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Spatial and Temporal Variability in Growth of Hawaiian Spiny
Lobsters in the Northwestern Hawaiian Islands

JOSEPH M. O’MALLEY*
Hawaii Institute of Marine Biology, University of Hawaii, Post Office Box 1346, Kaneohe, Hawaii 96744, USA

Abstract.—Growth rates were estimated for recaptured Hawaiian spiny lobsters Panulirus marginatus

tagged between 2002 and 2007 at Necker Island (238300N; 1648350W), Gardner Pinnacles (258000N;

1688500W), and Maro Reef (258300N; 1708450W) in the Northwestern Hawaiian Islands (NWHI). The

location and year-specific nature of the tag–recapture cruises enabled investigation of spatial and temporal

variability in growth. Mean growth rates, estimated by using the von Bertalanffy and Schnute growth models

and fitted via a maximum likelihood technique, differed between sexes and particularly among locations and

years. Male lobster growth rates at Necker Island were, in general, one-third those at Gardner Pinnacles and

one-half those at Maro Reef. Female lobsters exhibited the same pattern with less-pronounced differences.

Maro Reef lobsters exhibited several abrupt, significant growth reductions among years, while Necker Island

lobster growth rates increased significantly from 2004 to 2005. Model results also indicated substantial

individual variability in growth. Neither density nor temperature could account for the differences in growth

rates. No palinurid species studied to date has shown such spatial variability in growth, and only one panilurid

species has exhibited similar variability on a temporal scale. Recognition of and accounting for the mean and

individual variability in a life history trait of this endemic species will result in more accurate stock

assessments and, ultimately, a better understanding of lobster dynamics and the NWHI coral reef ecosystem.

Sustainable exploitation of commercially valuable

species requires accurate estimates of somatic growth

and an in-depth understanding of the causes of any

spatiotemporal variability associated with those esti-

mates. Growth rates are important components of yield

equations (Beverton and Holt 1957) and are also used

in other methods to assess stocks, including mortality

(Griffiths and Harrod 2007), maturity schedules (Clark

et al. 1999), recruitment or settlement (Wahle et al.

2004), spawner–recruit relationships (Sheehy 2001),

and fishing selectivity (Jeffery and Taggart 2000).

Failing to account for growth variability in population

models introduces biases to biomass estimates, which

in turn can lead to inappropriate management schemes

and exploitation levels. This may be especially true of

palinurid lobsters because many species exhibit spatial

and temporal growth variability associated with density

(Pollock 1991; McGarvey et al. 1999), environmental

conditions (Chittleborough 1975; Pollock and Shannon

1987; Pollock et al. 1997), and food availability

(Newman and Pollock 1974; Edgar 1990).

The Hawaiian Archipelago consists of the main

Hawaiian Islands (Hawaii to Niihau) and the North-

western Hawaiian Islands (NWHI), a series of islands,

reefs, seamounts, and atolls (hereafter referred to as

banks) extending approximately 2,000 km across the

subtropical Pacific (Figure 1). The Hawaiian spiny

lobster Panulirus marginatus is endemic to the

Hawaiian Archipelago and Johnston Atoll. Pre-exploi-

tation surveys (1976–1978) indicated that the average

Hawaiian spiny lobster size increased in a northwest-

erly direction along the NWHI (Uchida et al. 1980). In

particular, Necker Island, located near the southeastern

end of the NWHI, had the smallest Hawaiian spiny

lobsters but also the greatest abundance (Uchida et al.

1980).

A commercial fishery targeting Hawaiian spiny

lobsters in the NWHI began in the mid-1970s. Fishing

effort remained relatively low until 1984, when the

introduction of new traps resulted in a threefold

increase in effort in just 2 years. Despite near-annual

stock assessments from 1985 to 2000, the NWHI

lobster fishery suffered severe declines in catch per unit

effort (CPUE; Figure 2) and was closed in 2000

because of increasing uncertainty in the population

models used to assess stock status. The uncertainty

stems from the assumption of synchronous dynamics,

regardless of location and time period, among bank-

specific lobster populations (Botsford et al. 2002). For

example, previous Hawaiian spiny lobster tagging

studies at the NWHI (Kure Atoll in 1979–1983 and

French Frigate Shoals in 1981–1983) used Fabens’

(1965) method to estimate the conventional von

Bertalanffy growth parameters: asymptotic maximum

length (L
‘
) and growth constant (K; MacDonald 1984).
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The growth estimates (male K¼ 0.27, female K¼ 0.35)

were used in a Beverton–Holt yield equation to

estimate Hawaiian spiny lobster abundance at all banks

in the NWHI (Polovina 1985). Growth estimates were

also derived from modal progression analysis of size

frequencies of Hawaiian spiny lobsters captured during

research cruises at Necker Island in 1986–1988

(growth rate values were unreported; Polovina and

Moffitt 1989) and were used to determine size at

recruitment to the fishery and age-specific CPUE in the

1989–1993 assessments. The use of these growth rates

in NWHI-wide assessments ignored any spatial and

temporal variability that might be associated with those

values.

FIGURE 1.—Map of the Hawaiian Archipelago, including the Northwestern Hawaiian Islands.

FIGURE 2.—Commercial catch per unit effort (CPUE; number of lobsters captured per trap haul) for Hawaiian spiny lobsters at

Necker Island, Gardner Pinnacles, and Maro Reef, Northwestern Hawaiian Islands, from 1983 to 1999. The fishery was

temporarily closed in 1993.
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Acknowledging and discounting the assumption of

synchronous dynamics represented a change in NHWI

Hawaiian spiny lobster population dynamics theory

from a single archipelago-wide population to a series of

discrete metapopulations separated by the deep water

between banks and connected only by larval dispersal.

To examine bank-specific lobster dynamics, an exten-

sive tagging program was conducted from 2002 to

2008. A preliminary examination of the 2002–2003

Necker Island tagging data indicated that a metapop-

ulation approach is appropriate because the estimated

Hawaiian spiny lobster growth differed significantly

from that observed at Kure Atoll and French Frigate

Shoals from 1979 to 1983 (O’Malley and MacDonald

2009).

The objective of this study is to investigate NWHI

Hawaiian spiny lobster metapopulation dynamics by

describing location-specific (Necker Island, Gardner

Pinnacles, and Maro Reef) and year-specific (2002–

2008) growth rates. Also examined are the effects of

density and temperature, two common drivers of

growth variability.

Methods

Tag–recapture data.—Hawaiian spiny lobster tag-

ging was conducted aboard chartered commercial

fishing vessels at the banks where the NWHI

commercial fishery was primarily concentrated: Necker

Island (23830 0N; 164835 0W); Gardner Pinnacles

(25800 0N; 168850 0W); and Maro Reef (25830 0N;

1708450W; Figure 1). Trapping took place within the

entirety of each bank, although effort was concentrated

in areas with greater densities of Hawaiian spiny

lobsters, as indicated by habitat (depth and sand versus

hard bottom) and the captain’s previous lobster fishing

experiences in the NWHI. Tagging began at Necker

Island in 2002, expanded to Maro Reef in 2004, and

then extended to Gardner Pinnacles in 2006; tagging

took place at all three banks in 2006–2008. The annual

tag–recapture cruises occurred between June and

September of each year.

Hawaiian spiny lobsters were captured by using

standard commercial molded black polyethylene Fath-

oms Plus (San Diego, California) traps, which are

dome-shaped and single-chambered, with two entrance

cones (dimensions ¼ 980 3 770 3 295 mm, inside

mesh dimensions¼ 45 3 45 mm). Mesh paneling was

placed over the escape vents to prevent the release of

small lobsters, thereby maximizing the size range of

captured lobsters. Fifteen strings consisting of 20 traps/

string were soaked overnight; each trap was baited with

1 kg of Pacific chub mackerel Scomber japonicus.

Initially (i.e., at Necker Island in 2002), Hawaiian

spiny lobsters were tagged by using polyethylene

streamer tags (Hallprint, Inc., Victor Harbor, South

Australia) inserted through the abdominal flexor

muscle at the juncture of the cephalothorax and

abdomen. However, research indicated that these tags

were not suitable for Hawaiian spiny lobsters because

of excessive tag loss (O’Malley 2008). All subsequent

tagging was done by using passive integrated tran-

sponder (PIT) tags (Destron Technologies, South St.

Paul, Minnesota) injected into the distal tail segment

(O’Malley 2008). The PIT tags were detected with a

Destron Technologies Model 2001F-ISO portable

transceiver (Digital Angel Corporation, St. Paul,

Minnesota). For each tagged and recaptured lobster,

the PIT tag number, carapace length (CL; nearest 0.01

mm), sex, date of capture, and position of release

(latitude and longitude determined using a Global

Positioning System unit) were recorded. All lobsters

were released on the seafloor in the immediate area of

recapture via a release cage (O’Malley 2008). Each

tag–recapture cruise had at least one tagger from

previous cruises, which provided continuity in the

tagging process. An important detail of this work is that

because the commercial fishery was closed and

because poaching and recreational fishing are highly

unlikely given the remoteness and regular monitoring

of the NWHI, tagged lobsters were recaptured by

researchers during the annual tag–recapture cruises

only.

Growth analysis.—Hawaiian spiny lobster recapture

data were first aggregated on a bank-specific level to

examine spatial (among-bank) differences in growth

rates (Necker Island, 2002–2008; Gardner Pinnacles,

2006–2008; and Maro Reef, 2004–2008). In these data

sets, if individuals were recaptured more than once,

only the initial and final capture information was used

in the analysis and no immediate recaptures (i.e.,

lobsters captured during the same tagging cruise) were

included. This was done to ensure equal weight in the

analysis of any individual’s specific growth rate and to

maximize the time at liberty. To estimate annual

growth and to examine temporal variability, recapture

data were partitioned into year-specific data sets within

each bank.

Bank-, year-, and sex-specific data were fitted to the

von Bertalanffy and Schnute growth models with

Francis’ (1988a, 1995) maximum likelihood method by

using the GROTAG program designed by Simpfen-

dorfer (2000) for the Microsoft Excel solver function

(Microsoft Excel version 2002; Microsoft Corp.,

Redmond, Washington). Both models estimate growth

by using the parameters ga and gb, which represent

mean annual growth increments (mm/year) of chosen

reference lengths a and b (Francis 1988a, 1995).

Growth rates at these specific sizes are directly
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observable and are therefore biologically meaningful.

In the case of the von Bertalanffy growth model, these

parameters have better statistical properties than K and

L
‘
, particularly when the entire size range of the

species is not represented in the data (Sainsbury 1980;

Francis 1988a, 1988b; Haddon 2001). Hawaiian spiny

lobster reference lengths a and b for both models were

chosen so that within each data set, the values were

well represented while maintaining the majority of

individuals between the two values (Francis 1988a).

This allowed direct spatial and temporal comparisons

within the sexes. The male a and b were set at 75 and

110 mm CL, respectively, whereas the female a and b
were set at 70 and 100 mm CL, respectively.

The von Bertalanffy growth model was applied by

using Francis’ (1988a) reparameterization of Fabens’

(1965) growth model for tagging data. Following

Francis (1988a), the expected length increment (DL)

for a Hawaiian spiny lobster tagged at length L
1

and at

liberty for time DT is given by:

DL ¼ bga � agb

ga � gb
� L1

� �
1� 1þ ga � gb

a� b

� �DT
" #

:

ð1Þ

To compare Hawaiian spiny lobster growth rates

with other palinurid growth estimates, model outputs

were converted to the von Bertalanffy growth param-

eters K and L
‘

following Francis (1988a):

K ¼ loge½1þ ðga � gbÞ=ða� bÞ� ð2Þ

and

L‘ ¼ ðbga � agbÞ=ðga � gbÞ: ð3Þ

Differences in the set reference values of a and b for

males and females prevented direct comparison of

growth between the sexes; therefore, female lobster g
75

and g
110

were estimated by using (Francis 1988a):

gc ¼ ½ðc� aÞgb þ ðb� cÞga�=ðb� aÞ: ð4Þ

Francis (1995) also created a mark–recapture

‘‘equivalent’’ of Schnute’s (1981) size-at-age model

by using the same parameters (a, b, ga, and gb) to

describe growth. Following Francis (1995: equation

5.1), the DL for a Hawaiian spiny lobster tagged at

length L
1

and at liberty for DT is given by:

DL ¼ �L1 þ ½Lb
1e�aDT þ cð1� e�aDTÞ�1=b; ð5Þ

where

a ¼ loge

bb � ab

kb
b � kb

a

 !
if b 6¼ 0; ð6Þ

c ¼
bbkb

a � abkb
b

kb
a � ab þ bb � kb

b

if b 6¼ 0; ð7Þ

ka ¼ aþ ga; ð8Þ

and

kb ¼ bþ gb: ð9Þ

Parameter b, which is analogous to the parameter b
in Schnute’s (1981) model, has no biological meaning

and is generally thought of as describing curvature in

the model.

Both growth models were fit by using the negative

log-likelihood function (Francis 1988a):

k ¼
X

i

log½ð1� pÞki þ p=R�; ð10Þ

where

ki ¼ exp
�1=2ðDLi � li � mÞ2=ðr2

i þ s2Þ
½2pðr2

i þ s2Þ�1=2
; ð11Þ

R¼ the range of observed growth increments, l¼ the

expected growth increment, m ¼ the mean measure-

ment error, s ¼ standard deviation of measurement

error, and r ¼ the standard deviation of the growth

variability. Also estimated were the coefficient of

variation of growth variability (v) and outlier contam-

ination (p). To describe growth variability, r was

related to l (r
i
¼ vl

i
) by assuming an increase in

growth variability as the size of the growth increment

increases (Francis 1988a).

The GROTAG methodology cannot accurately

determine m and s and cannot distinguish between

variability in growth and measurement error because

individuals with very short times at liberty were

removed from the analysis. Therefore, m and s were

fixed based on independent values estimated from

differences in length at release and length at recapture

for Hawaiian spiny lobsters that were recaptured within

2 d of tagging (n ¼ 206). The mean and standard

deviation of these differences represent an exact

measure of measurement error, assuming that no

growth occurred between tagging and recapture. It is

likely that researchers would detect a Hawaiian spiny

lobster that molted within this time period (clean

carapace, soft shell). The estimated mean and standard

deviation of the differences in size were 0.13 and 0.12

mm, respectively, for males and were 0.16 and 0.17

mm, respectively, for females.

For each data set (bank, years at liberty, sex), the

first model was the simplest, fitted with only ga, gb, s,

and in the case of Schnute model, b. Each subsequent

model introduced an additional parameter. Likelihood

328 O’MALLEY

Downloaded From: https://complete.bioone.org/journals/Marine-and-Coastal-Fisheries:-Dynamics,-Management,-and-Ecosystem-Science on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use



ratio tests were used to determine the final model,

where for a significant (P , 0.05) improvement in fit,

the likelihood value must increase by at least 1.92 with

the introduction of one parameter and by at least 3.0

with the introduction of two parameters (Francis

1988a). The 95% confidence intervals (CIs) were

estimated by using a bootstrapping method as imple-

mented in GROTAG (Simpfendorfer 2000). Significant

differences between data sets were identified by

comparing 95% CIs and the extent of bootstrap overlap

(Welsford and Lyle 2005). Comparison of CIs has been

shown to be a conservative yet effective measure of

significance (Schenker and Gentleman 2001).

The von Bertalanffy and Schnute growth models

were evaluated by using the second-order bias-corrected

Akaike’s information criterion (AIC
c
). For each data set,

the model with the lowest AIC
c

value was considered

the model that provided the best fit to the data.

To examine the effects of density on Hawaiian spiny

lobster growth, individual annual growth rates were

regressed on CPUE (i.e., lobsters captured per hauled

trap) at Necker Island and Maro Reef, the banks with

the longest time series of tag–recapture data. Trap

CPUE has been shown to be an adequate proxy for

density (MacDonald and Stimson 1980; Polovina

1989); therefore, string-specific trap CPUE (lobsters

caught in the same string per hauled trap) was calculated

for each recaptured Hawaiian spiny lobster at Necker

Island (2002–2003 to 2007–2008) and Maro Reef

(2004–2005 to 2007–2008). The regression included

release size to account for the effect of size on growth:

DCL=Dt ¼ B0 þ B1ðrelease sizeÞ
þ B2ðstring-specific trap CPUEÞ
þ ½B1ðrelease sizeÞ

3 B2ðstring-specific trap CPUEÞ�
þe; ð12Þ

where e is the error term.

To test the influence of temperature on Hawaiian

spiny lobster growth, the 2004–2005 to 2007–2008

Necker Island and Maro Reef estimated growth rates

(ga, gb) were regressed on sea surface temperature

(SST) data. The SST data, collected from the

Geostationary Operational Environmental Satellite,

were acquired from the National Oceanic and Atmo-

spheric Administration’s Oceanwatch Central Pacific

website (http://oceanwatch.pifsc.noaa.gov/index.html).

The annual mean SST at a given bank and period was

calculated by using the start date of the tagging cruise

year and the end date of the following year’s cruise.

The regression included the additional sources of

variation to account for their effects on growth:

estimated growth rate ¼ B0 þ B1ðyearÞ þ B2ðbankÞ
þ B3ðsexÞ þ B4ðSSTÞ þ e:

ð13Þ

Results

Tag–Recapture Data

In total, 50,827 Hawaiian spiny lobsters were tagged

at Necker Island, Gardner Pinnacles, and Maro Reef

TABLE 1.—Tag–recapture data for Hawaiian spiny lobsters

used in growth analysis by bank and years at liberty (NI ¼
Necker Island; GP¼Gardner Pinnacles; MR¼Maro Reef; n¼
sample size; DAL¼ days at liberty).

Bank
Year tagged–

year recaptured
n

tagged
n

recaptured

DAL

Mean SD

NI 2002–2003 13,944 472 360 11
2003–2004 11,917 901 364 8
2004–2005 5,990 629 318 1
2005–2006 5,177 104 334 8
2006–2007 1,605 165 373 1
2007–2008 1,361 85 426 1
2002–2008 39,994 3,158 609 359

GP 2006–2007 673 43 373 1
2007–2008 1,146 37 429 4
2006–2008 1,819 90 501 178

MR 2004–2005 1,911 80 316 4
2005–2006 2,792 39 374 6
2006–2007 1,663 105 370 2
2007–2008 2,648 123 377 4
2004–2008 9,014 415 503 243

TABLE 2.—Hawaiian spiny lobster catch, effort (number of traps hauled), and catch per unit effort (CPUE; lobsters/trap) during

tagging cruises by year and location in the Northwestern Hawaiian Islands.

Year

Necker Island Gardner Pinnacles Maro Reef

Catch Effort CPUE Catch Effort CPUE Catch Effort CPUE

2002 13,950 15,000 0.93 — — — — — —
2003 11,917 9,400 1.27 — — — — — —
2004 7,019 6,900 1.02 — — — 1,911 6,000 0.32
2005 6,619 7,660 0.86 — — — 2,888 6,300 0.46
2006 2,049 3,400 0.60 703 3,400 0.21 1,764 2,900 0.61
2007 1,845 3,300 0.56 1,222 3,300 0.37 2,834 3,900 0.73
2008 1,441 1,800 0.80 514 1,800 0.29 1,381 1,800 0.77
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FIGURE 3.—Size-frequency distribution (carapace length, mm) of recaptured Hawaiian spiny lobsters at Necker Island (2003–

2008), Gardner Pinnacles (2007 and 2008), and Maro Reef (2005–2008), Northwestern Hawaiian Islands.
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between 2002 and 2007 (Table 1). From 2003 to 2008,

5,052 Hawaiian spiny lobsters were recaptured across

all banks; of these recaptures, 2,315 occurred during

the next tagging cruise (i.e., lobsters were at liberty for

approximately 1 year; Table 1). The variability in the

numbers tagged reflects changes in trapping effort

when tagging was expanded to different banks rather

than large changes in abundance, as evident by CPUE

(Table 2). The variability in days at liberty was a result

of the research cruise scheduling.

Plots of bank-specific size frequency distributions of

recaptured Hawaiian spiny lobsters displayed differ-

ences in the population size structure among banks

(Figure 3). Mean (6SD) carapace sizes of recaptured

TABLE 3.—Negative log-likelihood values for differently parameterized von Bertalanffy growth models (Francis 1988a

method) used in selection of the optimal model of male and female Hawaiian spiny lobster growth by bank and year (NI ¼
Necker Island; GP¼ Gardner Pinnacles; MR¼Maro Reef; ga and gb¼mean annual growth increments [mm/year] of chosen

reference lengths a and b; s ¼ SD of measurement error; v ¼ coefficient of variation of growth variability; m ¼ mean

measurement error; and p ¼ outlier contamination). Values with an asterisk indicate final model selected. Male s and m were

fixed at 0.12 and 0.13, respectively; female s and m were fixed at 0.17 and 0.16, respectively.

Bank
Year tagged–

year recaptured

Model

ga, gb, s ga, gb, s, v ga, gb, s, v, m ga, gb, s, v, m, p

Male Female Male Female Male Female Male Female

NI 2002–2003 2,155.2 1,580.1 399.2* 310.2* 399.2 309.1 399.2 309.1
2003–2004 4,211.2 6,645.0 930.2* 516.6* 929.8 516.6 929.8 516.6
2004–2005 2,444.9 3,042.9 504.2* 574.7* 503.9 574.5 503.9 574.5
2005–2006 324.2 403.7 77.0* 89.2* 77.1 89.5 77.0 93.7
2006–2007 469.5 412.3 131.5* 107.0* 131.5 107.1 131.1 107.1
2007–2008 248.8 781.9 81.8* 61.9* 81.8 61.8 78.9 61.8
2002–2008 14,009.1 12,871.2 3,457.5* 2,838.2* 3,461.0 2,840.0 3,461.0 2,840.0

GP 2006–2007 129.2 289.7 42.8* 66.3* 42.7 66.1 42.7 66.1
2007–2008 52.7 310.2 32.6* 52.0* 32.6 52.2 32.6 52.2
2006–2008 225.2 754.5 93.1* 141.9* 93.1 141.7 93.1 141.7

MR 2004–2005 271.4 177.9 105.9* 80.5* 106.1 80.5 106.1 80.5
2005–2006 123.9 185.4 50.7* 46.7* 50.7 46.6 50.7 46.6
2006–2007 340.1 607.5 101.2* 134.5* 101.2 134.6 101.2 133.8
2007–2008 203.4 665.9 116.2* 136.8* 116.3 136.4 116.2 137.5
2004–2008 1,777.2 2,699.9 519.6* 586.7* 520.0 587.4 520.0 619.1

TABLE 4.—Negative log-likelihood values for differently parameterized Schnute growth models (Francis 1995 method) used in

selection of the optimal model of male and female Hawaiian spiny lobster growth by bank and year (NI¼Necker Island; GP¼
Gardner Pinnacles; MR¼Maro Reef; ga and gb¼mean annual growth increments [mm/year] of chosen reference lengths a and

b; s ¼ SD of measurement error; v ¼ coefficient of variation of growth variability; m ¼ mean measurement error; p ¼ outlier

contamination; and b¼ curvature). Values with an asterisk indicate final model selected. Male s and m were fixed at 0.12 and

0.13, respectively; female s and m were fixed at 0.17 and 0.16, respectively.

Bank
Year tagged–

year recaptured

Model

ga, gb, s, b ga, gb, s, v, b ga, gb, s, v, m, b ga, gb, s, v, m, p, b

Male Female Male Female Male Female Male Female

NI 2002–2003 2,151.0 1,578.0 399.2* 300.4* 398.9 299.3 398.7 446.8
2003–2004 4,996.0 6,354.0 927.8* 515.7* 927.7 515.7 927.7 515.7
2004–2005 7,025.0 716.4 493.6* 570.1* 493.4 570.2 493.4 570.2
2005–2006 999.5 1,001.0 76.1* 87.6* 761.1 89.8 76.1 118.4
2006–2007 1,424.0 981.0 130.4* 106.7* 130.5 106.8 129.8 106.8
2007–2008 770.1 759.3 80.3* 61.7* 80.2 61.7 78.1 62.9
2002–2008 44,314.0 12,682.0 3,440.0* 2,827.0* 3,444.0 2,830.0 3,444.0 2,830.0

GP 2006–2007 317.4 857.1 41.4* 65.3* 41.3 65.2 41.3 65.2
2007–2008 134.2 827.7 31.6* 51.2* 31.6 51.5 31.6 51.5
2006–2008 533.5 2,003.0 86.3* 141.0* 86.3 141.2 86.5 141.1

MR 2004–2005 703.4 485.9 102.5* 79.9* 102.8 79.9 102.8 79.9
2005–2006 398.9 529.5 50.6* 46.5* 50.6 46.5 50.6 46.5
2006–2007 1,019.0 604.0 98.6* 133.8* 98.6 134.2 98.6 133.2
2007–2008 967.9 1,744.8 109.5* 136.3* 109.5 136.0 109.5 169.8
2004–2008 1,513.0 5,138.0 495.2* 509.9* 497.2 512.8 497.6 512.3
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lobsters were 87.37 6 10.56 mm CL at Necker Island,

98.93 6 8.16 mm CL at Gardner Pinnacles, and 99.52

6 8.98 mm CL at Maro Reef. Using a Kruskal–Wallis

test, a significant difference in size distributions was

found among banks (v2¼ 617.13, df¼ 2, P , 0.0001).

Specifically, Kolmogorov–Smirnov tests indicated

significant differences in size distributions between

Necker Island and Gardner Pinnacles (Kolmogorov–

Smirnov D-statistic ¼ 0.49, P , 0.0001) and between

Necker Island and Maro Reef (D¼ 0.53, P , 0.0001)

but not between Gardner Pinnacles and Maro Reef (D

¼ 0.08, P ¼ 0.69). The size structure differences

between Necker Island and the other banks were

probably not due to sampling issues because the same

trapping gear and sampling protocol were used during

each tagging cruise.

Growth Model Results

The models containing ga, gb, s, and v resulted in the

best fit to the von Bertalanffy growth model for all data

sets (Table 3), and ga, gb, s, v, and b resulted in the best

fit to the Schnute growth model (Table 4); introducing

additional parameters did not result in a significant

improvement in fit, as evident in the likelihood ratio

tests.

To assess model fits, residuals and standardized

residuals were plotted against length at release and

predicted growth; a representative data set of the von

Bertalanffy model (Necker Island 2003–2004 males) is

shown in Figure 4. Both growth models displayed

declining residuals with increasing length at release

because mean growth declines with length (McGarvey

et al. 1999), while residuals versus predicted growth

showed the opposite trend, as would be expected.

Standardized residuals (residuals divided by r
i
, which,

in the selected model, equals s) showed no pattern,

indicating that the model assumption that growth

variability is dependent on mean growth was not

violated (Francis 1988b). Residuals of all bank-, year-,

and sex-specific data sets were generally symmetric

around a mean of zero; the von Bertalanffy model

residuals are shown in Figure 5. Overall, residual plots

indicated satisfactory fits such that both models were

suitable for the NWHI Hawaiian spiny lobster tagging

data.

Both growth models generated similar estimates of

FIGURE 4.—Plots of von Bertalanffy growth model residuals (top panels) and standardized residuals (bottom panels) against

predicted growth (left panels; mm carapace length [CL]/year) and length at release (right panels; CL, mm) for male Hawaiian

spiny lobsters at Necker Island, Northwestern Hawaiian Islands, 2003–2004.
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ga, gb, and v (Tables 5, 6). However, the von

Bertalanffy growth model had lower AIC
c

values

relative to the Schnute growth model in 67% of the

male data sets (Necker Island: 2002–2003, 2003–2004,

2005–2006, 2006–2007, 2007–2008; Gardner Pinna-

cles: 2006–2007, 2007–2008; Maro Reef: 2005–2006,

2006–2007) and 73% of the female data sets (Necker

Island: 2003–2004, 2005–2006, 2006–2007, 2007–

2008; Gardner Pinnacles: 2006–2007, 2007–2008,

2006–2008; Maro Reef: 2004–2005, 2005–2006,

2006–2007, 2007–2008) and is therefore considered

the better model. All reported growth estimates are

from the von Bertalanffy model.

Individual Variability and Mean Growth Rates

Hawaiian spiny lobsters exhibited substantial indi-

vidual variability in growth, with the estimated v for all

data sets ranging from 0.24 to 0.71 (Table 5). Estimates

of g
75

and g
110

indicated that Hawaiian spiny lobsters

displayed sexual dimorphism in growth, with males

growing faster than females (Table 7). The estimated

Hawaiian spiny lobster growth rates also indicated that

male and female growth was consistently slowest at

Necker Island (Table 7). In years when tagging took

place at all three banks (2006–2007 and 2007–2008),

Necker Island 75- and 110-mm CL males grew three

times slower than those at Gardner Pinnacles and two

times slower than those at Maro Reef. Female

Hawaiian spiny lobsters exhibited the same pattern,

but the differences between banks were slightly less

pronounced. During the same time period, male and

female Hawaiian spiny lobsters grew slightly faster at

Gardner Pinnacles than at Maro Reef except for female

g
110

in 2007–2008. The slower growth trend of Necker

Island lobsters was further confirmed by comparing

growth rates between Necker Island and Maro Reef

lobsters during the extended time series of 2004–2005

to 2007–2008. Plots of bootstrap growth estimates

(Figure 6) and the nonoverlapping 95% CIs (Table 5)

indicate that the differences between Necker Island and

the other banks were significant. Although smaller, the

difference in growth between Gardner Pinnacles and

Maro Reef lobsters was also significant.

Temporal variability in Hawaiian spiny lobster

FIGURE 5.—Box-and-whisker plots of von Bertalanffy growth model residuals for Hawaiian spiny lobsters by bank (NI ¼
Necker Island; GP ¼ Gardner Pinnacles; MR¼Maro Reef), study period (year tagged–year recaptured), and sex.
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growth was also evident within banks (Table 5). In

particular, females at Maro Reef experienced a 19%

decline in growth between lobsters at liberty from

2004–2005 to 2005–2006, a 14% decline in growth

from 2005–2006 to 2006–2007, and a 35% decline in

growth from 2006–2007 to 2007–2008 (Table 5).

Plots of bootstrap growth estimates (Figure 7) and

the nonoverlapping 95% CIs indicated that differ-

ences in the first and last intervals were significant

(Table 5). Males at Maro Reef experienced a

significant 37% decline in growth from 2005–2006

to 2006–2007 (Table 5; Figure 7). Hawaiian spiny

lobsters at Necker Island did not experience a

significant change in growth during the same time

periods, but males displayed a 28% increase in

growth and females displayed a 39% increase in

growth from 2003–2004 to 2004–2005 (Table 5).

The only significant change in Gardner Pinnacle

lobster growth was a decrease in male g
110

from

2006–2007 to 2007–2008 (Table 5).

TABLE 5.—Final von Bertalanffy model (Francis 1988a method) estimated growth parameters (95% confidence intervals in

parentheses) for male and female Hawaiian spiny lobsters (NI¼Necker Island; GP¼Gardner Pinnacles; MR¼Maro Reef; ga¼
mean annual growth of a, where a¼ 75 and 70 mm carapace length [CL] for males and females, respectively; gb¼mean annual

growth of b, where b ¼ 110 and 100 mm CL for males and females, respectively; v ¼ coefficient of variation of growth

variability; K ¼ von Bertalanffy growth constant; and L
‘
¼ asymptotic maximum length). The SD of measurement error (s)

included in the final model was fixed at 0.17 and 0.12 for males and females, respectively.

Bank
Year tagged–

year recaptured

ga, mm/year gb, mm/year

Male Female Male Female

NI 2002–2003 3.70 (3.36–4.08) 2.28 (2.07–2.50) 1.78 (1.51–2.02) 0.56 (0.45–0.66)
2003–2004 3.71 (3.53–3.89) 2.29 (2.15–2.44) 1.93 (1.72–2.11) 0.62 (0.50–0.73)
2004–2005 4.75 (4.42–5.08) 3.18 (2.96–3.41) 1.57 (1.32–1.82) 0.91 (0.75–1.08)
2005–2006 5.69 (4.70–6.71) 2.75 (2.41–3.16) 2.37 (1.51–3.17) 0.74 (0.36–0.91)
2006–2007 4.60 (4.00–5.23) 2.48 (2.20–2.78) 2.31 (1.79–2.93) 0.51 (0.32–0.70)
2007–2008 5.35 (4.61–6.05) 2.68 (2.25–3.12) 2.07 (1.25–2.88) 0.51 (0.25–0.78)
2002–2008 4.42 (4.31–4.54) 2.51 (2.43–2.59) 1.81 (1.71–1.90) 0.71 (0.66–0.76)

GP 2006–2007 12.96 (10.83–15.58) 10.46 (8.38–12.79) 5.66 (4.48–6.85) 3.39 (2.71–4.02)
2007–2008 14.86 (12.46–17.69) 8.65 (6.06–12.14) 1.71 (0.24–3.36) 2.21 (1.68–2.90)
2006–2008 12.46 (10.88–14.31) 9.01 (7.39–10.95) 5.29 (4.24–6.33) 2.75 (2.29–3.31)

MR 2004–2005 16.22 (14.38–18.09) 15.06 (13.56–16.74) 4.02 (3.37–4.65) 1.9 (1.56–2.26)
2005–2006 16.53 (13.38–20.17) 12.16 (9.00–15.45) 2.93 (1.44–4.07) 3.07 (2.40–3.76)
2006–2007 10.45 (8.62–12.40) 10.48 (9.03–12.44) 3.38 (2.72–3.94) 2.4 (2.08–2.76)
2007–2008 10.65 (8.95–12.32) 7.17 (6.13–8.36) 3.14 (2.54–3.75) 2.22 (1.96–2.49)
2004–2008 12.36 (11.28–13.50) 8.43 (7.69–9.19) 3.53 (3.2–3.88) 3.05 (2.78–3.28)

TABLE 6.—Final Schnute model (Francis 1995 method) estimated growth parameters (95% confidence intervals in

parentheses) for male and female Hawaiian spiny lobsters (NI¼Necker Island; GP¼Gardner Pinnacles; MR¼Maro Reef; ga¼
mean annual growth of a, where a¼ 75 and 70 mm carapace length [CL] for males and females, respectively; gb¼mean annual

growth of b, where b ¼ 110 and 100 mm CL for males and females, respectively; v ¼ coefficient of variation of growth

variability; and b¼ curvature). The SD of measurement error (s) included in the final model was fixed at 0.17 and 0.12 for males

and females, respectively.

Bank
Year tagged–

year recaptured

ga, mm/year gb, mm/year

Male Female Male Female

NI 2002–2003 3.60 (3.12–4.05) 3.04 (2.59–3.53) 1.77 (1.48–2.04) 0.61 (0.48–0.73)
2003–2004 3.68 (3.52–3.85) 2.34 (2.16–2.51) 2.14 (1.90–2.38) 0.66 (0.52–0.78)
2004–2005 4.72 (4.37–5.05) 3.24 (3.00–3.51) 2.0 (1.63–2.35) 1.15 (0.93–1.38)
2005–2006 5.21 (4.15–6.28) 2.99 (2.47–3.44) 3.40 (2.00–4.63) 0.71 (0.48–0.94)
2006–2007 4.67 (3.98–5.29) 2.36 (1.97–2.73) 2.60 (1.67–3.25) 0.49 (0.28–0.68)
2007–2008 4.99 (4.35–5.79) 2.77 (2.20–3.27) 1.91 (1.20–2.52) 0.54 (0.26–0.87)
2002–2008 3.60 (3.12–4.05) 3.04 (2.59–3.53) 1.77 (1.48–2.04) 0.61 (0.48–0.73)

GP 2006–2007 14.46 (10.56–18.43) 11.02 (6.96–15.29) 4.80 (3.26–6.53) 2.95 (2.14–3.92)
2007–2008 15.55 (12.70–19.71) 9.92 (3.25–20.42) 2.95 (�0.27–5.06) 2.06 (1.48–2.95)
2006–2008 14.05 (11.89–16.59) 9.19 (6.37–12.54) 4.30 (3.43–5.37) 2.65 (2.07–3.22)

MR 2004–2005 17.61 (15.36–19.90) 14.44 (12.64–16.42) 3.42 (2.83–3.92) 1.89 (1.56–2.25)
2005–2006 16.81 (12.87–21.26) 13.12 (6.90–20.61) 3.19 (1.57–4.65) 2.98 (2.18–3.91)
2006–2007 13.38 (10.21–16.83) 11.04 (8.32–14.64) 3.10 (2.47–3.71) 2.21 (1.82–2.67)
2007–2008 14.19 (10.76–17.46) 7.94 (5.38–10.70) 3.13 (2.56–3.73) 2.16 (1.87–2.48)
2004–2008 14.58 (13.43–16.39) 15.12 (13.09–17.12) 3.17 (2.85–3.48) 5.96 (5.53–6.49)
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Density and Sea Surface Temperature Effects

Examination of density effects on Hawaiian spiny

lobster growth by using individual growth rates was

valid because of the near-equal time at liberty for all

individuals at a given bank in a specific year; this

removes the effect of time at liberty when comparing

growth rates relative to density. String-specific trap

CPUE ranged from 0.05 to 3.55 lobsters/trap at

Necker Island and from 0.05 to 2.80 lobsters/trap at

Maro Reef. At both banks and in all years except for

2 years at Necker Island (2005–2006, 2006–2007),

there was a significant effect of release size on

Hawaiian spiny lobster growth (Table 8). After

correcting for release size, density was suggested to

have a negative effect on growth at Necker Island in

only one of the 6 years examined and no effect in

any year at Maro Reef. The regression analysis

indicated no effect of SST on growth of 75-mm (P ¼
0.30) and 110-mm CL (P ¼ 0.17) Hawaiian spiny

lobsters at Necker Island and Maro Reef from 2005

TABLE 5.—Extended.

Bank
Year tagged–

year recaptured

v K L
‘

, mm

Male Female Male Female Male Female

NI 2002–2003 0.54 (0.48–0.60) 0.57 (0.50–0.64) 0.06 0.06 142.42 109.70
2003–2004 0.47 (0.43–0.50) 0.54 (0.49–0.59) 0.05 0.06 147.75 111.09
2004–2005 0.50 (0.45–0.56) 0.57 (0.51–0.63) 0.10 0.08 127.33 112.00
2005–2006 0.48 (0.34–0.62) 0.51 (0.39–0.62) 0.10 0.07 135.04 110.98
2006–2007 0.40 (0.32–0.47) 0.45 (0.37–0.54) 0.07 0.07 145.40 107.79
2007–2008 0.37 (0.28–0.47) 0.45 (0.32–0.56) 0.10 0.07 132.06 107.10
2002–2008 0.48 (0.46–0.49) 0.53 (0.51–0.56) 0.08 0.06 134.22 111.89

GP 2006–2007 0.37 (0.22–0.49) 0.54 (0.36–0.69) 0.23 0.27 137.16 114.35
2007–2008 0.24 (0.13–0.29) 0.71 (0.45–0.93) 0.49 0.24 113.41 110.33
2006–2008 0.36 (0.26–0.46) 0.67 (0.52–0.85) 0.23 0.23 135.85 113.20

MR 2004–2005 0.37 (0.28–0.46) 0.32 (0.23–0.39) 0.43 0.58 121.52 104.33
2005–2006 0.36 (0.21–0.47) 0.49 (0.28–0.65) 0.49 0.36 117.55 110.13
2006–2007 0.42 (0.32–0.52) 0.56 (0.43–0.68) 0.23 0.31 126.76 108.94
2007–2008 0.41 (0.31–0.51) 0.54 (0.43–0.63) 0.24 0.18 124.67 113.45
2004–2008 0.46 (0.40–0.52) 0.60 (0.53–0.67) 0.29 0.20 124.00 117.03

TABLE 6.—Extended.

Bank
Year tagged–

year recaptured

v b

Male Female Male Female

NI 2002–2003 0.53 (0.47–0.60) 0.56 (0.49–0.62) 0.26 (�2.12–2.24) 5.73 (3.44–7.77)
2003–2004 0.47 (0.43–0.50) 0.54 (0.50–0.59) 2.16 (0.97–3.12) 1.83 (0.30–3.06)
2004–2005 0.49 (0.44–0.54) 0.56 (0.51–0.61) 4.11 (2.69–5.21) 3.28 (1.65–4.74)
2005–2006 0.47 (0.33–0.59) 0.50 (0.39–0.59) 5.11 (0.78–9.64) 2.93 (0.28–5.09)
2006–2007 0.40 (0.31–0.46) 0.45 (0.37–0.52) 3.08 (�0.99–5.64) �0.05 (�3.22–2.38)
2007–2008 0.36 (0.26–0.43) 0.44 (0.33–0.55) �2.34 (�7.70–0.96) 1.89 (�1.73–4.75)
2002–2008 0.54 (0.47–0.60) 0.56 (0.49–0.62) 0.26 (�2.12–2.24) 5.73 (3.44–7.77)

GP 2006–2007 0.34 (3.26–6.53) 0.56 (0.36–0.72) 3.88 (�0.72–8.66) 2.66 (�2.24–7.45)
2007–2008 0.23 (0.11–0.30) 0.72 (0.42–1.05) 5.12 (�1.92–17.36) 2.93 (�8.75–12.75)
2006–2008 0.30 (0.21–0.36) 0.72 (0.53–0.91) 4.67 (1.51–7.11) 1.50 (�1.71–4.09)

MR 2004–2005 0.34 (0.25–0.42) 0.31 (0.23–0.38) 5.35 (2.70–9.17) �0.75 (�3.97–1.63)
2005–2006 0.35 (0.22–0.48) 0.48 (0.28–0.64) 2.46 (�3.65–9.52) 3.47 (�5.09–11.68)
2006–2007 0.40 (0.29–0.48) 0.58 (0.45–0.70) 4.72 (0.74–8.82) 2.30 (�1.25–5.78)
2007–2008 0.36 (0.28–0.44) 0.53 (0.41–0.64) 7.17 (2.91–12.26) 2.12 (�1.62–4.83)
2004–2008 0.41 (0.36–0.46) 0.45 (0.39–0.50) 5.37 (3.70–7.29) 2.07 (0.38–3.44)
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to 2008. The analysis also indicated significant

effects of bank and sex on the growth rates of 75-

mm (bank: P , 0.001; sex: P ¼ 0.004) and 110-mm

CL (bank: P ¼ 0.04; sex: P , 0.01) lobsters,

providing additional evidence of spatial and sexual

variability in Hawaiian spiny lobster growth. Mean

monthly averages of SST at Necker Island (mean 6

SD ¼ 25.6 6 1.408C) and Maro Reef (25.4 6

1.838C) were not significantly different from 2005 to

2008 (paired t-test: P ¼ 0.21).

FIGURE 6.—von Bertalanffy growth model bootstrap estimates of growth (g; mm carapace length [CL]/year) for male (top;

reference lengths¼75 and 110 mm CL) and female (bottom; reference lengths¼70 and 100 mm CL) Hawaiian spiny lobsters by

bank for all years (NI ¼ Necker Island, 2002–2008; GP ¼ Gardner Pinnacles, 2006–2008; MR ¼Maro Reef, 2004–2008).
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FIGURE 7.—von Bertalanffy growth model bootstrap estimates of growth (g; mm carapace length [CL]/year) for male (top;

reference lengths¼75 and 110 mm CL) and female (bottom; reference lengths¼ 70 and 100 mm CL) Hawaiian spiny lobsters at

Maro Reef, Northwestern Hawaiian Islands, 2004–2008.
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Discussion

Model and Tagging Assumptions

A reparameterization of the von Bertalanffy growth

model (Francis 1988a) and a mark–recapture analog of

the Schnute growth model (Francis 1995) were used to

examine spatial and temporal variability in growth of

NWHI Hawaiian spiny lobsters. Although both model

estimates of growth were similar and residual plots

indicated that both were suitable for the Hawaiian

spiny lobster tag–recapture data, the von Bertalanffy

model was considered the preferred model based on

AIC
c

values. Palinurid growth has been adequately

described by the von Bertalanffy model (Morgan 1980;

Wahle and Fogarty 2006) and, more specifically,

utilizing the GROTAG method (McGarvey et al.

1999; Montgomery et al. 2009). The Hawaiian spiny

lobsters’ small growth increments relative to maximum

size allow use of the von Bertalanffy model despite the

assumption of continuous growth (Frisch 2007;

Montgomery et al. 2009). Further, decreasing growth

with increasing size and the lack of extreme outliers,

particularly at small and large sizes, indicate that this

growth model is suitable for the Hawaiian spiny

lobster. Biases in growth rates can arise when

individuals with a higher probability of zero growth

(short time at liberty) are included in the analysis. All

data sets only included lobsters that had been at liberty

for longer time periods, hence avoiding this source of

bias. Individuals recaptured after a short time at liberty

usually provide information for GROTAG to estimate

measurement error. Fixing the model’s measurement

error parameters at values estimated independently still

allowed the model to accurately estimate the growth

parameters while excluding those individuals that were

at liberty for shorter amounts of time.

An important assumption in tagging studies is that

the tagging process does not significantly affect growth

of tagged individuals relative to untagged individuals.

Tag-induced effects were found in similar lobster

species (Waugh 1981; Brown and Caputi 1985; Hunt

and Lyons 1986). Despite taking precautions to

minimize handling and exposure during the tagging

process, it is impossible to disregard this assumption,

although there is no evidence that the assumption was

violated in this study. Even with the possibility of tag-

induced effects occurring, it would not change the

conclusion of growth variability because the exact

tagging methodology replication spreads any bias

evenly across banks and years, with the exception

being Necker Island in 2002, when a different tag type

was used.

TABLE 8.—Multiple regression analysis of the effects of Hawaiian spiny lobster density on individual-specific growth rates at

Necker Island (NI; 2002–2008) and Maro Reef (MR; 2004–2008). Sources of variation are release size (carapace length at

release, mm), catch per unit effort (CPUE; number of lobsters caught on the same string/trap; 20 traps/string) and the release size

3 CPUE interaction term (MS ¼mean square; SS ¼ sum of squares; and df ¼ degrees of freedom).

Bank
Year tagged–

year recaptured

Effect

Release size CPUE Release size 3 CPUE Error

MS F P MS F P MS F P df SS MS

NI 2002–2003 3.02 10.39 0.001 0.78 2.67 0.10 0.68 2.33 0.13 460 133.63 0.29
2003–2004 2.26 8.64 0.003 0.001 0.005 0.95 0.0007 0.003 0.96 896 234.45 0.26
2004–2005 17.13 54.14 ,0.001 2.74 8.67 0.003 2.31 7.30 0.007 625 197.80 0.32
2005–2006 1.15 3.04 0.08 0.12 0.32 0.57 0.13 0.32 0.57 100 37.87 0.38
2006–2007 0.22 0.81 0.37 ,0.001 ,0.001 0.991 0.0005 0.002 0.97 161 44.17 0.27
2007–2008 2.30 7.44 0.008 1.28 4.14 0.05 1.33 4.29 0.04 80 24.71 0.31

MR 2004–2005 13.32 26.49 ,0.001 0.36 0.72 0.40 0.13 0.26 0.61 76 38.21 0.50
2005–2006 3.36 6.69 0.01 0.22 0.44 0.51 0.32 0.63 0.43 35 17.58 0.50
2006–2007 7.09 15.24 ,0.001 0.31 0.66 0.42 0.43 0.92 0.34 105 48.83 0.47
2007–2008 2.60 6.79 0.01 1.30 3.39 0.07 1.13 2.95 0.09 119 45.52 0.39

TABLE 7.—Estimated mean annual growth of 75- and 110-

mm (carapace length) male and female Hawaiian spiny

lobsters (NI ¼ Necker Island; GP ¼ Gardner Pinnacles; MR

¼Maro Reef; g
75
¼ mean annual growth of 75-mm lobsters;

g
110
¼ mean annual growth of 110-mm lobsters).

Bank
Year tagged–

year recaptured

g
75

, mm/year g
110

, mm/year

Male Female Male Female

NI 2002–2003 3.70 1.99 1.78 0.00
2003–2004 3.71 1.78 1.93 0.07
2004–2005 4.75 2.80 1.57 0.15
2005–2006 5.69 2.42 2.37 0.07
2006–2007 4.60 2.15 2.31 0.00
2007–2008 5.35 2.34 2.07 0.00
2002–2008 4.42 2.21 1.81 0.11

GP 2006–2007 12.96 9.28 5.66 1.03
2007–2008 14.86 7.58 1.71 0.08
2006–2008 12.46 7.97 5.29 0.66

MR 2004–2005 16.22 12.87 4.02 0.00
2005–2006 16.53 10.65 2.93 0.04
2006–2007 10.45 7.12 3.38 1.34
2007–2008 10.65 9.17 3.14 0.74
2004–2008 12.36 7.53 3.53 1.26
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Hawaiian Spiny Lobster Growth Rates in
the Northwestern Hawaiian Islands

The estimated values of v indicate that the Hawaiian

spiny lobster does exhibit substantial individual

variability in growth, thus warranting the use of

Francis’ (1988a) method. Failure to explicitly account

for individual variability in growth (i.e., assuming all

individuals in a population grow according to fixed

parameters) can result in biased mean growth estimates

(Sainsbury 1980; Tyler and Rose 1994; Smith et al.

1997). The high values also indicate that such

variability should be taken into account in future

NWHI lobster assessments (Parma and Deriso 1990;

Hampton 1991).

Significant differences in Hawaiian spiny lobster

mean growth rates were found between sexes, among

banks, and among years within the NWHI. Sexual

dimorphism is common in palinurid growth (Aiken

1980), with males commonly growing faster (Hunt and

Lyons 1986; McGarvey et al. 1999; Robertson and

Butler 2003). The bank- and year-specific nature of the

tag–recapture events in this study allowed for estima-

tion of Hawaiian spiny lobster growth rates that

included temporal and spatial variability. Spatial

variability was particularly evident between Necker

Island and the other banks. Spatial differences in

growth rates have been observed in other palinurids

(Newman and Pollock 1974; Joll and Phillips 1984;

Pollock 1991; Skewes et al. 1997; McGarvey et al.

1999); however, at their extreme, the differences

between the slowest- and fastest-growing individuals

in those studies were less than the differences at the

NWHI banks reported here. Temporal variability was

evident to some extent within each NWHI bank, but

several particularly abrupt increases and decreases in

growth were found at Necker Island and Maro Reef.

Temporal differences in growth similar to those

observed in Hawaiian spiny lobsters were exhibited

by South African Cape rock lobsters Jasus lalandii
(Pollock et al. 1997).

The GROTAG method does allow for conversion of

ga and gb into K and L
‘

for the sake of comparison

with similar species. The wide range of K estimates

prevents grouping of the NWHI Hawaiian spiny

lobster, as a species, with any specific group of

palinurids. The Hawaiian spiny lobsters at Gardner

Pinnacles and Maro Reef grew at a rate similar to that

of tropical palinurids, yet Necker Island lobsters grew

at a rate more typical of temperate palinurids (Wahle

and Fogarty 2006; Frisch 2007).

Density-dependent growth has been exhibited in

other palinurids, including the southern rock lobster J.
edwardsii (McGarvey et al. 1999) and Tristan rock

lobster J. tristani (Pollock 1991). Hawaiian spiny

lobster density-dependent growth was suggested by

pre-exploitation surveys that documented smaller

individuals but greater abundance at Necker Island

relative to other banks in the NWHI (Uchida et al.

1980). Polovina (1989) concluded that density influ-

enced NWHI Hawaiian spiny lobster population

dynamics based on (1) a positive relationship between

density (CPUE) and the ratio of total mortality (Z) to

growth (K) among seven banks and (2) indications that

changes in natural mortality and K occurred at Necker

Island and Maro Reef after heavy exploitation.

However, whether density dependence was operating

on mortality, growth, or both was beyond the scope of

that study. The current study did not find a significant

influence of density on growth; density could not

explain variability in growth at Necker Island, at Maro

Reef, or between the two banks. Further, if density

dependence was operating, the relatively slow growth

of Hawaiian spiny lobsters at Necker Island would be

associated with higher lobster densities, and a compar-

ison of CPUEs between Necker Island and Maro Reef

does not support this hypothesis. This theory also

applies to density dependence within Necker Island. If

density dependence was operating, fast growth would

be expected in 2002–2008 because CPUE was lower

relative to CPUE during the advent of the fishery

(Figure 2). It now seems plausible that the smaller

Hawaiian spiny lobsters observed at Necker Island in

the pre-exploitation surveys (Uchida et al. 1980) were a

result of the relatively slow growth rather than density

dependence.

Direct temperature effects have been linked to

growth variability in other palinurid species (Wahle

and Fogarty 2006); however, growth variability of

NWHI Hawaiian spiny lobsters was not associated with

differences in temperature. Temperatures were very

similar between Necker Island and Maro Reef during

the span of this study, yet Hawaiian spiny lobster

growth was not, further discounting temperature as the

cause of growth differences between banks.

It also appears likely that the differences in Hawaiian

spiny lobster growth between Necker Island and the

other banks cannot be attributed to genetic differences.

An analysis of allozyme frequencies prior to exploita-

tion found a single panmictic stock throughout the

Hawaiian Archipelago (Shaklee and Samollow 1984),

and postexploitation analysis of allozyme frequencies

in Necker Island and Maro Reef Hawaiian spiny

lobsters found no differences in six out of seven loci

(Seeb et al. 1990). It is also unlikely that the differences

in growth among banks are a result of genetic selection

for slower-growing individuals by the commercial

fishery (Conover and Munch 2002) based on the
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historically smaller Hawaiian spiny lobsters at Necker

Island; the similar levels of exploitation at Necker

Island, Gardner Pinnacle, and Maro Reef; and the lack

of genetic structure in this species across the

archipelago.

Because the slower growth of Hawaiian spiny

lobsters at Necker Island cannot be explained by

common drivers of variability (e.g., density, tempera-

ture, or genetics), the reason for the slower growth may

be that a crucial dietary component of ‘‘normal’’ growth

is missing at Necker Island. Temporal differences in

Cape rock lobster growth were attributed to the

collapse of their primary food source during the

anomalous El Ni~no years of 1990–1993 (Pollock et

al. 1997). Spatial variability in growth rates of juvenile

western rock lobsters Panulirus cygnus was associated

with local abundances of the top shell Cantharidus
lepidus; western rock lobsters in the fast-growth areas

ingested more top shells and less of the relatively

nutritionally poor plant material than did lobsters in the

slow-growth area (Edgar 1990).

The NWHI is a dynamic ecosystem that is poorly

understood, and the factors that caused the growth

differences between Necker Island and the other banks

in the NWHI are, at this point, not readily identifiable.

Future research should focus on aspects of the

Hawaiian spiny lobster’s diet, such as stable isotope

analysis and nutritional indices (Parrish and Martinelli-

Liedtke 1999), to help pinpoint the drivers of the

growth variability. The variability in growth rates also

suggests variability in other Hawaiian spiny lobster life

history traits (e.g., mortality) as well as in life histories

of other lobster species. The assumption that the scaly

slipper lobster Scyllarides squammosus, an important

component of the NWHI lobster fishery, also displays

synchronous life history dynamics should now be

examined. The results from such studies would not

only provide species-specific information but would

also provide insights into the dynamics of the NWHI

ecosystem.

The results of this tagging study indicate that the

assumption of homogenous Hawaiian spiny lobster

population dynamics, a foundation of previous popu-

lation assessments, is invalid. The application of

growth rates estimated at one bank to other banks is

likely inappropriate, as is the assumption of uniform

annual growth within a given bank. A re-examination

of the 1979–1983 Kure Atoll and French Frigate

Shoals tagging data using the von Bertalanffy model

fitted with the same maximum likelihood method

employed here documented growth rates (Kure Atoll

males: g
75
¼ 15.85 mm/year, g

145
¼ 1.06 mm/year;

Kure Atoll females g
70
¼ 15.81 mm/year, g

135
¼ 0.41

mm/year; French Frigate Shoals males: g
75
¼ 11.84

mm/year, g
110
¼ 5.01 mm/year; French Frigate Shoals

females: g
70
¼ 10.99 mm/year, g

110
¼ 7.04 mm/year;

O’Malley and MacDonald 2009) that were similar to

the contemporary Maro Reef and Gardner Pinnacles

growth rates. The documented smallest average size of

Hawaiian spiny lobsters at Necker Island from the pre-

exploitation surveys (Uchida et al. 1980) also suggests

that the slower growth rates exhibited by Necker Island

lobsters in 2002–2008 are not a recent phenomenon. If,

in the past, Hawaiian spiny lobsters at these banks grew

at rates similar to those of contemporary populations,

then the application of Necker Island growth rates to

other banks was erroneous, as was applying Kure Atoll

and French Frigate Shoals growth rates to Necker

Island lobsters. Both were damaging in that (1) the

Necker Island growth rates were significantly different

from those at other banks and (2) because Necker

Island was a focal point of the commercial fishery, the

catch information contributed significantly to archipel-

ago-wide assessments (Botsford et al. 2002).

Small differences in growth rates significantly affect

outputs from population models (Jones 1979; Majow-

ski et al. 1987; Lai and Gallucci 1988; Helser and

Brodziak 1998). The identified spatial, temporal, and

individual variability in growth of the Hawaiian spiny

lobster lends credence to the possibility that ignoring

variability in life history parameters introduced signif-

icant biases to previous NWHI lobster assessments.

Recognition of and accounting for the mean and

individual variability in a life history trait of this

important endemic species will result in more accurate

stock assessments and, ultimately, better understanding

of lobster dynamics and the NWHI coral reef

ecosystem.
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