequently, for 1979, we esti-
mate that slightly over 10,000 legal lobsters can be harvested for the
year without reducing the population size of legals. Thus, based on the
data presented here, the annual surplus production of legal lobsters in
1979 is estimated to be between 10,000 and 21,000.

Finally, due to the results of our theoretical yield-per-recruit
analysis, it is suggested that future research undertake field trials to
ascertain the impact of a lower legal size on yield per recruit.
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APPENDIX 1

Allen's opulation estimation procedure

A method developed by Allen �966! was used to estimate population
size at time t  Nt!, catchability  q! given effort at time t  Xt!, and
catch  Ct!. M is the natural mortality, Vl is the proportion of the
new recruits in the exploited stock for the ith season, and A is the
ratio of the number of animals that die per month to the number of ani-
mals that are recruited per month. The essential relationships of this
model are given below:

= NlYear 1 Initial population

Survival to beginning
of next season  Nl � C1!e"

N qvExpected catch

 N � C !e"
1 1

Year 2 Initial population = N
2 1-W

2

!e-M
1

� W
2

 N

1

Survival to beginning
of next season � C e"

2

 Nl Cl! e M C2
1 � W 2 2

2

Expected catch

Continuing in this way we can show that at the beginning of year t the
population equals

C �-W !

1 1 -M �  i-1! M
e e

andwhere

t-1 C

f C! = C +
t 1 I . A.

1=2 i
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APPENDIX 1

Allen's population estimation procedure

A method developed by Allen �966! was used to estimate population
size at time t  Nt!, catchability  q! given effort at time t  Xt!, and
catch  Ct! . M is the natural mortality, Wi is the proportion of the
new recruits in the exploited stock for the ith season, and A is the
ratio of the number of animals that die per month to the number of ani-
mals that are recruited per month. The essential relationships of this
model are given below:

NlYear 1 Initial population

Survival to beginning
of next season  Nl � Cl!e"

N qvExpected catch

 N � C !e"
1 1

Year 2 Initial population = N
2 1-W

2

 N � C !e"
1 1

Survival to beginning
of next season e-M

21 � W
2

[  Nl � C !e-M C
1-w 2 qX2

2

Expected catch

Continuing in this way we can show that at the beginning of year t the
population equals

where and

- t-l!M

A- L
II �-Wi!

i=2

t-1 C.

f C! = C +
i=2 i
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POPULATION BIOI.OGY OF SPINY LOBSTERS IN THE LAGOON AT

KURE ATOLL � PRELIMINARY FINDINGS AND PROGRESS TO DATE
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This study is primarily aimed at collecting and evaluating the
most critical informati.on identified by the Western Pacific
Regional Fishery Management Council, National Marine Fisheries
Service, and the Hawaii Division of Fish and Game for improving
state and federal management plans for spiny lobsters in Hawaii.
The standing stock of the lobster population at the Kure Atoll
lagoon study site has been estimated by two techniques. Visual
counts of lobsters by divers indicated there were upwards of
1,000 lobsters at the study site. Over the same period a total
of 1,620 lobsters were collected in traps and tagged in the
same area. Catch per unit effort  CPUE! based on 791 trap-
nights, averaged 0.611 + 0.277  mean and standard deviation!.
Trap catches do not seem to have been influenced by a dominance
hierarchy based on size, and CPUE does not seem to have been
influenced by seasonal or lunar factors. Examination of size
frequency distributions obtained from diver-caught animals and
those obtained from commercial � style traps shows that the latter
failed to capture lobsters with less than about 7-cm carapace
length. Modified traps made of smaller mesh appeared to provide
unbiased samples of lobsters over their entire size range which
coincide with diver catches. Population structure in terms of
size composition varied during the year in apparent response to
seasonal recruitment of lobster larvae. A total of 306 puerulus
lobster larvae was recruited primarily in June-October and
recruitment seemed heavier during the new moon and first quarter
lunar phases. A high level of spatial overlap of juveniles and
adults has been observed in the lagoon at Kure Atoll. Juveniles
tend to occur as members of groups in dens; adults  ! 6-cm cara-
pace length! tend to be found as solitary occupants.



INTRODUCTION

Interest is currently increasing in harvesting lobsters in the
Northwestern Hawaiian Islands  NWHI! especially since lobster stocks in
the southern inhabited islands are now low. Two species of spiny lobster
occur throughout the Hawaiian Archipelago, but only one, PanuIirus
marginatus is fished throughout the island chain and is the primary sub-
jectt of the developing lobster fishery in the NWHI. In this paper only
P. ~mar inatus is considered,

The fisheries and biological data presently available for Panulirus
~mar inatus in Hawaii are not sufficient for planning and management. In
part, this is because it is not yet known how catch per unit effort of
fishing is related to standing stock in Hawaii and we do not know how
catchability differs over time. Consequently there is no measure of the
reliability of present estimates of population size and sustainable yield
based on catch per effort data. Additionally, nothing is known about the
population biology of young lobsters before they enter the fishery. The
complete lack of information detailing patterns of larval recruitment
further confounds management of the resource. Finally, there is a com-
plete lack of understanding of movements and use of space by spiny
lobsters.

This study is designed to produce accurate estimates of population
size, rates of growth, natural mortality, and movement largely from mark-
recapture techniques. It is also intended to assess the extent of stock
autonomy and the annual pattern of larval recruitment. Such data will
enable the Western Pacific Regional Fishery Management Council  WPRFMC!
to decide what maximum sustainable yield is appropriate within the NWHI
and whether or not that. fishery can be expanded. Additionally, this
information will assist the Hawaii Division of Fish and Game  HDFG! in eval-
uating their existing management policy for spiny lobsters around the
eight major Hawaiian Islands at the southern terminus of the archipelago
and in the nearshore waters within their jurisdiction throughout the
island chain. Finally, the results of this study are certain to be of
value to the U.S. Fish and Wildlife Service in making critical habitat
decisions that pertain to the Hawaiian monk seal which is a predator of
lobsters and to be of general use in wildlife refuge management in the
NWHI.

The results that we present in this paper are mostly preliminary.
This is particularly true of our analysis of catch rates by traps and
the study of larval recruitment since we are only ten months into our
two-year sampling program. The patterns that have emerged to date, how-
ever, should be particularIy useful to government agencies in the design
of future sampling programs for spiny lobsters and in the resolution of
uncertainties inherent in some of the existing data.

Selected results that pertain to general patterns of lobster dis-
tribution and abundance, catch rates, population size distribution,
recruitment of puerulus larvae, and use of shelter by juveniles and
adults are summarized in this report.
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METHODS

The study is being conducted in the lagoon at Kure Atoll. Kure is
the northernmost emergent land in the Hawaiian Archipelago and is part of
the Hawaii State Wildlife Refuge. Samples were collected primarily between
June 1979 and May 1980. The investigation uses several standard techniques
for the study of spiny lobster population biology. The basic procedures
include �! trap sampling, �! diving sampling, �! mark-recapture, and
�! lobster larvae sampling.

Fifty commercial-style lobster traps have been positioned at perma-
nent 1ocations in the lagoon for the duration of the study. They are dis-
persed over an area of about 2 km~ and sample a representative range of
lobster habitats and densities. Ten of the traps are completely covered
by a 0.65-cm mesh screen. These modified traps can retain the entire size
range of lobsters at Kure. Twenty of the commercial � style traps and five
of the modified traps are fished one night each week, based upon a
stratified-random sampling design. At all other times the traps are
unbaited and access lids are secured open. In this condition, these traps
do not retain lobsters that may inadvertently enter them during the night.
Catch per unit effort is calculated as the number of lobsters caught per
trap per night. Catches from commercial-style and modified traps are
combined and all sizes of lobsters are included in the CPUE estimates.

Sampling by diving is conducted during January, June, and September.
This schedule provides representative seasonal coverage. Sampling is per-
formed by diving over the entire study area using SCUBA. An attempt is
made to capture every lobster sighted. A number of workers have stated
that the size distribution of lobsters in natural populations can best be
represented by diver-caught samples  Pollock and Beyers, 1979!. Reef
structures which afford shelter to one or more lobsters are referred to as
"dens." The total number and apptoximate size of all lobsters in each den
is recorded and a tail snare  Kanciruk and Herrnkind, 1976! is used to
extract as many lobsters as possible. All shelters are permanently num-
bered  approximately 560 to date! and all lobsters are returned to their
original shelter by divers. All measurements and tagging are done by
other personnel aboard an outboard skiff that closely accompanies the
divers.

All lobsters caught are either tagged or individually marked, and
immediately released. The western Australian spiny lobster tag
 Chittleborough, 1974! is used to identify all adults. Juveniles are
marked by punching holes in the telson  tail fan! of the lobster accord-
ing to a set of binary codes. In addition, all lobsters are marked by
clipping the distal portion of each pleopod  swimmeret!. The particular
pleopod to be clipped differs each month. This provides a time-specific
mark to assess the extent of tag loss.

Puerulus lobster larvae are collected using improved 'Witham" col.�
lectors  Witham et al., 1968; Little, 1977!. Twenty of these collectors
are buoyed up at the surface and moored at permanent stations up to
several hundred meters apart in the lagoon at Kure, Larval collectors
were deployed in June 1979. The collectors are checked once each week and
any larvae present are counted and removed. The species of puerulus larvae
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are discernible using biochemical-genetic techniques  J. Shaklee, Depart-
ment of Zoology, University of Hawaii, Honolulu, personal communication!.
The species of larvae that were caught in the collectors, however, have
not yet been determined and the results to date could include larvae of
two species.

RESULTS

Estimation of lobster abundance

Visual counts of lobsters made by divers during the three initial
surveys indicated that. the standing stock of P. ~mar inatus within the
study area was upwards of 1,000 lobsters. Over the initial ten months
of the study, diving and trapping resulted in the collection of a total
of 1,620 P. mar inatus over a wide range of carapace lengths �.8 to
15.5 cm!. About 28! of those collected were recaptures. Estimates of
absolute abundance will be derived from mark-recapture techniques.

Anal sis of catch-rates

Catch per unit effort for the lagoon population was generally lower
than expected when compared with the range of catch rates encountered in
the commercial fishery. The average catch rate in the study area at Kure
Atoll was 0.611 + 0.277  mean. and standard deviation!. This mean catch
rate was based on 791 trap-nights of fishing distributed over 10 months.

Many factors could influence CPUE and the influence of two of these
is being examined. CPUE apparently did not differ much with either season
or moon phase but did vary greatly through the sampling period  Figure 1!.
The pattern was less clear during October to November when sampling was
repeatedly interrupted by severe storms  dashed line in Figure 1!. It is
clear, however, that the range in July did not differ markedly from that
in January. The variability observed in the CPUE is ascribed to random
fluctuations.

Water temperature varied markedly over the year at Kure Atoll  range
from 17' to 29'C!. It is surprising that this and other environmental
factors such as day length and food availability evidently did not exert
any seasonal influence on the catch rate given that, in other studies,
CPUE is associated with seasonal molt cycles and water temperature changes
 Morgan, 1974; Pollock and Beyers, 1979!. CPUE varied broadly over all
moon phases  Figure 1!. This was also unexpected because the moon is
known to influence the CPUF. of certain other commercial species of spiny
lobster through the apparent influence it exerts on the level of foraging
activity  Sutcliffe, 1956; Morgan, 1974!.

Comparison of size frequency distributions

Lobsters caught by divers are widely believed to more nearly repre-
sent an unbiased sample of the size frequency distribution of the
population than lobsters caught by other methods. This assumption was
tested by comparing the carapace length frequency distributions of lob-
sters caught and measured with those based upon the estimated length of

164



Luna 1

6
9

8
6

2
69-

~ ~I I I

I I 1

86
uu

I ~~PF T 1 I
1986

14 I r III 8 6 4 2 6 2 4 6 8 F12 I2 14
Dayr 4FrarFull 84668Dnyr Bala 8

Figure 1. Changes in catch per unit effort over seasonal and
lunar cycles

all lobsters seen by divers  Figure 2!. The shaded area in Figure 2 repre-
sents males; the unshaded area represents females. Small lobsters are

7 cm, medium lobsters are 8 to 11 cmB and large lobsters are ! 12-cm in
carapace length. Overall, divers caught about 50% of the lobsters they
found. Frequency distributions based upon measurements and estimates of
length corresponded closely in each season. Samples of lobsters collected
by divers are concluded to be largely'free of bias.

Annual chan es in size fre uenc distributions and larval recruitment

The population size distribution did not remain constant throughout
the year  Figure 2!. Large lobsters were relatively more abundant in
January. Small lobsters were relatively more abundant in June and Sep-
tember'~ Hales tended to be mare abundant than females in each season and
predominated in the large size classes  Figure 2!. The seasonal differ-
ences in size distribution indicate that larval recruitment to the popula-
tion is seasonal beginning in spring and continuing at least through the
summer. The virtual absence of 4 to 5-cm lobsters in January and their
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Carapace lengths of lobsters sampled by commercial-style traps, modi-
fied traps, and divers were compared to determine whether or not trap sam-
ples give a biased estimate of the population size distribution  Figure 3!.
Samples were pooled aver sex and season. Traps identical to those commonly
used in the commercial lobster fishery in the NWHI did not catch small lob-
sters less than about 7-cm carapace length. The results from the modified
traps indicate that small lobsters probably entered the commercial-style
traps, but were nat. retained by their larger mesh size. The results from
the modified traps did not differ much from the results based on diver
catches or diver estimates. Therefore, lobsters caught in modified traps
appear to constitute a representative sample over the entire range of
carapace lengths of juveniles and adults. The correspondence between the
size distribution obtained with modified traps and that from diver catches
or estimates suggests that there is no dominance hierarchy based on cara-
pace length that significantly influences the catch of traps. Commercial-
style traps evidently catch the larger individuals selectively solely
because of their large mesh openings.
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pronounced increase by June and September is indicative of a high rate of
growth during the first year after the puerulus larval state. Puerulus
larvae were about 1-crn carapace length upon settling. A progression of
modes produced by the growth of individuals is suggested by some of the
peaks below and at 9-cm carapace length. The rate of growth that this
could indicate, however, seems unreasonably high based on preliminary
examination of molt increments derived from the recapture of tagged
lobsters.

Puerulus larvae were recruited to collectors from June to October but
not from October to March  Figure 4!. Unanalyzed data recently obtained
further indicate that larvae were also recruited from March to May, thus
recruitment was strongly seasonal at Kure. A total of 306 puerulus larvae
were collected, Although storms interrupted the sampling series at dif-
ferent times during late fall and winter  dashed line in Figure 4!, we can
be quite certain that larvae did not recruit on days that were not sampled.
Puerulus larvae of other species of spiny lobster apparently remain. on
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collectors for a period of at least a month  Phillips, 1972; Booth, 1979!.
Collectors at Kure were always checked at intervals of three weeks or less
and if larvae had settled one or two weeks earlier they probably would have
been present when collectors were examined. This seasonality in larval
recruitment confirms the earlier expectations that were based upon the
seasonal changes in population size distribution of juveniles and adults.
There is also strong seasonality in the reproduction of females; ovigerous
females only occur during May to September.

Puerulus larvae were recruited most frequently during the new moon
and first quarter phases  Figure 4!. Our sample size is relatively small
but will increase as sampling continues, The phase of the moon exerts a
similar influence on the pattern of puerulus larval recruitment of several
other species of spiny lobster that have been studied  Phillips, 1972;
Little, 1977!.

Examination of shelter patterns

The den occupancy pattern in each season was characterized by a high
frequency of solitary lobsters  Figure 5!. The sexes are combined in
this comparison. Pairs and larger groups  maximum of 40+ in one den!
occurred with lesser frequency. This general pattern of shelter-use was
constant throughout the year. Overall, the proportion of dens with one
lobster was 57% whereas the proportion of dens with more than one lobster
was 43%  Table 1!. In terms of animals, however, more than 80% of the
lobsters residing in the various habitats were found in the company of
one or more other lobsters. These results are similar to related infor-
mation from shallow habitats in the Caribbean for Panulirus ~ar us
 Herrnkind et ales 1975!.
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TABLE 1. LONG-TERM SHELTER PATTERNS AT KURE ATOLL

Occupancy  %!
Class

MultipleSingle

56.9 43.1 743Dens

18.7 81,3Lobsters 29257

Juvenile and adult lobsters of both sexes frequently share the same
den  Figure 6!. The shaded blocks in Figure 6 represent males; the
unshaded blocks represent females. Juvenile lobsters  less than about
6 cm in carapace length! seldom occurred by themselves and the sexes
evidently did not differ in this regard. The number of data points in
any Lobster/den class can be less than indicated by the class designa-
tion because not all lobsters in the den were always caught. Figure 6
is based on 402 lobsters that were captured and measured. The results
presented are for June but are typical of the results based on measure-
ments of lobsters collected by divers in September and January as well.
The relationship between carapace length and den occupancy pattern was
more noticeable when the relative frequency of small, medium, and large
lobsters obtained from records of divers estimates was compared across
all levels of den occupancies  Figure 7!. The sexes were combined in
this comparison and sample sizes are indicated in Figure 7. The general
relationship between carapace length and den occupancy did not vary much
seasonally but was more apparent in June and September than in January.

The rate of dispersal of P. ~mar inatus is slow and individual move-
ments have not exceeded distances of several hundred meters. Juveniles

especially appear to move much less than adults.
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This study has been expanded to include two species of slipper lob-

our total trap catches. S. ~suammosa and S. haani are sympatric with
P. mar inatus throughout the Hawaiian Archipelago and account for less
than 10K of the commercial lobster catches in the NWHI. Nothing is known
about the biology of S. ~s uansnosa and S. haani and the population biology
of slipper lobsters in general is poorly understood. A total of L,OI7
slipper lobsters with a wide range of carapace lengths �.8 to L4.8 cm!
was collected by diving and trapping. About 28K of those sampled were
recaptures. At the beginning of September, a few slipper lobster larvae
entered the puerulus larvae collectors. It was not previously known with
certainty that S. haani occurred in Hawaii.

DISCUSSION AND CONCLUSIONS

Juvenile and adult P. ~mar inatus are not segregated geographi.cally
or by habitat within Kure lagoon. There are no specific nursery areas
in which juveniles reside apart from adults during the first few years of
their benthic life. This is in noted contrast with what is generally
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known of other commercially important species of spiny lobster. In other
species, juveniles tend to reside in shallow nearshore areas and move
offshore as they grow and become sexrrally mature  Witham et al,, 1968;
Chittleborough, 1970; Berry, 1971; Olsen et al., 1975!. Assuming that
juvenile and adult lobsters behave similarly in offshore areas, i.e,,
they do not segregate geographically or by habitat, small lobsters are
probably at greater risk of capture by commercially fished traps in
Hawaii than at other locations where there are discrete nursery areas
and where small and large lobsters are less likely to occur together on
commercial fishing grounds. Consequently, the problems associated with
handling and releasing sublegal lobsters, such as incidental damage and
reduced survivorship, are of greater potential magnitude in Hawaii than
elsewhere.

Shelter is used differently by juveniles and adults throughout the
year. Results of the study of den occupancy patterns by P. mar inatus

demonstrated that juveniles were more likely to reside in multiple-
occupancy dens than solitary dens. The limited data presently available
indicate that juveniles maintain greatly restricted home ranges and that
larger lobsters tend to range more widely. These data suggest that
multiple-occupancy dens serve as refuges for juveniles until they have
grown large enough to successfully forage more widely within an enlarged
home range or to become slightly riomadic in their movements.

Although commercial-style lobster traps do not catch the smaller
juveniles, they do catch sublegal animals that are less than the minimum
legal carapace length  8.25 cm!. This finding strengthens the need for
a regulation that requires means of escapement of sublegal lobsters by
designating either mesh size or the dimensions and locat.ion of escape gaps.
Our findings that catches from modified traps tend to represent unbiased
samples of the population size distribution is of considerable practical
importance because it suggests that modified traps may provide the means
to randomly sample the entire size range of lobsters on the commercial
fishing grounds where the depths are too great and conditions are too
hazardous for the use of SCUBA. Modified traps would be particularly use-
ful to monitor trends in growth rates and survivorship of juveniles on the
commercial fishing grounds since these parameters may vary in direct
response to increased pressure as fishing effort intensifies. Rates of
juvenile growth and mortality are important variables that are used to
estimate levels of fishing production.

Data for almost one year indicate that recruitment of puerulus larvae
is seasonal at Kure Atoll. Reproduction at Kure is also seasonal. The
larvae of other species of spiny lobster are known to have long plaaktonic
residence times of 8 to 11 months  Johnson, 1974!. The larvae recruited
at Kure during any one year are probably from reproduction in the previous
year. The use of biochemical-genetic techniques by Shaklee indicates that
lobsters at Kure and several other widespread geographic locations in the
Hawaiian Archipelago are indistinguishable  J, Shaklee, Department of
Zoology, University of Hawaii, Honolulu, personal communication!. This
suggests there may be sufficient mixing of the larvae while in the plank-
ton that larvae produced around one island may recruit elsewhere in the
island chain.
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Recruitment of puerulus larvae at Kure coincides with the period
when the northern boundary of the north Pacific central water "type'
is expected to pass Kure in its annual northward and southward shift in
location  Seckel, l962!. According to this model, the Hawaiian Archi-
pelago is predominantly bathed by the north Pacific central water system
which changes location in association with the seasonal variation in the
intensity and position of surface currents around its boundary. This
may mean that the seasonal availability of puerulus larvae will be deter-
mined to a large extent by an island's position relative to the northern
and southern boundaries of the north Pacific central water type. If so,
recruitment should occur more or less regularly throughout the year at
islands centrally located in the Hawaiian Archipelago. Recruitment at
the southernmost islands such as Oahu, however, should be seasonal and
should occur at the opposite time of the year than at Kure because of the
northward displacement of the north Pacific central water type from
around Oahu during April to October  Seckel, 1962!. This prediction will
be tested in part over this next year by deploying larval collectors at
Oahu which will be monitored concurrently with the larval collectors at
Kure.

FUTURE RESEARCH NEEDS

The major goal of the present management policies of the WPRFMC and
the HDFG for P. mar inatus is ta protect females with eggs and juveniles
so as to maximize yield and to protect reproductive potential. Regula-
tions designed to meet these goals include the release of all females with
eggs and all lobsters less than 8.25-cm carapace length. Although sub-
legal lobsters and females with eggs must be released according to law,
they are seldom returned to their origin of capture under existing corn-
mercial fishing practices. There is no information to decide whether dis-
placement from a given area of reef increases natural mortality and whether
or not displaced lobsters return to their home reef. In fact, it is not
known whether these regulations achieve their stated goals of protecting
females with eggs and sublegal lobsters so that they may respectively
reproduce or survive and grow to a harvestable size.

Knowledge of the success of these regulations is critical because
these measures are the only ones presently invoked to manage the fishery
in the NWHI. If natural mortality subsequent to release is high, the
level of production realized may be less than what could be obtained by
retaining these lobsters and instead curtailing entry and possibly limit-
ing effort particularly when the sustainable yield becomes known. The
question of the success of these regulations is particularly pertinent in
view of recent findings by other workers that the yield per recruit is
highest when lobsters are harvested at carapace lengths of 7 cm or even
less  J. Polovina, Southwest Fisheries Center Honolulu Laboratory, National
Marine Fisheries Service, NOAA, Honolulu, and G. Marten, East-West Center,
University of Hawaii, Honolulu, personal communications!. Also, females
are more likely to reproduce only during the summer months in the NWHI so
that at Midway Islands, for example, 50 to 70' of all females caught dur-
ing June to August would have to be released  MacDonald and Thompson,
unpublished manuscript!. Commercial fishing in the NWHI is most intense
during this period because unfavorable weather interferes with or prevents



fishing at other times during the year. Additionally, regulations that
protect females with eggs will probably increase the fishing mortality of
males. As a result, females with eggs may eventually come to constitute
an even greater proportion of the total catch in the future, thereby
increasing any negative economic:impact associated with significantly
increased mortality of lobsters that were handled and released.

SUMMARY

Catch per unit effort varied over the ten months for which we have
data  June 1979 to March 1980!, but seasonal and lunar influences were not
apparent. Deviations from the mean were ascribed to random fluctuations.

The size frequency distribution of lobsters obtained from diver
catches was concluded to be free of bias. Commercial-style traps under-
sampled small lobsters less than 7-cm carapace length apparently due to
escapement. Modified traps sampled lobsters in a manner similar to divers,
indicating that if a dominance hierarchy existed based on size, it did not
significantly influence trap catches. The population size distribution
varied during the year evidently in response to the seasonal recruitment
of puerulus larvae. Large lobsters were predominant in January whereas
small lobsters were predominant in June and September.

Puerulus lobster larvae were recruited seasonally and were influenced
by moon phase. Larvae were recruited from June to October but. not from
October to March. Unanalyzed data recently obtained further indicate
that larvae were also recruited from March t.o May. Puerulus larvae were
apparently recruited most frequently during the new moon and first quarter
phases.

duvenilea and adult P. ~nar inatua were not eegregated geographically
or by habitat in Kure Atoll lagoon. Juveniles seldom occurred by them-
selves and the size of. the lobsters in multiple-occupancy dens tended to
decrease with increased number of occupants. Nore than 80K of the lobsters
residing in the various habitats were found in the company of one or more
other lobsters although more than half of the dens were occupied by soli-
tary individuals. This general pattern of shelter-use remained the same
throughout the year.
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ABSTRACT

This is a preliminary report on the first six months of a two-
year program. The central objective of this program is to
determine the general outlines of trophic relationships among
major fish species and between major fish species and inverte-
brate groups in the lagoon area of two sites in the Northwestern
Hawaiian Islands: French Frigate Shoals and Midway Islands.
Estimates of population size of fish groups at certain trophic
levels will be integrated with other NWHI projects, particularly
ecosystem modeling. Field work has concentrated on a reconnais-
sance of all NWHI sites, extensive shark fishing at French Fri-
gate Shoals, and two intensive survey and collection expeditions
to French Frigate Shoals and Midway Islands. To date over 119
carcharinid sharks and 100 carangids have been collected, as
well as over 4,500 reef fishes. Age determination has begun
for the carcharinid species. Intensive data analysis is planned
for the summer and fall of 1980.

INTRODUCTION

It is important at the outset to point out that the information
contained herein is preliminary and that this project is still in progress.
No definitive conclusions can be reached at this point; data gathering
and analysis are still underway,
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The guiding objectives of these studies are the following;

1. Determine the general outlines of trophic relationships among
major fish species and between major fish species and invertebrate groups
in the reef/lagoon area

2. Estimate composition and abundance of important invertebrate
prey groups as they occur naturally in typical fish feeding areas

3. Identify instances where diet overlap, species abundance, and
feeding ecology suggest that important competitive relationships may
exist among fish, seabirds, seals, man, or some combination thereof

4. By comparing this type of trophic information in  a! a relatively
pristine NWHI situation,  b! an experimentally "fished" NWHI situation,
and  c! a high island situation, assess the effects of top carnivore
predation on community trophic structure

5. If possible, identify the routes and rates of movement of reef/
lagoon fish production out to deeper water

6, Determine local, short-term effects of fishing pressure on top
predators and the fish community

7. For top pelagic predators of the reefs and shoals, obtain basic
quantitative estimates of population size and age structure that relate
to trophic role and response to fishing

The information from this study will provide a reasonable under-
standing of the trophic structure of an important segment of the NWHI
fishery resource. This will permit an appreciation of the basis for life
support of species present and of their interactions. From this knowl-
edge, and comparing fished and unfished areas, sources of present or
potential conflict for resources among species--including endangered
seals and turtles, as well as fish, seabirds, and man � can. be identified.
Predictions can be made of the effects of various e~ploitation strategies
in this nearly pristine area. Population and trophic information,
especially on high trophic level predators, will permit planning the wise
use of these economically important species. The basic understanding
gained of how trophic systems are structured and what controls the
structure will be of value in all future study and management of such
resources.

METHODS

Collection of animals and qualitative and quantitative data are
made on periodic research trips to the NWHI. To date, cruises on the
chartered vessel ~Eas Rider have been made in September and November
1978; and March, June, and October-November 1979. Work has been done
at Necker, Nihoa, French Frigate Shoals, Gardner Pinnacles, Maro Reef,
Laysan Island, Lisianski Island, Pearl and Hermes Reef, and Midway.
An intensive diving survey and collection project has just been com-
pleted at Midway. Brief field and logistic reconnaissance has been
done at Kure Atoll.
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Field procedures include: �! visual census of shallow-water
demersal fish communities; �! visual reconnaissance, mapping, and quan-
titative recording of substrate and sessile macro-animals; �! general,
rough visual inventory of certain pelagic fish species, especially top
carnivores; �! collection of pelagic carnivores by longline and pole-
and-line or handline fishing; �! collection of shallow-water demersal
fish community by all appropriate fishing methods  e.g., nets, traps,
spears!; �! collection of mobile benthic invertebrates by use of an
air-lift suction device or collection af substrate  consolidated or
unconsolidated!.

Laboratory  or deck! procedures include: �! taking morphometric
and meristic data on fishes and weight of all except for the largest
species; �! extracting fish otoliths or vertebrae for age determination;
�! checking fish gonads for sex and reproductive condition; �! identi-
fying, and quantifying diet items from gut contents; �! extracting
benthic invertebrates from the collected substrate, and identifying and
quantifying them; �! analyzing all the above data to determine the
trophic structure of the community and meet the stated objectives. Later
phases of the project will involve more specific field manipulations and
more intensive studies directed at specific groups.

The difficulty of access to most Northwestern Hawaiian Islands sites
and the limited time available for extensive studies at any one site
have dictated that intensive field studies be concentrated at two

localities, French Frigate Shoals and Midway Islands. To date much of
the project research has been done operating with small craft from these
shore bases for periods of about three weeks at a time. The location
at the extreme northwest end and French Frigate Shoals afford a compari-
son of two ends of the low-lying islands in the northwestern chain.

Data acquisition and analysis have been divided into four sub-areas
and these will be treated individually in this report. These sub � areas
are: biology of top carnivores  large sharks and the dominant species
of carangid!' ,benthic fauna; reef fish surveys; and diet analysis of
selected species of reef fish, At present work is in progress on both
data collection and analysis of samples collected during 1979 and
March-April 1980.

Biolo of to carnivores

Studies have concentrated on six species of carcharhinid sharks and
the carangid species Caranx ~i nobilis. gharts were collected using 16-
and 32-hook longline techniques described in Taylor and Naftel �978!.
Carangids were fished using hand1.ine techniques with catch per unit
effort recorded as fish/man-hour. Age determination of sharks has begun.
successfully using methods modified after Stevens �975!. Population
estimates of sharks will be made using analysis of changes of catch per
unit effort over time  Braaten, 1969!. Attempts to estimate population
size of Caranx ~i nobilis by tag and recapture methods have proven
unsatisfactory due to the dearth of fishing effort in the French Frigate
Shoals/Midway areas for this species. Analyses of shark and ulua gut
contents are in progress; a reference collection for identification of
the various food items available is heing assembled. Percentage of
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occurrence of food items ingested by sharks and ulua will be compared
to the relative abundance of food items available as indicated by the
benthic sampling and reef fish survey samples.

Reef fish surve s

Reef fish surveys have been conducted to record the fish assemblages
at the specific collection sites identified for this project. These
surveys allow a comparison of the relative abundance of fishes available
for consumption by sharks and ulua. Data from other surveys of workers
involved in the cooperative N|8tHI study, such as E.S. Hobson and personnel
of the Hawaii Division of Fish and Garne, are used as ancillary information.
However, it is important to conduct surveys of reef fishes during the
same time periods and at the same locations in which they and large
carnivores are sampled. To date, preliminary fish surveys have been
made at every Northwestern Hawaiian Islands location, but intensive fish
surveys have been limited to French Frigate Shoals and Midway.

To characterize the reef fish assemblages under study at French
Frigate Shoals, eleven visual surveys of fish populations were conducted
in the four habitat types where collections were made. A modification
of the "Brock method" �954! was used. For each survey, a 25-m transect
line was set and, to delimit the survey area, cork floats were placed
5 m from each side of the line at approximately 10 � m intervals. In
areas where the habitat was sufficiently homogeneous, two 25-m transect
lines were set end to end. To minimize disruption to the fish commu-
nity, surveys were begun 20 minutes after the line had been set. Two
observers swam abreast, one on each side of the line, and recorded by
species name each individual fish seen within 5 m of their side of the
line. During transcription of the data, the observers' counts were
combined to obtain the total number of fish of each species seen within
250 m2. Following completion of the survey, additional species and
schools of fish occurring outside the survey area were noted. At each
transect location, the benthic habitat was mapped and the identity and
abundance of corals and macro-invertebrates were recorded.

A total of eleven surveys were conducted in the four habitat types
where French Frigate Shoals collections were made: �! patch reefs with
88X live coral cover, mainly Porites ~com ressa and Porites lobate;
�! limestone pavement with 25/ live coral cover, mainly Porites lobata,
P ill meandrina, and small patches of Le t ptarsea sp. and ~Monti ora
sp.; �! limestone pavement with 15/ live coral cover, mainly
P ill

Porites lobata, and Porites lichen; and �! coral rubble consolidated
by coralline algae with 30/ live coral cover, mainly Porites lobata,
Porites lichen, and Porites ~com ressa.

Anal sis of ut contents of selected s ecies of reef fish

To date gut content analysis has been limited to samples from French
Frigate Shoals. Complete analysis has been accomplished for only a single
species. It is reported herein as an example of the techniques. The
data presented are strictly preliminary.

178



Fish were col1.ected from several specific sites in the 2 to 10 rn
depth range from the northern part of French Frigate Shoals in October/
November 1979 and from several sites distributed over much of Midway
lagoon in March/April 1980. Most were taken by spearing with a Hawaiian
sling. Collections were also made with gill nets and fish traps.

Speared fish were placed immediately in plastic bags and placed on
ice to await transport to a shoreside freezer and then frozen for later
examination in the laboratory.

In the laboratory, fish were thawed individually and standard length,
fork length, and total length measurements were taken. The fish were
then weighed, gutted, and sexed. The viscera were immediately preserved
in a 10/ formalin solution. Complete identification awaits the establish-
ment of a reference collection now in progress. Displacement volume was
taken on the full and empty gut and the volume of the diet items was
computed.

Benthic fauna

Coral samples were collected in June by divers using SCUBA. Coral
heads were enclosed in plastic bags and broken off using a hammer and
chisel. The bags were then sealed and taken to the surface where the
coral was �! preserved in 10K formalin for transporting to the
Honolulu laboratory or �! soaked in dilute formalin to draw out live
animals, then broken up and preserved in 10K formalin.

October samples were taken using a drop net approximately 1 m in
diameter to enclose an area of coral. Coralline material and infauna
were then removed using hammer and chisel and an air lift suction device.
Samples were frozen and transported to Honolulu.

Coralline material was processed in the laboratory by one of three
methods: �! the coral was thoroughly washed over a .15 � mrn sieve which
collected all organisms washed off; �! the carbonate fraction was
dissolved with nitric acid using the method of Brock and Brock �977!;
and �! the coral was broken into very small pieces with a hammer and
chisel and washed through a 15-mn sieve to collect infauna. After
processing by one of these methods, the animals were sorted, identified,
and counted.

The June sand samples were collected by coring with a 2,000-ml
coffee can, In October/November and March/April sand samples were
obtained using a "macrocorer" and coffee cans. The "macrocorer" consists
of a metal tube approximately 67 cm in diameter which is forced into the
sand to a depth of as much as 12 crn. A metal plate is then slid under
the base so that an intact cylindrical slice of the substratum can be
removed. The October/November and March/April samples were frozen and
the June samples preserved in 10/ formalin foz transporting to Honolulu.
At the laboratory the sand was sieved through a series of sieves � mm,
I mm, .335mrn, arrd .15 mm!.

None of the sand or coral samples taken at French Frigate Shoals in
October or at Midway in March/April has been processed.
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RESULTS

The foll. owing discussion is based on preliminary results.

Reconnaissance dives �6 total! were made at several islands in the
leeward group in June 1979: French Frigate Shoals, Gardner Pinnacles,
Maro Reef, Laysan, Lisianski, and Pearl and Hermes. Work included general
observations of shallow-water fish communities and characterization of

habitats. A total of eight visual fish censuses and six species lists of
areas were selected for more intensive later study. We determined that
there are reasonable representative sites, in terms of habitat and fish
fauna, at French Frigate Shoals and Miday at which most of the remaining
work of the project can be concentrated.

Other individual results of the June cruise included: �! sighting
of a marked monk seal at Maro which gave important evidence of inter-
island movement  Laysan-Maro at least! and some estimate of rate of
movement; �! observation of a large, tightly milling aggregation of
female gray reef sharks in a very shallow reef area at Laysan; �! first
sighting of the taape, ~Lut'anus Rasmira, at Laysan;  A! collection and
return to the Waikiki Aquarium of several masked angelf ish, Genicanthus
personatus  only seven specimens have ever been seen or collected pre-
viously in the state; no males had been taken alive.!

An adult specimen of the shallow wat-er snapper, toau  ~Lut'anus
fulvus = vai iensis! was collected at French Frigate Shoals. This is
apparently the first report that this species, introduced to the high
islands, has moved so far up the archipelago.

Results of to carnivore sub � section

The catch record for sharks and ulua is given in Table 1. The three
most abundant shark species caught are the gray reef shark, Carcharhinus

tiger shark, Galeocerdo cuvier. Most fishing effort has been at French
Frigate Shoals and is reflected in the larger sample size from the area.
Many more Caranx ~i nohilis were caught at Mero Reef however, and this
may be due to a real difference in abundance in comparison to French
Frigate Shoals where much more effort was expended.

TABLE 1. SUMMARY OF TOP PREDATORS CAUGHT  NUMBER OF
FISH WITH IDENTIFIABLE GUT CONTENTS!

Island Hihca Necker PPS P are La san Lisianski P 4 H TGI'AL

�! 7 �! 22 �4! 7 �! 2 �! 0

~Sh 1
Caranx irrio'~elis
CaranX mel..;Lr 1 "ae

180

pec es
Cercherhinus

ambltrrh" nch ! s
C. alanarensls

1  abc t us
fit 1

Ualeocerco cuvier

4 �!
0
0
0

5 �!
0
0
0
0

4 �! 14 �!
0 2 �!
0 2  I!
0 8 �!

3 �! 14 �2!
0 1 �!

5 �! 8 �!
1 �! 2 �!

0 0

IP  e!
2 �!

0
0

4 �!
0

51 �7!
1 �!

0

0 0
0 0
0 0
0 0
0 0
0 0
0 10 �!
0 1 �!
0 0

1 �!
0
0
0
0
0

15 �4!
0

2 �!

42 �2!

42 �5!
4 �!

26 �0!
�!

e9 �6!
5 �!
2 �!



Table 2 gives the results of preliminary gut content ana1ysis for

other hand, has cephalopods occurring more frequently than fish. This
species also seems to be eating more of the slower-moving fish  e.g.,
puffers and eels! than the gray reef shark.

The tiger shark seems to be a more opportunistic feeder. Seabirds
make up the largest single item in the gut contents, and there is photo-
graphic documentation of these sharks taking seabirds in the water.
Tigers seem to show a definite preference for slower moving organisms,
such as pufferfish, turtles, lobsters, octopuses, and floating seabirds.

The analysis of Caranx ~i nohilis got contents shoes this species
to be also highly piscivorous. Scarids, eels, and pufferfish comprise
a large part of their diet. Crustaceans and cephalopods also contribute
significantly.

Results of preliminary attempts at age determination in the
Galeocerdo cuvier are portrayed in Figure 1. The regression made from
12 vertebral samples and one point representing the a~erage length of
24 fetal sharks is l. = 21.44T + 40.35 cm  r = 0.981!, where T is the
number of vertebral rings. This compares with Stevens' �975! data for
the blue shark Prionace glauca, L = 18.41x + 23.18 cm  r + 0.987! where
x is the centrum radius in millimeters. It has not been ascertained

whether the vertebral rings in Hawaiian Galeocerdo cuvier are annual or
are correlated with some other time period.

Reef fish surve s

A total of 79 species from 21 families were recorded. The data pre-
sented in Table 3 were compiled from all four habitat types to provide a
broad overview of the fish population under study at French Frigate Shoals.
The relative abundance for each family is the percentage which that family
represented of all individual fish counted along all transect lines. Fish
of 61 species belonging to six families comprised 90X of the individuals
counted during all transects. The family Labridae had the highest relative
abundance, accounting for 24/ of the tota1. number of individuals observed.

Population densities of wide-ranging pelagic species could not be
censused in transects. An indication of the relative abundance of species
of the family Carangidae was obtained by recording sightings whi1.e occu-
pied with various diving tasks. In 73 man-hours of SCUBA and skin diving,
92 Caranx ~i nobilis approximately 1.0 m in total length ani 100 Caranx
melam us approximately 0.5 m in total. length were observed.

Similarly, species of the family Carcharhinidae were not seen during
transects but were observed at other times, During 18 days of field

Triaenodon obesus were sighted.

Trapping provided incomplete but suggestive data on cryptic and

were collected.
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TABLE 2. PERCENTAGE OF OCCURRENCE OF FOOD ITEMS IN TOP

PREDATORS  ALL ISLANDS POOLED!

Carcharhinun Carcharhinus Cslcucardo caviar Carsnx ~l. nobllis
~bl le I

Prey Items

ffonachun ehauinalandf

d ll ~l

70Aves

25Chelonia ~mdas

10Chondriththyes

13
6 7

4,5
4,5

4,5
4,5

Oastereosteifarmes
Aulostomus chinensie 4.5

Phrgilifarmes
~dd d.

20
5

751364

13 6.7
6. 7

4,5
4.5

Cottfformee
Scorpaenidae 6.7

9

1.8
1 8
7

134. 5

6.74.5
4.5

6. 7
6.7

40

5
30
15

20
15

3,6Stomatapodn

25
7

le

25
20
25

53
47
20

32
27
9

Cephalopods
Octo~us sp.

yeuthofdcs

10Charonfa tr tunis

Holothurofdea 1.8

ff - 20 B 568 u 15t4 22

182

Anguillifarmes
Pfuraenidae

~d" I 1" " l
Congridae

Arlasama sp,
~Con er sp,

Ophicthidae
~ll lid l

Saloniformes
d.

Percifarmaa
Apoganidse
Priacanthidaa

Priacanthus sp.
Carengfdae
Scaridae

Scsrue ep,
Calntomue ap.

Acanthuridae
ACanthurun ~ci rOrie

Tetraodontfformes
Baliet idee
Kanocsnthfdee

~Perva or ~sflosoma
Ostracfont idee
Diodontidae

Diodon ep,
~Chil « ~

Decapodn
Ddt.dd
Bete~racer un sp,

Palinuridse
Penulirun ~anr rnctun
Panu1f run pent r f 1 9 tun

Scyllarfdae
ll ld*

20 5 5 5
10
10 5

23 9
1.8
1.8
9
1,8
3,6

3,6

18 3.6
1,8
1.B

18 1.8

5 3.6
l.e
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Figure I. Length vs. number of
vertebral r ings for
Galeocerdo cuvier

TABLE 3. THE SIX FISH FAMILIES MOST FREqUENTLY RECORDED DURING
ELEVEN 250 m2 TRANSECTS AT FRENCH FRIGATE SHOALS

Relative

Ab und ance*

No. Individuals

recorded per 250 m2Family

~The relative abundance for each family is the percentage which
that family represented of all individual fish counted during
all transects.

During the recent field work at Midway, fourteen 25-m transects were
conducted. The data obtained from these surveys have not yet been
analyzed.

Anal sis of ut contents of selected reef fish

To date, large numbers of specimens have been analyzed for only a
single species, the endemic wrasse Thalassoma ballieui. Data reported
here are preliminary and are presented for exemplary purposes only.
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Work is continuing on sorting and identifying the various food
items in the fish guts from all collected reef fish. Identifiable gut
contents are separated by systematic group and stored for later specific
identification. All fish samples obtained on the June 1979 cruise and
some of the fish from the October cruise have been worked up in this
manner. None of the March-April 1980 samples have been examined.

Approximately 20 specimens of Thalassoma ballieui, taken from site 3
at French Frigate Shoals during October, have been examined in detail.
Preliminary investigations on this species indicate that it is an oppor-
tunistic carnivore, feeding primarily on decapod crustaceans, prosobranch
gastropods, and occasionally on echinoids, ophiuroids, and small fish.

Results are given in Table 4 for coral taken at one site at French
Frigate Shoals, combining numbers from all three processing methods.
The most abundant taxa are Polychaeta �0.38/!, Copepoda �9.45/!,
Amphipoda �3.82/!, Isopoda �0.18K!, and Mollusca �3.58/!. Decapod
crustaceans comprise less than 3/ by number of the total fauna. Other
organisms found include Nematoda, Sipunculida, Foraminifera, and
encrusting and filamentous algae. Gastropod molluscs were the dominant
taxon �8.79/! in sand samples from French Frigate Shoals; 20.61/ of
the infauna were crustaceans and 17.23X polychaetes  Table 4!.

Invertebrates noted in the transects at French Frigate Shoals
included the echinoid species Echinometra mathaei and Echinothrix diadema,
holothuroids, and the gastropod Trochus intextus. A number of larger
hermit crabs were collected in fish traps at French Frigate Shoals in
October, Echinoids and ophiuroids have been found in other benthic sam-
ples not included in accompanying figures.

No polychaetes were found in the gut contents of the wrasse,
Thalassoma ballieui, but a high percentage of fish had decapod crustacean
fragments  Figure 2!. While polychaetes are very abundant in both coral
and sand, decapods comprise less than 3/ of the benthic fauna. This
disparity may indicate selective feeding by T. ballieui, or it could be
due to various other reasons. The absence of stomatopods in the benthic
material �9/ of the diet af T. ballieui! shows that some species have
been missed in these samples.

DISCUSSION

Because this project is still in the data collection stage and data
analysis has barely begun, it is premature to state conclusions at this
time. The initial reconnaissance of the northwestern chain and the initial
baseline collections at French Frigate Shoals and Midway are important
accomplishments in fulfilling project objectives, We presently have solid
data on sharks and a good beginning on carangid information in the NWHI.
Collections of other shallow-water reef fishes should prove adequate to
make substantial progress on an initial description of the trophic struc-
ture.
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TABLE 4. RELATIVE NUMERICAL ABUNDANCE OF BENTHIC FAUNAL

ELEMENTS FROM FRENCH FRIGATE SHOALS

! of total number of or anisms

sand coralTaxa

.5

Percent Occurrence 1fumbe r

16

Unident i f led
crustacean
fragments

75X 1002 g 2150XOX 25X

Figure 2 ~ Percentage of occurrence of food
items in Thalassoma ballieui

LS5

Polychaeta
Crus tacea

Amphipoda
Isopoda
Copepoda
Decapoda
Cirripedia

Nollusca

Gastropoda
Bivalvia

Echinodermata

Ophiuroida

Prey Item

Prosobranch gestropods

Pish scales

Brschyuran Crabs

Natantia shrimp

Bivalve mollusks

Bchinoids

Ophiuroids

Stoeatopods

Anomoran crabs

Poraminifera

CoraL fragments

Opisthohranch mol.luaka

Pj.eh  ~An~on sp.!

Amph i pads

Algae

18

20 5
ll 3 1

0

61

59

2

30

56

14

10

19 3
8

14
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Preliminary data analysis suggests that the vertebral ring method
of age determination in sharks could prove successful for the shark
species which we are examining. Diet analysis and initial data on
relative abundance of food items suggest some selectivity in certain top
level carnivores and there are also indications of overlap among species
in certain diet categories, particularly spiny lobster.

FUTURE RESEARCH NEEDS

Of particular importance is the completion of the reference
collection of invertebrates and fish skeletons that is essential to

identifying stomach contents. This reference collection will also
include a photographic record of fish scales. The remaining benthic
material from the October 1979 cruise and the March/April Midway cruise
will be analyzed for invertebrates.

Continued shark sampling will be necessary to obtain additional
vertebral samples to permit age determination. The development of
additional methods of examining vertebral rings will be explored,
including the use of scanning electron microscope and densitometer scans.

An expansion of the program of tagging tiger sharks at French
Frigate Shoals to verify growth rates will be undertaken, and growth rate
determination of captive sharks at the Waikiki Aquarium and Sea Life
Park will be integrated into our program. It is also necessary to
explore methods which will confirm that vertebral rings are annual.

This project is now less than eleven months into what should be at
least a three or four-year effort. Three major research cruises are
complete; three more  two to French Frigate Shoals, one to Midway! are
scheduled before the end of Sea Grant Year 13 �980-81!. Cruises to
date have provided an overall reconnaissance of the major Northwestern
Hawaiian Islands and very substantial sized first samples of the fish
and invertebrate commrrnities at two important, representative locations,
widely separated and well located in the chain. Future cruises to
Midway and French Frigate Shoals will permit making seasonal comparisons
at established study stations and filling data sets on fish and inverte-
brate communities more completely. The top predator collection program
will continue with emphasis on collecting close to reef fish study
sites and trying to examine the trophic ties between these groups more
closely. During and after these cruises, a major shift in emphasis
will be to more specific and intensive studies, e.g., experimental
manipulation such as predator removal at small study stations. These
studies will be facilitated by maintaining a few investigators at the
field sites for longer periods of more intensive monitoring and experi-
mentation.

In the laboratory a great deal of material remains to be analyzed
for information on fish, the identification and quantification of
naturally occurring benthos, and the recognition and quantification of
feeding relationships from gut contents. This wiL1 be a major, continu-
ing effort, and the specific direction of future emphasis in the study
will be influenced by continuing feedback from these analyses. Analysis
of the population biology of top predators, particularly sharks, will be
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intensified. Work to date has laid the groundwork for accelerated progress
in estimating age, growth, and population size.

We hope to put these kinds of laboratory results on both major
groups of top pelagic predators together with an accumulating body of
observations from intensive field studies to gain a good understanding
of the nature and importance of this predator-prey relationship that
may be very significant to the ecology of these island communities.

The project is basically on schedule, although the loss of a planned
cruise to Midway in January 1980 was a minor setback. Some original
obj ectives have required modification. It was originally believed that
some limited areas at Midway and/or French Frigate Shoals had received
6 nough local recreational fishing pressure to provide ready-made
experimental "fished" NWHI situations. It now appears unlikely that
this type of situation with a long history of adjustment to fishing will
be available. As mentioned above, the tagging program for a population
estimate of jacks seems unworkable due to low tag recovery  low fishing
effort!. It now seems less feasible than it did originally to get
useful diet information from deeper-water fishes taken in other segments
of the NWHI program. Therefore, it is not clear how much can be done
in establishing the link between the shallow-water communities and
deeper communities.

The scope of the project and the large data base involved make it
imperative to place major emphasis on field work early. The great volume
of laboratory analysis required to produce much of the data indicates
that major quantitative results and firm conclusions are still a good
many months away.
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