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ABSTRACT

In this paper several aspects of the biology of ~~
1U'
effect on recruitment and current regulations governing
commercial fishing in the Hawaiian Archipelago. Among
the factors believed to influence recruitment are
seasonal and geographic patterns of puerulus larval
settlement, stock homogeneity, rates of growth and nat-
ural mortality, and degree of movement of juvenile and
adult lobsters. Recruitment to the fishery is espe-
cially dependent upon the level of settlement of puer-
ulus larvae, the natural mortality of juveniles and
adults, and the rate of growth of sublegal size lob-
sters on the commercial fishing grounds per se. The
principal effect of prohibiting fishing in adjoining
shallow-water areas in the Northwestern Hawaiian
Islands will probably be to protect a portion of the
reproductive stock and thereby provide a relatively
reliable source of larval recruits with which to help
sustain fishery production. At the densities investi-
gated, closed areas will probably not be a substantial
source for recruitment of lobsters to the commercial
fishery.
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I NTRODUCT ION

In this paper selected results of several studies are
summarized that pertain to recruitment in the Hawaiian spiny

 tl
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these studies are continuing and conclusions may be modified as
additional data are collected and analyzed. The term "recruit-
ment" is variously defined within the context of fisheries biol-
ogy  Hancock, 1973!. In this paper, two phases are considered.
�! recruitment to the fishable stock, and �! recruitment ta the
fishery. Recruitment ta the fishable stock occurs when spiny
lobster puerulus larvae settle out of the planktan and became
demersal. Recruitment to the fishery occurs when the juveniles
and adults become subject ta large-scale capture due ta their
growth and movement ta the commercial fishing grounds.

The principal cancern in managing the commercial fishery for
spiny lobsters in Hawaii is that the short-term profitability for
fishing enterprises be balanced against the risk of reduced
recruitment which cauld lead ta overfishing. Recruitment over-
fishing occurs when year-classes fall well below the recruitment
occurring when adult stock is high  Cushing, 1977!. Widespread
recruitment overfishing appears to be a distinct possibility in
spiny lobster fisheries generally. This is because minimum legal
size limits are often set below or near the initial size of
female maturity and because fishing mortality rates are usually
very high  Kensler, 1967; Munro, 1974; George et al., 1979;
Gregory et al., 1982! .

The regulatory framework formulated to manage the spiny
lobster resources throughout the Hawaiian Archipelago designates
two management areas  Figure 1!. This dichotomy achieves
complementary management of the spiny lobster fishery in the
federal fishery conservation zone  FCZ! and in waters under state
jurisdiction. Accordingly, federal regulations apply in all
waters adjacent to the Northwestern Hawaiian Islands  NWHI! which
is designated Management Area l. State regulations apply in all
waters adjacent to the main Hawaiian islands  MHl! which is
designated Management Area 2. The meridian, 161'00'W longitude,
demarcates the two management areas. The boundary of the FCZ
around the Hawaiian Archipelago is indicated in Figure l.

Regulations intended to reduce the risk of recruitment over-
fishing of spiny lobsters in the Hawaiian Archipelago differ
substantially between management areas  Table 1!. This is
because lobsters caught in the MHI traditionally are marketed
live and whole, whereas lobsters caught in the NWHI are marketed
as frozen, processed tails. The demand for processed tails
places a significantly higher premium on smaller sizes being
landed in the NWHI than does the demand for whole lobsters. If
the fishery in the NWHI is to be economically viable, therefore,
the demand for smaller lobsters needs to be accommodated. A
second accommodation in regulation of the fishery in the NWHI in
contrast with the MHI is required relative to season closure.
Sea conditions generally are not conducive to lobster fishing in
the NWHI at times other than during the summer, when lobster
fishing is not permitted in the MHI. A large percentage of all
spawning by lobsters in the NWHI occurs during the summer. But,
to facilitate fishery operations in that management area, there
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Figure l. Management areas for spiny lobsters within the Hawaiian
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Ninimum size
Season closure

Gravid females
Area closure

7.7 cm C.L.
None

Prohibited
�0 fathoms

8.26 cm C.L.
June � August

Prohibited
None



is no season closure. Therefore, as a trade-off to mitigate
against the increased risk of recruitment overf ishing that these
two accommodations may incur, lobster fishing is not allowed in
water depths of less than 10 fathoms in the NWHI. This trade-off

2 "" K " 1! 2
puerulus larvae regularly settle in shallow nearshore habitats
throughout the archipelago, and �! conditions there are suitable

2 ~ "" g h d 2
paper these assumptions are tested and the appropriateness of
certain regulations for managing the commercial fishery for this
species throughout the Hawaiian Archipelago is considered.

RECRUITMENT TO THE PISHABLE STOCR

Consideration of the pelagic larval stages in managing the
2 h 2' . ~ ' ' «h h
great potential for widespread dispersal. An exceptionally long
pelagic existence extending over 4 to 22 months, in which phyllo-
soma larvae are transported passively by ocean currents, is typi-
cal of spiny lobster s  Phillips and Sastry, 1980! . Maximum
larval transport distances, in which no land mass lies between
the nearest adult population and where larvae are found in the
plankton, range between 483 and 2,414 km for several species of
spiny lobster  Lazarus, 1967; Chittleborough and Thomas, 1969;
Johnson, 1974; Phillips et al., 1979! . The potential to disperse
widely within the Hawaiian Archipelago increases the likelihood

h h
being recruited locally from distant adult stocks. Different
patterns of larval recruitment could have different genetic
consequences and could require different fisheries management
strategies. Preliminary results of a long-term study of the

d g h 2.
recruitment were recently reported  MacDonald, 1983!, and that
study is summarized in this paper.

2 h h 2
lar stages  Johnson, 1968! befoxe metamorphosing to a postlarval
f orm known as the puer ulus  Cooke and MacDonald, 1981! . The
puerulu is a transitional stage between the phyllosoma larva and
the settled juvenile. Typically, the puerulus is free-swimming
and is the form which actively returns to nearshore benthic habi-
tats where it settles out of the plankton. Upon settling, the
puerulus molts into the postpuerulus stage which is essentially a
very early juvenile.

g2""2,~
collected using floating artificial habitat collectors of the
improved "Witham Habitat" design  Little, 1977; Little and
Milano, 1980!. Twenty collectors were buoyed up at the surface
and moored at permanent stations up to several hundred meters
apart in the lagoon at Kure Atoll �8'25'N, 178'20'W! and within
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the shelter of the barrier reef at French Frigate Shoals �3'
46'N, 166'18'W! . Kure Atoll and French Frigate Shoals are state
and federal wildlife refuges respectively. Ten collectors were
buoyed up at the surface and moored at permanent stations in
Kaneohe Bay, Oahu �1'30'N, 158'W! within a restricted area main-
tained by the Naval Ocean Systems Center. At all three islands,
the collectors were situated amidst patch reef habitats suppor-
tive of postpuerulus stages or juveniles as ascertained by diver
observations.

Larval collectors were deployed at Kore Atoll in June 1979,
at Oahu in August 1980, and at French Frigate Shoals in June
1981 ' Initial sampling at each location revealed a lunar pattern

p 1 fZ.~«d
nantly during the new moon and first quarter phases. An entire
month's settlement of puerulus larvae thus could be assessed
accurately by sampling once each month around the time of the
full moon phase as for other species of spiny lobsters  e.g.,
Phillips, 1972!. Regular monthly sampling was conducted up to
the present on that basis and is scheduled to continue throughout
the next year.

Settlement was strongly seasonal at Kure Atoll  Figure 2!.
A Mann-Whitney U test of these data indicates that. significantly
more puerulus larvae settled during April through October than
during November through March  P   0.001, one-tailed test cor-
rected for ties!. Although the data are relatively few, settle-
ment at Oahu also was seasonal but during essentially the oppsite
time of the year than at Kure Atoll  Figure 2!. A Mann- Whitney
U test of these data indicates that significantly more puerulus
larvae settled during September through May than during June
through August  P < 0.029, one-tailed test corrected for ties!.
Zn contrast with these two localities, there was no seasonality
associated with the settlement of puerulus larvae of g.

h t 2!. d,
settlement there seemed to occur in an irregular fashion through-
out the year.

The data gathered on the puerulus recruitment of g. ~m rgi-
gyhgs provide support for the oceanographic climatic model of the
Hawaiian region developed by Seckel �962!. According to
Seckel's model, the Hawaiian Archipelago is bathed predominantly
by the North Pacific Central water type which changes location in
response to seasonal variations in the intensity and position of
the major surface currents around its boundary  Figure 3!. Dur-
ing spring and early summer, the California Current system inten-
sifies and as a result the California Current Extension spreads
and displaces the southern boundary of the North Pacific Central
water type northward within the Hawaiian islands. In late summer
and early autumn, as the California Current system weakens, the
transitional water of the California Current Extension retreats
southward and is replaced by the North Pacific Central water
type. Although not as well documented, Seckel provides evidence
that corresponding shifts in the northern boundary of the North
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Figure 2. Catches of the puerulus and postpuerulus stages of
QllULtUR

Frigate Shoals

Figure 3. Schematic chart of the major North Pacific water types
and currents  from Seckel, l962!
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Pacific Central water type occurs in the vicinity of Kure Atoll.
The North Pacific Central water type is characterized by warm,
high salinity water which extends to the bottom of the mixed
surface layer �5 to 100 m deep! and is under the direct
influence of physical processes taking place at the sea surface
 Seckel, 1962!, The degree of displacement of the North Pacific
Central water type varies between years. The area investigated
by Seckel is the rectangular shaded area in Figure 3.

Seckel's model is only a rough approximation of the oceano-
graphic climate of the Hawaiian region, and it should be noted
that there actually are no sharp distinctions between water types
and currents but only broad transitions in water properties.
However, with slight modification to this model, a simple scheme
of puerulus larval recruitment can be devised. Assuminq that

2 'JIILCIIR
North Pacif ic Central water type or some dynamic process  es!
associated with it, the seasonal and geographic availability of
the puerulus larvae may be determined to a large extent by an
island's position relative to this water type's northern and
southern boundaries. Hence, the North Pacific Central water type
in the vicinity of the Hawaiian Archipelago might be envisioned
as an ellipse which seasonally oscillates up and down the island
chain  Figure 4!. The ellipse is displaced southward during the
winter and northward during the summer; the area of overlap is

Figure 4. Schematic depicting the North Pacific Central water
type in the vicinity of the Hawaiian Archipelago as an
ellipse which seasonally oscillates up and down the
island chain  based primarily on Chart III in Seckel,
1962!
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shaded in Figure 4. According to this stylized scheme, settle-
ment of puerulus larvae would occur during those times of the
year that an island is encompassed by the ellipse  i.e., the
North Pacific Central water type!. Settlement of puerulus larvae
thus would occur throughout the year at islands located where the
ellipse continually overlaps during its annual oscillation. Set-
tlement of puerulus larvae would be seasonal at islands located
where the ellipse departs during its oscillation and thus would
occur at reciprocal times of the year at opposite ends of theh h ' . ' h hh' ' ' ' h.
is limited to the Hawaiian Archipelago and Johnston Atoll, other
finer-scale hydrographic conditions such as currents and eddies
probably serve to generally retain the phyllosoma larvae of this
species within the Hawaiian region  Johnson, 1968! .

h

tlement generally support this scheme. Settlement occurred
irregularly throughout the year at French Frigate Shoals. Set-
tlement at Kure Atoll occurred in the summer, primarily during
April or May through September or October when the North Pacific
Central water type is displaced northward. Settlement at Oahu
occurred primarily in the winter, the opposite time of the year
from Kure Atoll, coinciding with the period from September or
October through April or Nay when the North Pacific Central water
type is displaced southward. The large brackets in Figure 2
indicate the period during which settlement is most likely to
occur based on Seckel's �962! oceanographic climatic model. The
small brackets indicate months of probable boundary transition in
the passage of the North Pacific Central water type by Kure Atoll
and Oahu. The intervals used in the statistical tests, there-
fore, represent the broadest span of time during which g. ~m zgj-
z.~t <' puerulus larval settlement is likely to occur at Kure Atoll
and Oahu based on the seasonal pattern of displacement of the
North Pacific Central water type  Seckel, 1962!.
RECRUXTNBST TO THE FISHERY

Growth and Natural Nartality

Rates of growth and natural mortality are important vari-
ab1es in the process of recruitment. This is because the net
rate of recruitment to a fishery is a compound factor which
depends partly upon the time required for individuals to grow to
the minimum legal size and partly upon the fraction of the year
class remaining when individuals attain that size.

In this study, the rate of growth was calculated by the von
Bertalanffy function using recapture data  Fabens, 1965!. The
rate of natural mortality was calculated using carapace length
composition data and the von Bertalanffy growth parameters
 Beverton and Holt, 1956! . In unexploited stocks, such as within
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the study areas at Kure Atoll and French Frigate Shoals, the
total instantaneous mortality rate equals the rate of natural
mortality. Therefore,

where

M = instantaneous coefficient of natural mortality
K = intrinsic growth cate
L asymptotic size

= smallest carapace length  CL! fully represented in the
catch samples

= mean carapace length computed from t upwards.

For diver samples at both locations, < was concluded to be
4.6-cm CL. This technique is probably the most useful approach
for estimating total mortality in the Palinuridae, given the
inability to independently determine age for any of the palinurid
species  Morgan, 1980!.

IIUIStUS
between June 1979 and August 1981 and 1,161 at French Frigate
Shoals between June 1981 and September 1982. These totals are
comprised entirely of lobsters collected by divers and are free
of any size or sex bias that may be associated with trapping.
Individual lobsters were identified using either numbered western
Australia spiny lobster tags  Chittleborough, 1974! or a code
based on punching holes in the uropods  modified after Engle,
1979! and then released. Carapace length was measured to the
nearest millimeter along the middorsal line from the anterior end
between the postorbital spines to the posterior edge. The pre-
sence of external eggs on females was recorded. All lobsters
were caught in areas shallower than the 10-fathom depth contour
where commercial trapping was restricted under fishery regula-
tions for the NWHI. In addition, both study areas were located
in wildlife refuges where there is no recent history of commer-
cial fishing.

2
Kure Atoll and French Frigate Shoals are similar. The mean catch
per unit effort, based on the number of lobsters seen per diver
hour, did not differ significantly between these locations  t =
-0.6944, df = 250, P < 0.4881!. This situation is fortunate
because density-dependent differences in growth and natural mor-

f 2
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h 2
French Frigate Shoals are similar  Figure 5!. The mean interval
between capture and recapture for these lobsters was 366 days + 6
days  standard deviation!, and both sexes were sampled over a
wide range of carapace lengths. Growth parameters and their 95
percent confidence limits were calculated using these data
together with data based on capture-recapture intervals of more
than a year  Table 2!. For the sexes combined, there was no
significant difference in lobster growth between islands.
However, for the islands combined, there were significant
differences between the sexes for both K  intrinsic growth rate!
and L  asymptotic size!. Females grew faster, but males
attained a larger asymptotic size  Figure 6!.
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TABI E 2. COMPARISON OF GROWTH PARAMETERS FOR MALE AND FEMALE
2 a HI%IBM eCIIB208
KURE ATOLL

ISLAND * Lg

L Lg

French Frigate Shoals 13.18
Kure Atoll 13.36

Lg
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French Frigate Shoals
Kure Atoll

Male

Female

Male

Female

*sexes combined
~islands combined
-'significant difference

0.3046
0. 2714

0. 2699

0.3487

13.61
12. 28

0.2606
0.2428

12.53
13.01

0.2430

0.3000

13.30
11.77

0.3485
0.3000

13. 82
13.70

0.2970

0.3975

13.92

12.80

43
120

43

120

104

59

104

59
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Figure 6. Von Bertalanffy growth curves of male and female
luJlatua

Shoals combined

2 LIJ04tM PP
greater for females than for males at both locations and is high-
er at French Frigate Shoals than at Kure Atoll. Correspondingly,
carapace lengths of males and females were significantly greater
at Kure Atoll than at French Frigate Shoals  two-way ANOVA: F =
153, df = 3, P   0.001!  Figure 7!. Estimates of selected demo-
graphic factors at both locations are presented in Table 3, where
differences in natural mortality are expressed in terms of annual
mortality rate � � e"! and average individual lifespan �/M +
age at 4 !. Mean carapace length in Table 3 is a. All calcula-
tions of natural mortality were weighted for differences in
sample size by season between June 1979 and January 1981 at Kure
Atoll, and between June 1981 and September 1982 at French Frigate
Shoals. The von Bertalanffy growth parameters for males and
females were pooled over both locations.

All estimates of age are based on the von Bertalanffy growth
curves. Age at entry to the fishery and age at minimum legal
size at both locations are greater for males than for females
 Table 3!, corresponding to the differences in their rate of
growth  Figure 6!. In Figure 6, the size at entry to the fishery
�.6-cm CL! is indicated by the arrow and the minimum legal size
�.7-cm CL! is indicated by the horizontal line. Size at entry
to the fishery was determined using the standard California two-
chambered spiny lobster trap  KacDonald and Stimson, 1980!. Age
at sexual maturity for females is based conservatively on the
smallest carapace length at which females were gravid. At both
locations females became gravid  hatched area in Figure 7! at
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TABLE 3. SELECTED DEMOGRAPHIC FACTORS FOR PANULIRUS NARGINATUS
AT KURE ATOLL AND FRENCH FRIGATE SHOALS

French Frigate ShoalsKure Atoll
Factor

Nales Fables Males Females

7.2
45.4

2 ~ 8

Mean carapace length  an!
Annual mortality rate �!
Average individual lifespan  yrs!

8.3
31.9

3.8

10. 3

3,5 . 1
7 . 4

8.9

25. 1

4.6

Both Locations

Females

Age at entry to fishery  yrs!
Age at minimum legal size  yrs!
Age at sexual maturity  yrs!

2.3

3.1
2.7

1.7

2 ~ 3

1.7

Mavementa

»y " d " E
were investigated over time to assess the potential for exchange
of lobsters between shallow areas closed to fishing in the NWHI
and the adjacent commercial fishing grounds. Novements were
based primarily on the distance and direction that tagged lob-
sters traveled between specific areas designated by 50 comercial-
style lobster traps positioned at semipermanent sites within the
study area. The data were collected by diver sampling.

Trap positions were established by triangulation with promi-
nent shoreline features using an optical reading compass accurate
to the nearest 0.5 . Positions were plotted on NOAA chart 19483.
Topographic relief at trap positions plotted on the chart was
consistent with water depth measured at actual trap sites, and
distance between specific traps calculated using trap coordinates
was consistent with a sample of distances measured between the
same traps in the field. Gross deviation of trap positions from
those plotted on the chart was prevented by regularly resiting
traps by divers in January, June, and September each year. Each
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about 6.5-cm CL which is approximately the size at entry to the
fishery. Sexual maturity in males is assumed to occur at about
the same carapace length as females, based on results of analyses

4IglD4tM h
Necker Island  J. Prescott, unpublished manuscript! . Accord-
ingly, males at Kure Atoll and French Frigate Shoals are expected
to attain sexual maturity about a year later than females. Stud-
ies at Kure Atoll and French Frigate Shoals are continuing in
order to verify this conclusion.



trap was retained within a specific area through association with
individually numbered lobster dens that were marked by a double
set of plastic tags attached to the substratum. During this
period, 1,054 lobster dens were tagged.

About 42 percent of all recaptures within the study area
occurred at their respective release sites, indicating no net
movement  Table 4!. The sexes did not differ significantly in
this regard. Among lobsters that moved a measurable extent,
distances rarely exceed 1 km, and the distribution of directions
was random  Raleigh's R = 15.74, n = 336!  Figure 8!. Vector
magnitudes in Figure 8 signify the number of times that lobsters
moved in each direction. The pattern of predominantly localized
movement was essentially the same for legal and sublegal size
lobsters and persisted through time over both the short and long
term  Figure 9!. Collectively, there was no apparent seasonal
difference in either the distance or direction of movement.

TABLE 4 . SUMMARY OF DISTANCES MOVED BETWEEN CAPTURE AND RECAP-

HlllIBUR RBBIMZUS

Percent
Maximum  m!Sex

0 m <1 km

Males

Females

Combined

39.1
47.2
42.3

1729
1499

97.9
97.2
97.5

389
252
641

95% Confidence Interval � m!

Males

Females

n = l52

n = 119

30.1 < 39.1 < 48.0

37.5 < 47.2 < 56.5
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Distance was measured as the straight line between two traps
and is a minimum estimate of the extent of movement. Direction

was measured as the angle that a lobster moved from one trap to
another relative to magnetic north. The mean distance between
each trap and every other trap was 858 m; the range was 0 to

00 . »»,,7 6
were tagged and released by divers. Between September l979 and
August 1981, 641 recaptures were made including multiple recap-
tures of some individuals. The time interval between each cap-
ture and recapture ranged between 90 and 793 days.



n = 336

8. between release and recapture at Kure Atoll
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SIZE TIME

Figure 9. Frequency histograms of the distance moved between

different size and over different intervals of time

Further information on movement was obtained by diver sam-
pling at widely scattered locations across the atoll during the
same time period to assess whether lobsters moved greater dis-
tances than could be detected within the study area. During 83
logged dives outside the study area from July 1979 through August

| " ~ Z.
single tagged lobster was recaptured which had moved approxi-
mately 450 m in 265 days. In general, recaptures within the
study area moved relatively short distances in random directions
whereas recaptures outside the study area were rare, suggesting
slow dispersal and a low rate of emigration. Preliminary results
of similar research being conducted in shallow areas closed to
fishing at French Frigate Shoals also indicate a generally local
ized pattern of movement for this species. These results are
consistent with Hernkind's �980! postulation that species or
populations of spiny lobsters at oceanic islands exhibit "resi-
dential" patterns of movement.

MamAGZmm rm r,ICATremS

Assuming the model used to explain the seasonal and
P " |! 1910ktlH

larvae accurately reflects processes in nature, a number of
ramifications emerge that pertain to the management of the
commercial fishery for this species. A vital consideration is
whether there is a single genetically homogenous population
throughout the archipelago, or whether instead there is a
heterogenous assemblage of genetically discrete stocks that

215



differ between islands or groups of islands. In a study of the
! " "!
low and no evidence of subpopulation str ucture or stock
heterogeneity was found  Shaklee and Samollow, 1980!. The

! ! ! !» !. !4!!%
associated with the North Pacific Central water type is
consistent with this conclusion and may represent the underlying
mechanism involved. As the North Pacific Central water type
oscillates up and down the island chain, there may be sufficient
mixing of the larvae while in the plankton that those produced
around one island may settle elsewhere in the archipelago. This

d !» ! ! K
of the long pelagic larval life which is typical of spiny lob-
sters in general  Phillips and Sastry, 1980!. A fishery manage-
ment plan that treats the spiny lobster resource as a unit stock
is consistent with this interpretation.

Another important consideration is whether the season clo-
sure from June through August in the NHI actually enhances
recruitment to the fishable stock. During this time, the Cali-
fornia Current Extension has spread through the MHI and displaced
the southern boundary of the North Pacific Central water type
northward into the NWHI ~ Accordingly, phyllosoma larvae that
hatch du~ing the summer in the NHI may be especially liable to be
swept away from the Hawaiian Archipelago to the southwest by pre-
vailing currents. This could account for the presence of late

!! 2. IJIILtlN ~ ! ! ! '
both Hawaiian endemic palinurids, at plankton stations in the
vicinity of Johnston Atoll  Johnson 1968, 1971!. Also, it is
consistent with the suggestion that an established reproducing

! Z. C!!!II!!! " ' h
Atoll, but rather that phyllosoma larvae occasionally are carried
there from Hawaii by the North Equatorial Current  Brock, 1973! .

2. ~ h
throughout the year at Oahu  Norris, 1968!, but it is conceivable
that the greatest contribution of phyllosoma larvae from the NHI
to recruitment in the Hawaiian Archipelago is derived from
spawning at times other than during the summer.

The annual level of recruitment of puerulus larvae to fish-
ery stocks of spiny lobsters can vary greatly between years
 Phillips, 1981!, and the strength of settlement each year may
influence future fishery production. In the case of the western
Australian spiny lobster g. ~~~~ for example, the long-term
monthly monitoring of the settlement of puerulus larvae has
enabled the successful forecasting of commercial fishery yields
 Chittleborough and Phillips, 1975, 1979; Morgan, 1980! and has
provided much of the basis for analysis of the stock-recruitment
relationship  Norgan et al., 1982!. If a similar program of
long-term monthly monitoring of the settlement of puerulus larvae

!.
several of the results of this study should be considered.
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Notable, such a monitoring program preferably should be con-
ducted at an island situated centrally in the Hawaiian Archipel-
ago, such as French Frigate Shoals. Monitoring at islands situ-
ated near either end of the archipelago, such as Kure Atoll or
Oahu, may be susceptible to sampling bias because of the differ-
ent extent to which the North Pacific Central water type is
displaced northward or southward between years. Under these cir-
cumstances, the choice of geographic location would be especially
important if the monitoring program were to be established at
only one island. In addition, French Frigate Shoals is situated
ideally between Necker Island and Maro Reef, the principal com-

E

At the densities investigated, closed areas in the NWHI are
not expected to be a substantial source af lobsters for recruit-

h '1 b 2. ~ ' d
nantly localized. Instead, closed areas will probably serve as
a refuge for a portion of the reproductive adults, which should
provide a relatively reliable source of larval recruits to the
f i shabl e stock.

Given the high degree of localized movement and the poten-

for a new regulation providing f or escape gaps in lobster traps
in the NWHI should be reconsidered. Since lobsters less than the
minimum legal size might reside in the same general area for pro-
longed periods of time, they are especially susceptible to multi-
ple recapture on the commercial fishing grounds. The combination
of repeated handling and the potential damage that may result,
together with the increased risk of predation upon release, may
significantly decrease growth rates and increase the mortality of
sublegal size lobsters, thereby seriously decreasing the overall
rate of recruitment to the fishery.
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EXPANDED ABSTRACT

The shallow-water f ish communities of the Northwestern
Hawai ian Islands wer e studied over a per iod of 4 year s
in an effort to characterize the major trophic rela-
tionships of quantitative ecological importance. Major
quantitative work was done at Midway Islands and French
Frigate Shoals. Research was concentrated on the
demersal fish fauna that was more or less resident over
hard substrate. However, common, wide-ranging, semi-
pelagic jacks and sharks were also studied because of
their important role as high-level predators on this
community. Quantitative description of the communities
was based on visual underwater census at many locations
and on quantitative collections of complete fish commu-
nities from isolated patch reefs. The numerical compo-
sition of the latter collections was used to define the
communities for all results reported here. Diet infor-
mation came from examination of gut contents of 129
fish species. All reports of various food items as a
portion of fish diet were based on frequency of occur-
rence  number of predator specimens containing the prey
item.! Natural abundance estimates of available ben-
thic invertebrate prey items were based on extraction
and enumeration of these animals from samples of hard
substrate and sand cores. All results are preliminary
and approximate, awaiting full computer analysis of
large data sets.
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The demersal, hard substrate fish fauna can be consid-
ered to consist of about 161 species observed in more
than negligible numbers. The trophic base that sup-
ports about 63 percent of this demersal community was
estimated based on predator species composition from
quantitative fish community collections and frequency
of occurrence of prey items from extensive predator
collections. This base consisted of about 1 percent
cephalopods, about 4.5 percent fish, over 4 percent
zooplankton, about 8 percent algae, and about 82 per-
cent benthic invertebrates  -6 percent molluscs, -1.5
percent echinoderms, over 2 percent worms, and over 72
percent crustaceans!. Crabs other than hermit crabs
were an important component of the benthic fauna, aver-
aging 166 individuals/m of hard substrate. They were
also important trophically, representing 17.4 percent
of the known diet of the demersal fish community. They
were clearly of major quantitative importance in the
maintenance of 32 fish species, including 3 balistids,
3 cirrhitids, 6 labrids, 6 mullids, 4 scorpaenids, 3
muraenids, 2 holocentrids, 1 bothid, 1 ophichthid, 1
chaetodontid, 1 cheilodactylid, and 1 priacanthid.
Major crab groups in the benthos were xanthids �7.3
percent!, galatheids �1.7 percent!, and majids  9
percent!. At the family level, the composition of
crabs in the diets of fishes was similar, but portunids
and grapsids were also quite important �0.4 percent
and 4.9 percent respectively of all crab occurrences in
a sample of major crab consumers!. Hermit crabs were
also abundant in the benthos �7 individuals/m ! and
comprised 0.4 percent of the known diet of the demersal
fish community. They were eaten in significant numbers
by at least six fish species. For four species of
large wrasses they provided 23 to 41 percent of the
diet occurrences. Shrimp averaged 222 individuals/m
in hard substrate samples. They occurred significantly
in 15 fish species, representing 5 percent of the
demersal community diet. At the family level there was
low correlation between the relative abundance in the
benthos and in fish diets. Alpheids heavily dominated
benthic samples �1.8 percent!, followed distantly by
palaemonids �4.7 percent! and hippolytids �1.4 per-
cent!. The latter two families and the rhynchocinetids
were codominant items in the diets �2 to 25 percent
each! of a sample of important shrimp consumers.
Alpheids were eaten less commonly �.7 percent!. These
differences probably reflect feeding selectivity and
some sampling bias. Within the families Rhyncho-
cinetidae and Hippolytidae, the most common species in
the benthic samples also occurred most commonly in the
fish diets. Stomatopods were rare in the benthic
samples but occurred in moderate numbers in a consid-
erable range of fish species. They comprised 1.2 per-
cent of the diet for the demersal fish community and
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were major diet components of at least five species.
w w vs

important prey. Small crustaceans occurred widely in
the fish diets. Zn many cases they appeared to be
minor, supplemental diet items. Isopods  primarily
suborder Plabellifera! were very important to a few
very abundant fish species, e.g., about 75 percent
in the three major /~i'~ species and over 84 percent
in Adit~ 4iadema. This resulted in their provid-
ing nearly 15.0 percent of the demersal community's
diet. In several species amphipods occurred with
considerable frequency. They provided about 1.1 per-
cent of the demersal community' s diet. Amphipods were
widespread and abundant in the benthos with 4,716
individuals/m~. Gastropods were diverse and abundant
on hard substrate �26 individuals/m~! and on sand
�,960 individuals/m~!. Species composition was
quantitatively quite different on the two substrates.
The most common gastropods in the benthic samples were
well represented in fish diets, particularly the sand-
dwelling mollusc species. There was some evidence of
partitioning the gastropod resource among fish preda-
tors. Of all fish species, 18.5 percent ate gastropods
in significant quantities; they represented about 6
percent of the demersal fish community' s diet. A wide
range of fishes were heavy gastropod consumers, espe-
cially several wrasse species. Bivalves were much less
abundant in the benthos and relatively unimportant in
fish diets. At least eight species of echinoids were
eaten by a considerable variety of fishes. Only five
species � mostly large wrasses � ate significant
quantities. Echinoids comprised about 1.0 percent of
the demersal community's diet and were poorly repre-
sented in numbers and species in the benthic samples.
Ophiuroids occurred in a variety of diverse fish groups
 -ll percent of all species! but not in great numbers.
Two species were common in the benthic samples in low
abundance. Polychaetes were abundant in the benthic
hard substrate  -2,644 individuals/m ! and in the sand
 -395 individuals/rn~!. They occurred significantly in
the diets of several diverse fish species and comprised
over 2 percent of the demersal community' s diet. The
dominant prey groups were Terebellidae, Onuphidae, and
Opheliidae. Twelve fish species ate cephalopods
 mostly gism species!, at least eight in substantial
numbers, representing nearly l percent of the demersal
community's diet. Only six species ate zooplankton,
four in substantial numbers. This amounted to nearly
4.3 percent of the demersal community's diet. Sixteen
species of fish ate significant amounts of algae, which
represented about 8 percent of the demersal community's
diet. No attempt was made to estimate the natural
abundance of cephalopods, zooplankton, or algae in the
habitat.
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Thirty-six of the ll9 demersal fish species examined
showed evidence of piscivory. Based on frequency of
occurrence, numbers and volume of fish prey in guts of
over 1,000 predators, 14 species were categorized as
major piscivores. These included 2 species of
synodontids, 4 muraenids, l scorpaenid, l congrid, 1
aulostomid, 1 fistulariid, 1 cirrhitid, 1 mullid, 1
antennariid, and 1 labrid. Twenty-two species with
lesser fish consumption were termed minor piscivores.
These included l species of muraenid, 4 scorpaenids, 1
cirrhitid, 2 mullids, 5 labrids, 1 bothid, l ophidiid,
4 holocentrids, 1 congrid and 2 priacanthids. Major
piscivores made up about 4 percent by number and about
21 percent by biomass of the demersal fish community
 as defined by four complete, quantitative collec-
tions!. Prey fish representing 23 families provided
4.5 percent of the total demersal fish community's diet
based on numbers of demersal feeding fish, and just
over ll percent based on demersal fish biomass.
Important prey included apogonids, gobiids, labrids,
and mullids.

Diet data were collected on the three common .inshore
shark species and the seven common predaceous inshore
jacks. Life history studies were carried out on the

h b d d
Rt145MCN. *h h g I bg
counting annual rings in vertebral centra, and these
counts were used to generate von Bertalanffy growth
curves. Respiratory metabolic requirements of the
sharks were estimated by performing laboratory respi-

lUICSCIR . "d h g I
plus DeLury catch-per-unit-ef fort estimates of shark
population size, led to estimates of the food require-
ments of shark populations  = predation pressure on the

*»'h IC..

g confirm that daily rings are formed. Counts of otolith
rings were used to generate a von Bertalanffy growth

C ~ " "" " b
C. ~. d d

frequency of occurrence of ripe adults from year-round
sampling, both these jack species appear to exhibit
summer spawning peaks. Gut analysis of P~g~4g
r~~mo~ revealed, in order of decreasing frequency of
occurrence, seabirds, turtles, lobsters, cephalopods,

I h. C. ~ h » d d
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was the most highly piscivorous shark, with perciform,
demer sa1 f i shes occurr ing most f r equently. Similar
shallow-water fishes were important in the diets of
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contained many nocturnal and pelagic fishes and consid-
erable crustaceans and cephalopods. The prey of g.

d i
active reef fishes. Dietary similarity as measured by
Pianka's index of overlap was significant �.4! between

The results of the trophic studies of these communities
have provided a rather complete and quantitative des-
cription of relationships essential to understanding
how the resource is naturally supported and maintained.

predation
fish diets
benthos

invertebrates
piscivores
animal communities

Note: A full-length conference paper was delivered at the
symposium; however, only an expanded abstract appears here to
avoid duplication with other published work. Reference to the
paper s! can be found in part in the "Research Reports" and
"Abstracts of Unpublished Papers" sections in Volume 2 of this
proceedings.
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