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EXECUTIVE SUMMARY 

Manning, M.J.; Sutton, C.P. (2007). Further study on the age and growth of giant stargazer, 
Kathetostoma giganteum, from the west coast of the South Island (ST A 7). 

New Zealand Fisheries Assessment Report 2007112.68 p. 

This report presents the results of a study on the age and growth of giant stargazer in STA 7 funded by 
the Ministry of Fisheries as research project MOF2003-0 1J. The aim of the study was to estimate the 
age structure of giant stargazer during a trawl survey of the west coast of the South Island (WCSI), 
March-April 2003, and to update a previous analysis on the age and growth of giant stargazer in STA 
7 with these data. An earlier study made prolific use of von BertalanffY's "growth" model (strictly 
speaking, a model of mean size-at-age) and found very strong evidence suggesting that giant stargazer 
growth differed between the sexes and between surveys within each sex in STA 7 and between the 
east, south, and west coasts of the South Island within each sex. But given past criticism of the von 
Bertalanffy model, the authors of that study suggested that their analysis be repeated by fitting a 
growth model with better statistical properties to their dataset to test how sensitive their results were to 
the choice of model. 

A revised dataset consisting of 2083 groomed length-at-age observations was compiled for WCSI 
(STA 7) giant stargazer from sagittal otoliths collected during the WCSI survey series, 299 of which 
were collected in 2003. The scaled length-frequency distributions for male and female fish sampled 
during 2003 are generally consistent with those calculated for earlier surveys. Scaled age-frequency 
distributions, calculated by applying a survey and sex-specific age-length key to the scaled numbers
at-length, in 2003 are also generally consistent with those calculated for earlier surveys. The 2003 
survey catch includes fish from 0 to 18 years, although most fish appear to be about 3-10 years of age. 
Based on trends in the median and other quantiles of the age-frequency distributions from survey to 
survey, the number of older fish present in the survey catch appears to be decreasing over time. This is 
thought to be due to the increase in catch following the introduction of the STA 7 stock into the 
Adaptive Management Programme at the start of the 1990-91 fishing year, and is consistent with the 
declining trend in the survey relative abundance index for giant stargazer, both of which are in tum 
consistent with a "fishing down" of the stock following an increase in harvest. 

A total of 42 different models were fitted to the data in the revised growth analysis. These include both 
von Bertalanffy's and Schnute's model under a variety of different structural and error assumptions. 
Structural assumptions consistent with the earlier analysis (i.e., the same parameters for all groups in 
the data, different model parameters for each sex, and different model parameters for each survey
within-sex group) and three normal error models (normal errors parameterised with a constant 
standard deviation, log-normal errors, and normal errors parameterised with a constant coefficient of 
variation) were variously assumed. The relative goodness of fit of the competing models was 
compared using the likelihood ratio test in the earlier study, but also using Akaike's Information 
Criterion (AIC) and Schwarz's Bayesian Information Criterion (BIC) statistics. Sex and survey
within-sex effects within the data were identified in the revised dataset and parameter estimates were 
obtained that were all entirely consistent with the results of the earlier study. Based on AIC and BIC 
values, the Schnute model provided a consistently better fit to the data that von Bertalanffy's model, 
regardless of the particular submodel selected or the structural or error assumptions made. We 
recommend that future modelling of giant stargazer length-at-age use the normal (constant coefficient 
of variation) error model. The implications of these results are discussed. 
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1.1 INTRODUCTION 

Giant stargazer (Kathetostoma giganteum) is a moderate-sized (attaining 90 cm in total length and 
exceeding 10 kg in weight), benthic teleost distributed widely throughout New Zealand waters. It is 
found on muddy and sandy substrate to depths exceeding 500 m, but is most common inshore, in 
waters between 50 and 300 m on the continental shelf around the South Island (Anderson et al. 1998), 
where it supports moderate-value, commercial trawl fisheries. 

Since the introduction of the Quota Management System (QMS) on 1 October 1986, giant stargazer in 
the New Zealand Exclusive Economic Zone (EEZ) has been managed as eight separate fishstocks 
(Figure 1), each with a Total Allowable Commercial Catch (TACC) set annually. Since then, total 
annual reported commercial landings have fluctuated between 2000 and 4150 t, averaging about 
3000 t per fishing year (Sullivan et al. 2005). Landings in fishstock STA 7 off the west coast of the 
South Island (WCSI) typically account for between 20 and 35% of the total annual commercial catch 
(ca. 1000 t) (Sullivan et al. 2005). 

During the 1990-91 fishing year, the TACC in STA 7 was increased from 528 to 700 t under the 
conditions of the New Zealand Commercial Fisheries Adaptive Management Programme. The catch 
has exceeded the TACC in every subsequent fishing year, with total annual landings ranging from 
over 715 t during 1993-94 to 1440 t during 2000-01, and averaging over 900 t per annum (Table 1). 
The STA 7 TACC was further increased to 997 t at the start of the 2002-03 fishing year, where it 
remams. 

The status of the STA 7 stock is monitored by relative biomass estimates calculated from data 
collected during a research bottom-trawl survey of the WCSI carried out between March and April 
every second fishing year aboard RV Kaharoa, as well as by the sex, size, and age structure of the 
survey catch (Ministry of Fisheries 2004). The survey series began in 1992 and is ongoing. To date, 
seven surveys have been carried out, the most recent during March-April 2005. The survey ground 
extends from Separation Point in the Marlborough Sounds to Haast off the open west coast and 
encompasses Tasman and Golden Bays. A two-stage, stratified survey design following Francis (1989) 
is used (the strata used during the March-April 2003 survey are plotted in Figure 2). The survey 
design is optimised for several commercially important benthic and demersal fish species found on 
survey ground, including red cod (Pseudophycis baccus), red gurnard (Cheliodonichthys kumu), and 
tarakihi (Nemadactylus macropterus), as well as giant stargazer. Fish length, sex, reproductive 
maturity, and other data are collected for each of the target species during each survey. Relative 
biomass indices for the 1992-2003 series are plotted against total landings over the same period in 
Figure 3. 

Age and growth data for the STA 7 stock derived from sagittal otolith pairs collected during the 1992-
2000 surveys were presented by Manning & Sutton (2004). They presented scaled age-frequency 
distributions for male and female giant stargazer as well as results of quantitative comparisons of 
competing growth models. Their growth model comparisons showed that statistically significant 
differences between the growth of male and female giant stargazer in STA 7, as well as between the 
west, south, and east coasts of the South Island, within each sex. But given the very strong parameter 
negative correlation and other undesirable properties of the von Bertalanff)r model they used, they 
recommended that their analysis be repeated using a growth model with more desirable properties. 

In this report, we update the age-frequency distributions presented by Manning & Sutton (2004) with 
data collected during the March-April 2003 trawl survey in advance of a quantitative stock assessment 
of the STA 7 stock (M. J. Manning, unpublished results; MFish research project STA2004-01). We 
also present are-analysis of their growth model fits and comparisons using the new data and Schnute's 
growth model (Schnute 1981). Our work in this study was funded by the Ministry of Fisheries (MFish) 
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Figure 1: Giant stargazer Quota Management Areas (QMAs). At this time, giant stargazer in the 
New Zealand EEZ is managed as eight separate fishstocks: STA 1-4, 5, 7, & 10. The 
QMAs do not necessarily contain individual biological stock units or populations. 

as research project MOF2003-0lJ ("Age and growth of giant stargazer in STA 7"). 

2. METHODS 

2.1 Treatment of Tasman and Golden Bays data 

Following Manning & Sutton (2004), we do not consider the age-frequency distributions and growth 
of giant stargazer caught in Tasman and Golden Bays separately from giant stargazer caught on the 
rest of the survey ground. Although all past published analyses of the WCSI survey results (see Table 
2 for references) have treated the relative biomass estimates and scaled length frequency distributions 
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Table 1: The giant stargazer total reported landed catch (t) by fishing year and QMA (Sullivan et al. 
2005). *, New Zealand Fisheries Statistics Unit data (1983-86); t, New Zealand QMS data 
(1986-87 to 2004-05). 

STA 1 STA2 STA3 STA4 STA5 
Year Catch TACC Catch TACC Catch TACC Catch TACC Catch TACC 

1983* 
1984* 
1985* 
1986* 
1986-87t 
1987-88t 
1988-89t 
1989-90t 
1990-91t 
1991-92t 
1992-93t 
1993-94t 
1994-95t 
1995-96t 
1996-97t 
1997-98t 
1998-99t 
1999-00t 
2000-01t 
2001-02t 
2002-03t 
2003-04t 
2004-05t 

8 
5 
9 

12 
10 
3 
3 
9 
8 

18 
19 
8 

10 
17 
22 
29 
27 
36 
26 
34 
31 
23 
27 

20 
20 
20 
21 
21 
50 
50 
50 
50 
50 
50 
21 
21 
21 
21 
21 
21 
21 
21 

34 
24 
15 
24 
31 
46 
41 
53 

125 
105 
115 
73 
74 
69 
77 
54 
46 
42 
45 
58 
41 
27 
28 

30 
33 
37 
37 
37 

100 
101 
101 
101 
101 
101 
38 
38 
38 
38 
38 
38 
38 
38 

540 
588 
438 
415 
644 
783 
675 
747 
674 
756 
811 
871 
829 
876 
817 
667 
641 
719 
960 
816 
863 
578 
646 

560 
581 
591 
703 
734 
900 
901 
902 
902 
902 
902 
902 
902 
902 
902 
902 
902 
902 
902 

168 
143 
82 

843 
1023 
695 

95 566 
72 2 000 738 1 060 

110 2 005 886 1 144 
134 2005 1215 1173 
218 2009 1 150 1 175 
790 2014 1061 1239 
366 2014 1056 1500 
231 2014 1247 1500 
113 2014 1327 1500 
223 2014 1216 1525 
259 2014 1159 1525 
149 2014 977 1525 
263 2014 544 1264 
137 2014 1 145 1264 
161 2014 1327 1264 
233 2014 1439 1264 
391 2 158 1 137 1 264 
308 2 158 967 1 264 
186 2158 1 193 1264 
366 2 158 1 282 1 264 

STA 7 STA 8 STA 10 Total 
-----
Catch TACC Catch TACC Catch TACC Catch TACC 

1983* 323 3 0 1919 
1984* 
1985* 

444 
328 

1986* 362 
1986-87t 487 
1987-88t 505 
1988-89t 520 
1989-90t 585 
1990-91t 762 
1991-92t 920 
1992-93t 861 
1993-94t 715 
1994-95t 730 
1995-96t 877 
1996-97t 983 
1997-98t 564 
1998-99t 949 
1999-00t 1 184 
2000-01 t 1 440 
2001-02t 802 
2002-03t 957 
2003-04t 934 
2004-05t 1 028 

450 
493 
499 
525 
528 
700 
702 
702 
702 
702 
702 
702 
702 
702 
702 
702 
997 
997 
997 

3 
4 
3 
7 
5 
5 

6 
18 
5 
4 
7 
4 

10 
10 
2 
3 
4 
4 
4 
6 
5 

20 
20 
20 
22 
22 
22 
22 
50 
50 
50 
50 
22 
22 
22 
22 
22 
22 
22 
22 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

6 

- 2230 
1 571 
1477 

10 19904150 
10 2338 4306 
10 2593 4355 
10 2763 4502 
10 3426 4605 
10 3239 5296 
10 3289 5300 
10 3 III 5329 
10 3089 5354 
10 3261 5354 
10 3034 5354 
10 2132 4973 
10 2946 4973 
10 3472 4973 
10 4146 4973 
10 3238 5117 
10 3171 5412 
10 2947 5412 
10 3381 5412 
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Figure 2: Strata used during the WCSI survey by RV Kaharoa, March-April 2003 (voyage 
KAH0304). A full description of the survey methods and results was given by Stevenson 
(2004). Summaries of the giant stargazer data collected during the survey are given in 
Table 2. 

of fish caught in Tasman and Golden Bays separately from fish caught on the open west coast, too few 
otolith pairs have been collected from Tasman and Golden Bays (less than 4% over the survey series) 
to allow age-frequency distributions and growth of giant stargazers in Tasman and Golden Bays to be 
calculated separately. 

2.2 Otolith terminology 

The terminology we use follows the glossary for otolith studies produced by Kalish et al. (1995). 

2.3 Otolith collection, preparation, and reading 

A stratified, fixed-allocation sampling scheme (sensu Davies et al. 2003) was used to collect otoliths 
from the catch at each station where giant stargazer was caught during the March-April 2003 survey 
(KAH0304). Up to five otoliths per sex per centimetre size-class were collected non-randomly from 
random length-frequency samples collected from the catch at each station. Fish length measured to the 
nearest centimetre below total length, and macroscopic gonad maturity, were recorded for all fish from 
which otoliths were collected. Otoliths were cleaned and stored dry in paper envelopes immediately 
following collection. 

All giant stargazer otoliths collected during KAH0304 were retrieved from the MFish otolith 
collection and all corresponding data extracted from research database age (Mackay & George 2000). 
All trawl catch, station, and stratum definitions for KAH0304 were extracted from research database 
trawl (Mackay 2000). The number of giant stargazer length records and otoliths collected during 
KAH0304 and other voyages in the WCSI survey series are given in Table 2. 
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Figure 3: The total reported commercial catch, TACC, and relative biomass estimates from the 
WCSI trawl survey series for giant stargazer in STA 7 (all in tonnes) for the 1986-87 
("87") to 2003-04 ("04") fishing years. The vertical bars are 95% log-normal confidence 
intervals around the relative biomass estimates. The dotted vertical line indicates the 
date the STA 7 stock was included in the Adaptive Management Programme (the start 
of the 1990-91 fishing year). 

Otolith preparation and reading methods followed those of Manning & Sutton (2004) and Sutton 
(1999,2004). The right otolith from each pair collected during KAH0304 was selected for preparation. 
Where the right otolith had not been collected or was damaged, the left otolith was used. The selected 
otoliths were first baked in a ConTherm Series 5 scientific oven at 285°C for 4 minutes. The baked 
otoliths were then embedded in layers in Araldite K142 clear epoxy resin. Once the resin blocks had 
cured, the embedded otoliths were sectioned transversely through the nucleus using a Struers 
Accutom-2 precision wafering saw turning a single diamond-edged blade. The cut surfaces of each 
resin block were then polished using Struers P1200 carborundum paper. 

The sectioned otoliths were then read under reflected light using a Wild M400 binocular microscope at 
x 25 magnification. A thin layer of paraffin oil was applied to the cut surfaces of each section before 
reading to improve clarity. All otoliths exhibited alternating light and dark regions under reflected 
light. Following Manning & Sutton (2004) and Sutton (1999, 2004), we assumed that these light and 
dark regions were opaque and translucent zones (respectively), and that a single light (opaque) and a 
single dark (translucent) zone corresponded to a single year's growth (annulus). Whether a single 
presumed annulus truly forms during a single calendar year in giant stargazer sagittal otoliths is 
unknown (unvalidated) at this time, but is being investigated (M. J. Manning, unpublished results; 
MFish research project STA2004-03). 

The number of fully formed translucent zones present, a five-point "readability" score, and a three
point "margin-state" score were recorded for each otolith (Table 3). All otoliths were read "blind" 
once by one reader (C. P. Sutton) (that is, without the corresponding length and sex of each fish 
known to the reader). The approximate date of capture (March-April 2003) was known by the reader, 
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Table 2: Numbers of giant stargazers measured and numbers of otoliths collected during WeSI trawl 
surveys by RV Kaharoa, March-April 1992-2003. TBGB, Tasman Bay-Golden Bay; WeSI, 
west coast; N" number of stations; N f , number of fish measured; No' number of otoliths 
collected; Nr , number of otoliths prepared and read by Manning & Sutton (2004, unpublished 
data). References documenting methods and results for each survey are provided. 

Survey Year Area Ns Nr No N, Reference 

KAH9204 1992 TBGB 15 20 - Drummond & Stevenson (1995a) 
WeSI 102 l342 386 373 
All 117 l362 386 373 

KAH9404 1994 TBGB 12 14 15 14 Drummond & Stevenson (1995b) 
WeSI 105 1466 440 440 
All 117 1480 455 454 

KAH9504 1995 TBGB 16 18 18 18 Drummond & Stevenson (1996) 
WeSI 87 1247 320 310 
All 103 1265 338 328 

KAH9701 1997 TBGB 20 63 19 19 Stevenson (1998) 
WeSI 68 984 341 338 
All 88 1047 360 357 

KAHOO04 2000 TBGB l3 34 19 19 Stevenson (2002) 
WeSI 72 643 361 356 
All 85 677 380 375 

KAH0304 2003 TBGB 10 8 7 7 Stevenson (2004) 
WeSI 76 641 305 305 
All 86 649 312 312 

All 1992- TBGB 86 157 78 77 The trawl survey series, except for surveys 
2003 WeSI 510 6323 2153 2122 KAH0004 and KAH0304, was reviewed by 

All 596 6480 2231 2199 Stevenson & Hanchet (2000) 

however. Following Manning & Sutton (2004) and Sutton (1999, 2004), the "six-month" zone, the 
translucent zone that is presumed to form during each fish's first winter, was not counted but 
accounted for when our translucent zone counts were converted to age estimates (see below). 

No efforts were made to quantifY reader precision, as the date when the otoliths were read in this study 
(July 2003) was soon after when the otoliths prepared and read by Manning & Sutton (2004) were 
read (June 2003). The results of the reader comparison tests in that study were deemed to be valid for 
the otolith readings carried out in this study. Manning & Sutton (2004) found no evidence of 
systematic bias either within or between readers, and that within and between reader precision 
compared favourably with results from age and growth studies of other New Zealand species with 
moderately difficult or difficult to interpret otoliths. 

2.4 Converting translucent-zone counts to age estimates 

We used the same simple algorithm as used by Manning & Sutton (2004) to convert our translucent
zone counts to age estimates. This involves treating estimated fish age, G, as the sum of three time 
components. The estimated age of the ith fish, Gi , is 
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Table 3: Readability and margin-state scores used in otolith readings. 

Five-point readability score: 

Score Description 

Otolith very easy to read; excellent contrast between translucent and opaque zones; ± 0 
between subsequent translucent-zone counts of this otolith 

2 Otolith easy to read; good contrast between translucent and opaque zones, but not as marked 
as in "1"; ± 1 between subsequent translucent-zone counts of this otolith 

3 Otolith readable; less contrast between translucent and opaque zones than in "2", but 
alternating zones still apparent; ± 2 between subsequent translucent zone counts of this 
otolith 

4 Otolith readable with difficulty; poor contrast between translucent and opaque zones, deemed 
to be worse than in either "2" or "3"; ± 3 or more between subsequent counts of this otolith 

5 Otolith unreadable 

Three-point margin state score: 

Score Description 

N arrow Last translucent zone present deemed to be fully formed; a very thin, hairline layer of opaque 
material is present outside the last translucent zone 

Medium Last translucent zone present deemed to be fully formed; a thicker layer of opaque material, 
not very thin or hairline in width, is present outside the last translucent zone; some new 
translucent material may be present outside the thicker layer of opaque material, but generally 
does not span the entire margin of the otolith 

Wide Last translucent zone present deemed not to be fully formed; a thick layer of opaque material 
is laid down on top of the last fully formed opaque zone, with new translucent material 
present outside the opaque layer, spanning the entire margin of the otolith 

a =tl +t2 +t3 1 1, 1, 1, 
(1) 

where ti,1 is the elapsed time from spawning to the end of the first translucent zone present after the 
six-month zone for the ith fish (as noted above, the six-month zone is not counted when each otolith 
was read), t;,2 is the elapsed time from the end of the first translucent zone present following the six
month zone to the end of the outermost fully formed translucent zone for the ith fish, and t;,3 is the 
elapsed time from the end of the outermost fully formed translucent zone to the date when the ith fish 
was captured. Hence, 

t;.l = tio end first translucent zone after "six-month" zone - t;o spawning date 

t;o2 =(ni +w)-l (2) 

t;o3 = t;o capture - tio end last translucent zone 
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where ni is the total number of translucent zones present after the "six-month" zone for fish i, and w is 
an edge interpretation correction after Francis et al. (1992) applied to ni: w = 1 if the recorded margin 
state = "wide" and fish i was collected after the date when translucent zones are assumed to be fully 
formed, W = -1 if the recorded margin state = "narrow" and fish i was collected before the date when 
translucent zones are assumed to be fully formed, otherwise w = O. Because the survey was run over 
March-April 2003, w always takes the values 0 or 1 in our study. 

Because of our inability to precisely estimate spawning and translucent zone completion dates for 
individual giant stargazer, these dates were generalised for all fish. We followed previous studies and 
assumed an arbitrary spawning date of 1 July based on the annual reproductive cycle and winter 
spawning season of giant stargazer, and assumed a date of 1 November for completion of all 
translucent zones. We used the matching trawl station start date as the capture date for each fish. 
Decimalised years were used for all time components. And so the estimated age for a fish captured on 
1 April 2003 where a count of three completed translucent zones was observed in the prepared otolith, 
is a = tJ + t2 + t3 = 1.33 + 3 + 0.42 = 3.75 years. 

2.5 Estimating length- and age-frequency distributions of giant stargazer in the 
KAH0304 catch using Catch-at-age (Bull & Dunn 2002) 

Catch-at-age is a package of R functions (R Development Core Team 2004) developed and 
maintained by NIW A (Bull & Dunn 2002) that computes biomass estimates and scaled length
frequency distributions by sex and by stratum for trawl-survey catch and length frequency data using 
the calculations in Bull & Gilbert (2001) and Francis (1989). If passed a set of length-at-age data, 
Catch-at-age constructs an age-length key, which is then applied to the scaled length-frequency 
distributions to compute scaled age-frequency distributions, also by sex and stratum. Catch-at-age 
computes the coefficient of variation (c.v.) for each length- and age-class and the overall mean
weighted c.v. for each length- and age-frequency distribution using a bootstrapping routine (Efron & 
Tibshirani 1993): fish length records are resampled within each station, stations are resampled within 
each stratum, and the length-at-age data are resampled, all with replacement. The bootstrap length
and age-frequency distributions are computed for each resampled and the c.v.s for each length- and 
age-class computed from the bootstrap distributions. 

In this study, Catch-at-age was used to calculate scaled length-frequency distributions for each sex in 
the KAH0304 survey. The sex-specific subsets of length-at-age data produced following conversion of 
our otolith translucent zone counts to age estimates were passed to Catch-at-age, converted to age
length keys, and then applied to the scaled length-frequency distributions computed to calculate scaled 
age-frequency distributions for each sex. Bootstrapped c.v.s and mean-weighted c.v.s were computed 
for each length- and age-class from lOOO iterations of the resampling algorithm. Following previous 
analyses of results from the WCSI trawl survey series (see the references cited in Table 2) and 
Manning & Sutton (2004), we used the weight-at-length relationship for giant stargazer computed 
using a geometric mean regression of weight-at-length for fish measured during the KAH0304 voyage 
(KAH0304 weight-at-length relationship parameters are a = 8.2 x 10-6 and b = 3.2079 where giant 
stargazer weight in kilogrammes is regressed on total length in centimetres; Stevenson (2004)), and 
only those catches and length-frequency records from stations where the recorded gear performance 
score was "2" or better in our calculations (see Mackay (2000) for the definition of trawl gear 
performance scores used by NIW A). 

2.6 Revised growth model fits and comparisons 

Manning & Sutton (2004) fitted a suite of competing von Bertalanffy growth models to the length-at
age datasets they compiled and compared the relative fits of the competing models using the 
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likelihood ratio test. They found statistically significant differences in growth between the sexes for 
giant stargazer from the WCSI, but also between areas within the sexes for fish from the east (STA 3), 
south (STA 5), and west coasts (STA 7) of the South Island. They also found that fish from the WCSI 
seemed to be slower growing but asymptotically larger than fish of the same sex from the east and 
south coasts, but suggested that this result might be due in part to the strong negative correlation of the 
L= and K parameters in the von Bertalanffy model. They suggested testing this by fitting a growth 
model with less parameter correlation to the data 

Davies et al. (2003) discussed how non-random fixed-allocation otolith sampling designs can 
introduce bias to growth model fits. Fixed-allocation otolith sampling schemes involve allocating a 
fixed sample size to all length classes in the length-frequency distribution of a sampled group of fish. 
These sampling schemes can result in a sample that is not representative of the length composition of 
the fish group being sampled, leading to bias in estimates of mean size-at-age and in estimates of the 
parameters of a growth model fitted to the data to describe mean size-at-age (Goodyear 1995). Davies 
et al. found bias in von Bertalanffy models fitted to weighted and unweighted snapper (Pagrus 
auratus) length-at-age data that varied depending on the specifications of the otolith sample design. 
They found that weighting the length-at-age data so that proportions-at-length in the length-at-age data 
are the same as those in the scaled length-frequency distribution of the snapper group sampled reduced 
any bias introduced by the otolith sampling design 

In this study, we supplement the length-at-age dataset analysed by Manning & Sutton (2004) with the 
data derived from the KAH0304 survey and refit the von Bertalanffy models presented by Manning & 
Sutton to the revised dataset. We also fit an alternative growth model to the data, namely Schnute's 
(1981) model (see Appendix A). Schnute's model contains a variety of alternative submodels with 
different functional forms that can be derived from the generalised model as special cases by assuming 
model parameters equal to particular values (Table 4). The submodels include the von Bertalanffy 
model, although differently parameterised. Schnute (1981) argued that his model has better statistical 
properties than the von Bertalanffy model in its original parameterisation. Although the basis of the 
argument given in his paper is somewhat unconvincing today!, it does appears to be justified in terms 
of computational speed, lower parameter correlations, and less visual curvature in the likelihood 
surface for selected model parameters (Manning 2005). Despite its flexibility and apparently good 
statistical properties, Schnute's model has been little used to model fish size-at-age data in New 
Zealand, but Bull et al. (2004) and Manning & Francis (2005) are two recent exceptions. 

2.6.1 Composition of the revised dataset 

The revised length-at-age dataset we analyse in this report consists of the groomed WCSI length-at
age dataset produced by Manning & Sutton (2004) supplemented with the groomed KAH0304 data 
compiled in this study. Composition of the revised dataset by survey and fish sex is given in Table 5. 
The KAH0304 data were groomed by dropping one observation of a fish that was deemed to be 
implausibly large at age, as well as all observations of unsexed fish (three observations), and all 
observations of fish with otolith readability scores greater than four (two observations) from the 
dataset. 

! Schnute (1981) asserted that his model was better than von Bertalanffy's because the non-linear function 
minimiser he used to fit his model to the data in the example he gave in his paper converged, whereas it did not 
when he fitted von Bertalanffy's model in its original parameterisation to the same data. Manning (2005) 
regarded this as unconvincing, in light of recent developments in search algorithms and improvements in 
software and computing hardware, and gave an empirical consideration (based on observed convergence speeds, 
parameter correlations, and visual curvature in the likelihood profile surfaces) of this issue. 
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Table 4: Special cases of the general Schnute model (reproduced with modifications from 
Schnute (1981)). The special cases are derived from the general Schnute model given 
particular values of the K and r parameters, assuming "[2 > "[1 and L2 > L]. For a 
historical review of model origins, see Ricker (1975). 

Submodel Parameter values Submodel title 

(K> 0, y> 0) 
2 (K> 0, Y= 1) 
3 (K> O,y= 10 
4 (K> O,y=O) 

Generalised von Berta1anffy 
Specialised von Bertalanffy ("length") 
Specialised von Bertalanffy ("weight") 
Gompertz 

5 (K> 0, Y< 0) Richards 
6 ( K > 0, Y = -1 ) Logistic 
7 (K= 0, Y= 1) Linear 
8 (K=O,y=~) Quadratic 
9 (K= O,y=O) t-th power 
10 ( K < 0, y = 0) Exponential 

Table 5: Composition of the revised WCSI length-at-age dataset analysed in this report. 

Sex 

Dataset Survey Males Females Unsexed All 

All prepared otoliths KAH9204 162 205 6 373 
KAH9404 218 234 2 454 
KAH9504 154 174 328 
KAH9701 168 189 357 
KAHOO04 175 233 375 
KAH0304 149 153 3 305 
All 1026 1155 11 2192 

Final dataset KAH9204 153 193 346 
KAH9404 210 221 431 
KAH9504 146 163 309 
KAH9701 158 181 339 
KAHOO04 171 188 359 
KAH0304 149 150 299 
All 987 1096 - 2083 

2.6.2 Von Bertalanffy and Schnute model fits 

A total of 42 different growth models were fitted to the revised length-at-age dataset. With some 
modifications, the maximum-likelihood methods discussed by Manning & Sutton (2004) and Manning 
& Francis (2005) were used to fit and compare the different models. Three slightly different normal 
error models were used variously. These are described in Appendix A. The model likelihoods are 
given in Appendix B for completeness. Unlike Manning & Sutton (2004) and Manning & Francis 
(2005) who used a bootstrap method, confidence intervals for model parameters were calculated from 
each model's Hessian matrix, using the method described in Appendix c. 
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2.6.2.1 Von Bertalanffy model fits 

Nine different von Bertalanffy models were fitted to the data (Table 6). Of these, three were fitted to 
the data assuming normally distributed errors parameterised with a constant variance (normal 
"constant (Y2" errors). The first of these assumed the same von Bertalanffy parameters for all groups 
in the data, the second assumed separate von Bertalanffy parameters for each sex, and the third 
assumed separate parameters for each survey-within-sex group in the data. These three models were 
then refitted assuming log-normally distributed errors and then refitted again assuming normally 
distributed errors parameterised with a constant coefficient of variation (normal "constant c" errors). 
A single common variance or coefficient of variation parameter was assumed in all model fits. 

The relative fits of the fitted models to the data were then compared using Akaike's Information 
Criterion (AIC) (Akaike 1973) and Schwarz's Bayesian Information Criterion (BIC) (Schwarz 1978) 
computed for each fitted model, and following Manning & Sutton (2004), also using the likelihood 
ratio test as described by Kimura (1980), but with the maximum log-likelihood function expressions 
given in Appendix A replacing the corresponding expressions given in his paper. Specifications of the 
six likelihood ratio tests carried out are given in Table 7. The AIC is 

AlC = -2lnL+ 2p, (3) 

and the BlC is 

BIC=-2lnL+ plnn, (4) 

where InL is the maximum log-likelihood, p is the number of parameters in the model, and n is the 
number of observations in the data. Model comparison is done by computing the AIC or BIC statistic 
for each competing model and comparing the results. The model with the best fit to the data is the 
model with the lowest AIC or BIC score. The AIC and BIC statistics are similar in that a penalty term 
is applied to each model's maximum log-likelihood; however, their theoretical derivations and the 
penalties applied to the model's maximum log-likelihood differ. The BIC imposes a larger penalty 
than the AIC when n is greater than exp(2) and tends to favour more parsimonious models than the 
AIC for most datasets, i.e., those where n > exp(2) . 

2.6.2.2 Schnute model fits 

A total of 33 different Schnute models were fitted to the data. This was done in two parts. The first 
series of 15 fits was to evaluate which of the 11 or so Schnute submodels had a particular functional 
form best supported by the data. Then, having found three particular submodel(s) to investigate 
further, the second series of 18 fits involved refitting the three preferred submodels under the same 
structural assumptions as were assumed in the von Bertalanffy model fits above (i.e., separate model 
parameters for each sex and then for each survey-within-sex level within the data) and each of the 
three normal error models considered in this analysis. As with the von Bertalanffy model fits, a single 
variance or coefficient of variation parameter was assumed in all model fits. The different Schnute 
models fitted are listed in Table 8. 

In the first series of 15 fits, the first four solutions of the general Schnute model (see Appendix A) and 
the reparameterised von Bertalanfty submodel (submodel 2, Table 4) were fitted each assuming the 
same Schnute model parameters for all groups in the data and normal (constant (Y2) errors. These 
were then refitted assuming log-normal errors and refitted assuming normal (constant c) errors. 
Support for a particular submodel was evaluated by comparing the AIC and BIC calculated for each 
submodel after Manning & Francis (2005) and Manning (2005), rather than the pairwise analysis of 
variance routine suggested by Schnute originally. After the second series of fits was completed and 
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Table 6: Specifications of the nine von Bertalanffy models fitted to the giant stargazer length-at-age 
dataset. Each model assumed a single, common (J2 or c parameter according to the assumed 
error distribution. p, total number of model parameters (includes the growth parameters and 
the (J2 or c parameter). 

Model Growth parameters Error distribution p 

VBla Same parameters for all groups Normal (constant (J2) 4 
VBlb Same parameters for all groups Log-normal 4 
VBlc Same parameters for all groups Normal (constant c) 4 

VB2a Separate parameters for each sex Normal (constant (J2) 7 
VB2b Separate parameters for each sex Log-normal 7 
VB2c Separate parameters for each sex Normal (constant c) 7 

VB3a Separate parameters for by survey and sex Normal (constant (J2) 37 
VB3b Separate parameters for by survey and sex Log-normal 37 
VB3c Separate parameters for by survey and sex Normal (constant c) 37 

Table 7: Specifications of the six likelihood-ratio tests carried out comparing the relative fits of the nine 
von Bertalanffy models to the data. The null hypothesis for each test is that the parameters in 
the full and reduced model obey a set of constraints, OJ, such that they are equivalent. The 
alternative hypothesis is that the obey no such constraints. p, number of parameters; F, full 
model; R, reduced model; OJ" the set of parameter constraints for the i th test type 
(definitions of the parameter constraint sets are given in Appendix D). 

Model p 
Test type No. F R F R Model error distributions C4 

Sex effect VB2a VBla 7 4 Normal (constant (J2) cq 
2 VB2b VBlb 7 4 Log-normal cq 
3 VB2c VBlc 7 4 Normal (constant c) cq 

Survey- 4 VB3a VB2a 37 7 Normal (constant (J2) 0)2 

within-sex 5 VB3b VB2b 37 7 Log-normal 0)2 

effect 6 VB3c VB2c 37 7 Normal (constant c) 0)2 

following the von Bertalanffy fits above, the relative fits of the preferred submodels to the data were 
also evaluated using AlC and mc comparisons but also by carrying out likelihood-ratio tests. The 
likelihood ratio tests carried out are specified in Table 9. 

3. RESULTS 

3.1 Otolith readings 

As in Manning & Sutton (2004), all 305 otoliths prepared and read in this study exhibited alternating 
light (opaque) and dark (translucent) zones under reflected light. As in the earlier study, although 
alternating opaque and translucent zones were visible, the contrast between zones was generally poor. 
Translucent zones were typically quite diffuse along the dorso-ventral axis with many fine growth 
checks present, which we assumed to be false annual bands. The width between successive translucent 
zones narrowed with increasing age, with most new growth appearing to be deposited on the dorsal 
margin of the otolith. These observations are consistent with observations recorded in all earlier 
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Table 8: Specifications of all the Schnute models fitted to the giant stargazer length-at-age 
dataset. Each model assumed either normal (constant (J2), log-normal, or normal 
(constant c) errors and a single, common (J2 or c parameter according to the assumed 
error distribution. Type, Schnute submodel type; p, total number of model parameters 
(includes the growth parameters and the (J2 or c parameter). 

Model Type Growth parameters Error distribution p 

Sla Case I Same parameters for all groups Normal (constant (J2) 5 
SIb Case I Same parameters for all groups Log-normal 5 
SIc Case I Same parameters for all groups Normal (constant c) 5 

S2a Case 2 Same parameters for all groups Normal (constant (J2) 4 
S2b Case 2 Same parameters for all groups Log-normal 4 
S2c Case 2 Same parameters for all groups Normal (constant c) 4 

S3a Case 3 Same parameters for all groups Normal (constant (J2) 4 
S3b Case 3 Same parameters for all groups Log-normal 4 
S3c Case 3 Same parameters for all groups Normal (constant c) 4 

S4a Case 4 Same parameters for all groups Normal (constant (J2) 3 
S4b Case 4 Same parameters for all groups Log-normal 3 
S4c Case 4 Same parameters for all groups Normal (constant c) 3 

S5a Case 5 Same parameters for all groups Normal (constant (J2) 4 
S5b Case 5 Same parameters for all groups Log-normal 4 
S5c Case 5 Same parameters for all groups Normal (constant c) 4 

S6a Case I Separate parameters by sex Normal (constant (J2) 9 
S6b Case I Separate parameters by sex Log-normal 9 
S6c Case I Separate parameters by sex Normal (constant c) 9 

S7a Case 2 Separate parameters by sex Normal (constant (J2) 7 
S7b Case 2 Separate parameters by sex Log-normal 7 
S7c Case 2 Separate parameters by sex Normal (constant c) 7 

S8a Case 5 Separate parameters by sex Normal (constant (J2) 7 
S8b Case 5 Separate parameters by sex Log-normal 7 
S8c Case 5 Separate parameters by sex Normal (constant c) 7 

S9a Case I Separate parameters by survey and sex Normal (constant (J2) 49 
S9b Case I Separate parameters by survey and sex Log-normal 49 
S9c Case I Separate parameters by survey and sex Normal (constant c) 49 

SlOa Case 2 Separate parameters by survey and sex Normal (constant (J2) 37 
SlOb Case 2 Separate parameters by survey and sex Log-normal 37 
SlOc Case 2 Separate parameters by survey and sex Normal (constant c) 37 

Sllb Case 5 Separate parameters by survey and sex Log-normal 37 
Sllc Case 5 Separate parameters by survey and sex Normal (constant c) 37 

Slla Case 5 Separate parameters by survey and sex Normal (constant (J2) 37 
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Table 9: Specifications of the 18 likelihood-ratio tests carried out comparing the relative fits of 
the selected Schnute submodels to the data. The null hypothesis for each test is that the 
parameters in the full and reduced model obey a set of constraints, 01, such that they 
are equivalent. The alternative hypothesis is that they obey no such constraints. p, 
number of parameters; F, full model; R, reduced model; OJ, , the set of parameter 
constraints for the i th test type (definitions of the parameter constraint sets are given 
in Appendix D). 

Test Models p Schnute 
Type No. F R F R model Error distribution OJ, 

Sex effect S6a Sla 9 5 Case 1 Normal (constant (72 ) 013 

2 S6b SIb 9 5 Case 1 Log-normal 013 

3 S6c SIc 9 5 Case 1 Normal (constant c) 013 

4 S7a S2a 7 4 Case 2 Normal (constant (72 ) 014 

5 S7b S2b 7 4 Case 2 Log-normal 014 

6 S7c S2c 7 4 Case 2 Normal (constant c) 014 

7 S8a S3a 7 4 Case 5 Normal (constant (72 ) 014 

8 S8b S3b 7 4 Case 5 Log-normal 014 

9 S8c S3c 7 4 Case 5 Normal (constant c) 014 

Survey- 10 S9a S6a 49 9 Case 1 Normal (constant (72 ) 015 

within-sex 11 S9b S6b 49 9 Case 1 Log-normal 015 

effect 12 S9c S6c 49 9 Case 1 Normal (constant c) 015 

13 SlOa S7a 37 7 Case 2 Normal (constant (72 ) 016 

14 SlOb S7b 37 7 Case 2 Log-normal 016 

15 SlOc S7c 37 7 Case 2 Normal (constant c) 016 

16 Slla S8a 37 7 Case 5 Normal (constant (72 ) 016 

17 Sllb S8b 37 7 Case 5 Log-normal 016 

18 Sllc S8c 37 7 Case 5 Normal (constant c) 016 

giant stargazer age and growth studies known to us (Sutton 1999, Manning & Sutton 2004, Sutton 
2004). 

3.2 Length and age frequency distributions 

Scaled numbers-at-length for each sex and each survey in the WCSI survey series are plotted in Figure 
4. Corresponding scaled numbers-at-age distributions are plotted in Figure 5. The latter were 
calculated from the former using sex and survey-specific age-length keys derived by partitioning the 
final dataset summarised in Table 5 by these factors. The bootstrapped coefficients of variation for 
each length and age class in the length and age-frequency distributions are overlaid on the data plotted 
in Figures 4-5. The mean-weighted c.v.s for each length and age frequency distribution are given in 
Table 10. These are generally quite high for the lengths of all fish by survey, ranging between 31.2% 
(KAH9204) and 49.8% (KAH0304). The mean-weighted c.v.s for the ages of all fish by survey are 
lower (better), ranging between 28.7% (KAH9204) and 30.9% (KAH0304). Both the mean-weighted 
c.v.s for length and age appear to increase (worsen) as the survey series progresses. 

The median ages in each sex- and survey-specific age distribution were also overlaid on the data 
plotted in Figure 5. There appears to be a mild decrease in median age from survey to survey in the 
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Table 10: Bootstrapped mean-weighted c.v.s for the giant stargazer length- and age-frequency 
distributions in the WeSI survey series, 1992-2003, by survey and sex. 

Length-frequency distributions: 

Survey Males Females Unsexed All fish 

KAH9204 4l.6 45.1 60.6 3l.2 
KAH9404 43.1 43.4 162.8 35.5 
KAH9504 42.1 47.8 143.4 36.6 
KAH9701 47.0 53.0 39.4 
KAHOO04 52.1 60.8 l35.3 42.4 
KAH0304 55.2 68.8 l3l.8 49.8 

Age-frequency distributions: 

Survey Males Females Unsexed All fish 

KAH9204 35.7 38.9 35.3 28.7 
KAH9404 37.7 35.4 180.0 29.3 
KAH9504 38.9 38.7 30.7 
KAH9701 37.1 4l.6 30.0 
KAHOO04 34.6 38.6 27.4 
KAH0304 37.2 43.0 30.9 

survey series. This was investigated further by looking at the trends in other quantiles of the age
frequency distributions over time. The 50% (median), 95%, and 99% quantiles for each length- and 
age-frequency distribution in the survey series are plotted by sex and survey in Figure 6. 

3.3 Growth model fits 

Results of fitting the nine von Bertalanfty models (VBla-c to VB3a-c) to the revised dataset are 
plotted in Figures 7-9. Variance parameter estimates, maximum log-likelihoods, and AlC and BIC 
statistics for all nine models are given in Table 11. Numerical output from all model fits are given in 
Appendix E. Diagnostic goodness-of-fit residual plots are given in Appendix F. These suggest that the 
log-normal and normal (constant c) models fit the data better than the normal (constant (j2) models, 
a result entirely consistent with the earlier analysis of Manning & Sutton (2004). Results oflikelihood
ratio tests comparing selected model pairs are given in Table 12. These suggest very strong sex and 
survey-within-sex differences, also entirely consistent with our earlier analysis, regardless of the error 
model assumed. Based on the AlC and BIC statistic values, the normal (constant c) model appears 
to provide a better fit to the data compared to the other error models within each of the three structural 
assumption scenarios (i.e., comparing all three models that assume the same parameters for all groups 
in the data with each other, comparing all three models that assume different parameters for each sex 
with each other, etc.). We visualise the predicted density about mean length-at-age from fitted models 
VBla-c in Figure 10. We speculate that it is the increasing but symmetrical spread of the predicted 
density as age increases in Figure 1 O( c) that leads to the better fit achieved compared to the two other 
error models evaluated. 
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Figure 4: Scaled giant stargazer numbers at length by survey for each survey in the WCSI survey series, 
1992-2003 (six surveys). Males and females are plotted separately. Bootstrapped coefficients of 
variation for each length class (orange dotted lines) are overlaid. The total numbers of length 
observations collected during each survey are given in Table 2. 
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Figure 5: Scaled giant stargazer numbers at age by survey for each survey in the WCSI survey series, 
1992-2003 (six surveys). Males and females are plotted separately. Bootstrapped coefficients of 
variation for each age class (orange dotted lines) and the median age in each distribution 
(vertical black dotted line) are overlaid. The composition of the age-length keys used to 
convert the scaled numbers at length displayed in Figure 4 to the age distributions displayed 
here is given in Table 5. 
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Figure 6: Investigating changes in particular quantiles of the scaled length and age frequency 
distributions over the survey series: (a) length-frequency distributions; (b) age-frequency 
distributions. The 50%, 95%, and 99% quantile of each distribution is plotted separately by 
survey and sex. The solid lines are 95% confidence intervals calculated from the bootstrap 
resamples from which the coefficients of variation for each length and age class were 
calculated. 

Results of fitting the 15 Schnute models (the five model cases for each of the three normal error 
models; S 1 a-c to S5a-c) to the data assuming the same parameters for all groups in the data are 
plotted in Figure 11. Variance parameter estimates, maximum log-likelihoods, and Ale and BIe 
statistics for all nine models are given in Table 13. As with the von Bertalanffy model fits, numerical 
output from all model fits are given in Appendix E and diagnostic residual plots are given in Appendix 
G. The Ale and BIe statistics calculated for models Sla-c to S5a-c suggest that Schnute cases 1,2, 
and 5 (i.e., the first two solutions of the general Schnute model given in Appendix A and Schnute 
submodel2 specified in Table 4) fit the data better than the other submodels evaluated. These models 
were accordingly refitted to the data assuming separate parameters by sex and by survey-within-sex 
for each of the three normal error models. The results are plotted in Figures 12-15. Variance 
parameters and other summary output are given in Table 13 and likelihood ratio tests comparing the 
model fits in Table 14. Again, although the values of the statistics themselves are slightly different, the 
same overall results are obtained as with the revised von Bertalanfty model fits and tests in this 
analysis and the earlier results of Manning & Sutton (2004). 
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Diagnostic residual plots of goodness of fit are given Appendix F. 
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Figure 9: Results of fitting von Bertalanffy's model where normal (constant (J2), log-normal, and 
normal (constant c) errors and separate parameters for each survey-and-sex group in 
the data were assumed (models VB3a-VB3c). Parameter estimates are given in 
Appendix E. Diagnostic residual plots of goodness of fit are given in Appendix F. 
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Figure 10: Visualising the predicted density about mean length-at-age for the three von 
Bertalanffy models that assumed the same parameters for all groups in the data and (A) 
normal (constant (}2), (B) log-normal, and (C) normal (constant c) errors about mean 
length-at-age (models VBla-VBlc)_ The open circles are the predicted mean length-at
age for a vector of reference ages (0-30 years, inclusive); the solid lines are a predicted 
95% confidence region about mean length-at-age for each fitted model; and the grey 
polygons are the predicted shape of the length-at-age density distribution at each 
reference age for each fitted model. 
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Table 11: Variance parameter estimates, numbers of parameters, maximum log-likelihoods, and 
AIC and BIC for the nine fitted von Bertalanffy models (fitted models VBla-VB3c). p, 
number of parameters in each model; Max LL, model maximum log-likelihood; AIC, 
Akaike's Information Criterion; BIC, Bayesian Information Criterion. 

Model Error distribution '2 ' MaxLL AIC BIC (j or c p 

VBla N onnal (constant (j2 ) 35.2591 4 -6666.22 13340.45 13363.01 
VB1b Log-nonnal 0.0150 4 -6599.05 13206.10 13228.67 
VB1c N onnal (constant c) 0.1214 4 -6596.18 13200.36 13222.93 

VB2a N onnal (constant (j2 ) 28.6251 7 -6449.13 12912.26 12951.75 
VB2b Log-nonnal 0.0130 7 -6451.59 12917.18 12956.67 
VB2c N onnal (constant c) 0.1126 7 -6436.45 12886.90 12926.39 

VB3a N onnal (constant (j2 ) 26.3731 37 -6363.80 12801.59 13010.33 
VB3b Log-nonnal 0.0119 37 -6358.48 12790.95 12999.69 
VB3c N onnal (constant c) 0.1082 37 -6353.83 12781.66 12990.39 

Table 12: Results of likelihood-ratio tests comparing the von Bertalanffy models fitted. %2, 
likelihood-ratio test statistic calculated from the maximum log-likelihoods in Table 11; 
f , test statistic degrees of freedom. 

(a) Testing for a sex effect in growth: 

Full model Reduced model Model error distributions %2 f P(X>xIHo) 

VB2a VB1a N onnal (constant (j2 ) 434.19 3 < 2x10-16 

VB2b VB1b Log-nonnal 294.92 3 < 2x10-16 

VB2c VB1c N onnal (constant c) 319.46 3 < 2x10-16 

(b) Testing for a survey-within-sex effect in growth: 

Full model Reduced model Model error distributions %2 f P(X>xIHo) 

VB3a VB2a N onnal (constant (j2 ) 170.67 30 < 2xlQ-16 

VB3b VB2b Log-nonnal 186.23 30 < 2xlQ-16 
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Figure 11: Evaluating which of five different Schnute submodels is best supported by the data: (A) 
submodels fitted assuming normal (constant ()2) errors (models SIa-S5a); (B) 
submodels fitted assuming log-normal errors (models SIb-S5b); and (C) submodels 
fitted assuming normal (constant c) errors (models SIc-S5c). SI-S4, first to fourth 
cases (solutions) of the general Schnute model; S5, the re-parameterised von Bertalanffy 
model derived from the general model by assuming r = 1. Parameter estimates are 
given in Appendix E. Diagnostic residual plots of goodness of fit are given in Appendix 
G. 
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Figure 12: Results of fitting the three different, selected Schnute submodel types (cases 1,2, and 5), 
where separate parameters by sex and normal (constant ()2), log-normal, and normal 
(constant c) errors were assumed (models S6a-S6c, S7a-S7c, and S8a-S8c). SI, first 
case (solution) of the general Schnute model; S2, second case of the general Schnute 
model; S5 the re-parameterised von Bertalanffy model derived from the general 
Schnute model by assuming r = 1 . The fitted von Bertalanffy models assuming separate 
growth by sex are also overlaid for comparison. Parameter estimates are given in 
Appendix E. Diagnostic residual plots of goodness of fit are given in Appendix G. 
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Table 13: Variance parameter estimates, numbers of parameters, maximum log-likelihoods, and 
the AIC and BIC for all Schnute model fits. Type, Schnute submodel type; p, number of 
parameters in each model; Max LL, model maximum log-likelihood; AIC, Akaike's 
Information Criterion; BIC, Bayesian Information Criterion. 

Model Type Error distribution 6-2 or c p Max LL AIC BIC 

Sla Case 1 Normal (constant (}2) 34.8929 5 -6655.35 13320.70 13348.91 
SIb Case 1 Log-normal 0.0148 5 -6585.77 13181.54 13209.75 
SIc Case 1 Normal (constant c) 0.1203 5 -6576.54 13163.08 13191.29 

S2a Case 2 Normal (constant (}2) 34.8929 4 -6655.35 13318.70 13341.27 
S2b Case 2 Log-normal 0.0148 4 -6586.01 13180.03 13202.59 
S2c Case 2 Normal (constant c) 0.1203 4 -6576.63 13161.26 13183.83 

S3a Case 3 Normal(constant (}2) 38.1521 4 -6748.35 13504.70 13527.27 
S3b Case 3 Log-normal 0.0160 4 -6665.58 13339.16 13361.72 
S3c Case 3 Normal (constant c) 0.1258 4 -6670.95 13349.91 13372.47 

S4a Case 4 Normal (constant (}2) 68.8455 3 -7363.13 14732.27 14749.19 
S4b Case 4 Log-normal 0.0324 3 -7402.17 14810.35 14827.27 
S4c Case 4 Normal (constant c) 0.1704 3 -7318.79 14643.58 14660.51 

S5a Case 5 Normal (constant (}2) 35.2591 4 -6666.22 13340.45 13363.01 
S5b Case 5 Log-normal 0.0150 4 -6599.05 13206.10 13228.66 
S5c Case 5 Normal (constant c) 0.1214 4 -6596.18 13200.36 13222.93 

S6a Case 1 Normal (constant (}2) 27.9136 9 -6422.92 12863.84 12914.61 
S6b Case 1 Log-normal 0.0127 9 -6424.26 12866.53 12917.30 
S6c Case 1 Normal (constant c) 0.1108 9 -6403.87 12825.75 12876.52 

S7a Case 2 Normal (constant (}2) 28.0021 7 -6426.21 12866.43 12905.92 
S7b Case 2 Log-normal 0.0127 7 -6427.39 12868.78 12908.27 
S7c Case 2 Normal (constant c) 0.1110 7 -6407.37 12828.73 12868.22 

S8a Case 5 Normal(constant (}2) 28.6249 7 -6449.13 12912.26 12951.75 
S8b Case 5 Log-normal 0.0130 7 -6451.59 12917.18 12956.67 
S8c Case 5 Normal (constant c) 0.1126 7 -6436.45 12886.90 12926.39 

S9a Case 1 Normal (constant (}2) 25.6245 49 -6333.80 12765.60 13042.04 
S9b Case 1 Log-normal 0.0114 49 -6309.91 12717.83 12994.26 
S9c Case 1 Normal (constant c) 0.1 056 49 -6302.18 12702.36 12978.80 

SlOa Case 2 Normal (constant (}2) 25.7935 37 -6340.65 12755.30 12964.04 
SlOb Case 2 Log-normal 0.0116 37 -6327.91 12729.81 12938.55 
SlOc Case 2 Normal (constant c) 0.1064 37 -6318.52 12711.04 12919.78 

Sl1a Case 5 Normal (constant (}2) 26.3731 37 -6363.80 12801.59 13010.33 
Sl1b Case 5 Log-normal 0.0119 37 -6358.48 12790.95 12999.69 
Sl1c Case 5 Normal (constant c) 0.1082 37 -6353.83 12781.66 12990.39 
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Table 14: Results of likelihood-ratio tests comparing the selected Schnute submodels fitted (cases 
1, 2, and 5). %2, likelihood-ratio test statistic calculated from the maximum log-
likelihoods in Table 13. f, degrees of freedom. 

(a) Testing for a sex effect in growth: 

Full model Reduced model Type Errors %2 f p(x > x I Ho) 

S6a Sla Case 1 Normal (constant (72 ) 464.87 4 < 2x1O-16 

S6b SIb Case 1 Log-normal 323.01 4 < 2x1O-16 

S6c SIc Case 1 Normal (constant c) 345.33 4 < 2x1O-16 

S7a S2a Case 2 Normal (constant (72 ) 458.28 3 < 2x1O-16 

S7b S2b Case 2 Log-normal 317.25 3 < 2x1O-16 

S7c S2c Case 2 Normal (constant c) 319.46 3 < 2x1O-16 

S8a S5a Case 5 Normal (constant (72 ) 434.19 3 < 2x1O-16 

S8b S5b Case 5 Log-normal 294.92 3 < 2x1O-16 

S8c S5c Case 5 Normal (constant c) 319.46 3 < 2x1O-16 

(b) Testing for a survey effect within sex in growth: 

Full model Reduced model Type Errors %2 f p(x > x I Ho) 

S9a S6a Case 1 Normal (constant (72 ) 178.24 40 < 2x1O-16 

S9b S6b Case 1 Log-normal 228.70 40 < 2x1O-16 

S9c S6c Case 1 Normal (constant c) 203.38 40 < 2x1O-16 

S10a S7a Case 2 Normal (constant (72 ) 171.12 30 < 2x1O-16 

S10b S7b Case 2 Log-normal 198.96 30 < 2x1O-16 

S10c S7c Case 2 Normal (constant c) 177.69 30 < 2x1O-16 

Slla S8a Case 5 Normal (constant (72 ) 170.67 30 < 2x1O-16 

Sllb S8b Case 5 Log-normal 186.23 30 < 2x1O-16 

Sllc S8c Case 5 Normal (constant c) 165.24 30 < 2x1O-16 

4. DISCUSSION 

4.1 On apparent trends in the length- and age-composition of the survey catch and 
their implications for the status of the stock 

The scaled length-frequency distributions for male and female fish sampled during 2003 are generally 
consistent with those calculated for earlier surveys. The scaled age-frequency distributions, calculated 
by applying a survey and sex-specific age-length key to the scaled numbers-at-Iength, are also 
generally consistent with those calculated for earlier surveys. The 2003 survey catch includes fish 
from 0-18 years, although most fish appear to be about 3 to 10 years of age. Based on trends in the 
median and other quantiles of the age-frequency distributions from survey to survey, the number of 
older fish present in the survey catch appears to be decreasing over time. This is thought to be due to 
the increase in catch following the introduction of the STA 7 stock into the AMP at the start of the 
1990-91 fishing year, and is consistent with the declining trend in the survey relative abundance index 
for giant stargazer, both of which are in tum consistent with a "fishing down" of the stock following 
an increase in harvest. The status of the stock, i.e., whether current biomass is at, above, or below a 
level that supports the maximum sustainable yield (whatever that might be) is impossible to determine 
without developing and fitting a quantitative stock assessment model. Development of such a model is 
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underway currently (M.l Manning, unpublished results; Ministry of Fisheries research project 
STA2004-01). The WCSI survey relative biomass indices and age-composition data presented here 
will be important model inputs. 

4.2 On the von Bertalanffy and Schnute growth models fitted to the giant stargazer 
length-at-age dataset 

A suite of 42 different von Bertalanffy and Schnute growth models was fitted to the revised dataset. 
The different models assumed different parameters for different groups in the data and different error 
distributions, and their relative fits to the data were compared using the likelihood ratio test and AIC 
and BIC statistics calculated for each fitted model. The models assuming the same growth parameters 
for all the groups in the data were compared with models assuming separate parameters to test for a 
sex effect in growth. The models assuming separate growth parameters for each sex were compared 
with the models assuming separate parameters for each survey-and-sex group to test for a survey
within-sex effect in growth. The tests were repeated for comparable growth model types for each 
assumed error distribution. The results of the likelihood ratio tests were all highly significant, 
regardless of the form of the growth or error models involved, suggesting rather strongly that giant 
stargazer growth, at least on the west coast of the South Island, does indeed differ between the sexes 
and by survey-within-sex. 

Based on the distance between joint confidence regions for the L=,; and K; parameters, Manning & 
Sutton (2004) argued that the sex effect was probably real, and biologically as well as statistically
significant, but that the survey-within-sex effect might be statistically significant only, with the 
differences between survey-and-sex groups driven by between-survey sampling effects and patchy 
coverage of larger, older fish in some surveys. 

But assuming, for now, that the survey-within-sex effect is real and not the artefact of sampling or 
some other process, it could be interpreted it as a proxy for a year-effect in growth. While the kind of 
analysis carried out here allows us to identify whether covariate effects of this type exist, they do not 
allow the magnitude of the effect of the to be quantified. An obvious extension to this analysis is 
therefore to fit a growth model that allows covariate effects to be modelled as some kind of discrete or 
continuous process, e.g., the "effective age" approach implemented in CASAL (Bull et al. 2004). 
However, non-linear mixed-effects models (Pinheiro & Bates 2000) also offer a framework to fit and 
compare models of these types extensible to arbitrary co-variates. 

A second possible extension to the analysis is to consider model fitting and comparison using 
Bayesian methods. The advantages of Bayesian methods over alternative modes of statistical inference 
are several, including the explicit consideration of prior belief in the analysis, and the production of 
posterior distributions for the model parameters summarising the uncertainty around the parameters, 
given the data and the priors. Helser & Lai (2004) presented the results of a Bayesian hierarchical 
meta-analysis of North American largemouth bass (Micropterus salmoides) growth, comparing 
modelled growth between 245 bass populations. As suggested above, they used a non-linear mixed 
effects model to model change in growth with latitude. Bayesian methods were used to fit and refine 
their models. 

Also, while the AIC statistics calculated for each of the fitted models supported the results of the 
likelihood ratio tests, the BIC statistics for the full and reduced models in the survey-within-sex effect 
likelihood-ratio test types supported the reduced models with fewer parameters. But rather than a lack 
of evidence for the survey-within-sex effect, this, strictly speaking, represents the tendency of the BIC 
to favour parsimonious models with fewer parameters than the AIC. Nevertheless, this suggests that 
the models fitted assuming separate parameters for each survey-and-sex group are probably over
parameterised. 
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4.3 Of the three normal error models investigated in this study, which is the "best"? 

Defining what is "best" for a particular application, whatever the field, is usually highly contextual. It 
assumes that some measure of "best" can be devised and implemented. Here we define "best" to mean, 
of course, which of the three error models most fully describes the variation in length about mean 
length-at-age in giant stargazer on the west coast of the South Island. 

Without exception, the diagnostic residual plots of all the von Bertalanffy and Schnute models fitted 
that assumed normal (constant (j2) errors showed evidence of poor fit. In contrast, the residuals of 
the models assuming log-normal and normal (constant c) errors showed improved fit. This suggests 
that in all cases, the normal (constant (j2) distribution describes the variation in length about mean 
length-at-age poorly, and either of the log-normal or normal (constant c) distributions are preferred. 
When models with the same structural assumptions about growth but different assumed error 
distributions are compared (e.g., the three von Bertalanffy models that assumed the same growth 
parameters for all the groups in the data, models VBla-VBlc; the three von Bertalanfty models that 
assumed separate parameters for males and females, VB2a-VB2c; etc.), in each of the six possible sets 
of comparisons, the models assuming normal (constant c) have the lowest AIC and mc scores 
(Tables 11 and 13), suggesting that they have the best fit to (i.e., the greatest support of) the data. By 
these criteria, of the three different assumed error distributions, the normal (constant c) distribution 
appears to best describe the variation in length about mean length-at-age in the data. 

In retrospect, that the models assuming log-normal and normal (constant c) errors about mean 
length-at-age show better fit to the data than the models assuming normal (constant (j2) is 
unsurprising, given that the log-normal and normal (constant c) error models assume that the 
variation in length about mean length-at-age increases as a function of age, the normal (constant (j2) 

error model assumes that it remains constant, and plots of the raw length-at-age data (e.g., Figure 7) 
show increasing spread in the data as age increases. There is a suggestion of reducing spread as the 
age values get very large, but this due to there being fewer observations in the dataset where age is 
relatively old (i.e., greater than 15 years). However, we were surprised that there was a difference in 
the goodness of fit of the fitted growth models assuming log-normal and normal (constant c) errors. 

The predicted densities in length about mean length-at-age for the three von Bertalanffy models fitted 
that assumed the same parameters for all groups in the data and the three different error distributions 
(models VB 1 a-VB 1 c) are plotted in Figure 10. These plots illustrate the different characteristics of the 
three error distributions and may help to explain why the normal (constant c) error model appears 
best-suited for the data. As noted, both the log-normal and normal (constant c) distributions are 
where the variation in length about mean length-at-age increases as a function of age. However, the 
normal (constant c) distribution assumes that the density function of length about mean length-at-age 
is symmetrical where the log-normal density is not. Note also that the normal (constant (j2) predicts 
negative lengths when age is low, which is biologically impossible, and undesirable. 

So, where variation in length about mean-Iength-at-age increases as a function of age, then an error 
distribution that assumes a constant coefficient of variation and a non-constant standard deviation in 
length about mean length-at-age should be assumed. While increasing variation in length about mean 
length-at-age is commonly observed across different length-at-age datasets for different species, it is 
by no means the rule. For example, Manning et al. (2006) and Taylor et al. (submitted) found that 
variation in blue mackerel (Scomber australasicus) and Peruvian jack mackerel (Trachurus 
symmetricus murphyii) length-at-age appears to be constant as a function of age, and that assuming 
normal (constant (j2) errors was more appropriate in the growth models that they fitted and 
compared. In short, the choice of error distribution will depend on the particular characteristics of a 
given dataset and no universal rule should be applied. When fitting to a particular dataset, multiple 
error types should be investigated, and the support of the data for a particular error type should be used 
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to determine the final error type selected. Here, the normal (constant c) error model performed best. 
It may not in another dataset. 

4.4 On the issues associated with fitting and comparing competing von Bertalanffy 
and Schnute growth models explored in this study 

Manning (2005) concluded, based on convergence speed, parameter correlations, and visual curvature 
in likelihood profile surfaces for two fitted models that were deemed to be comparable, that Schnute's 
model was superior to von Bertalanffy's in the application he put it to. Published studies on the 
mathematical curvature in both models are somewhat contradictory, however. Results of one study 
(Welch & McFarlane 1990) suggested that the equivalent Schnute submodel had worse non-linear 
behaviour than the originally parameterised von Bertalanffy model, but the results of another (Cerrato 
1990) suggest the reverse. From these results, it may appear that Manning's (2005) conclusion may be 
presumptuous, but mathematical curvature measures are particular to the data fitted (Bates & Watts 
1980). 

We find it surprising that von Bertalanffy's model has become and remains as widely used as it does, 
given the criticisms levelled at it over the years and that alternative models exist with better statistical 
properties, or at least are asserted to have better properties. Defenders of von Bertalanfty's model 
seem to praise its simplicity (i.e., the number of parameters it contains and the ease with which it can 
be fitted to data) and the physiological basis of its derivation and the apparent biological realism of its 
parameters. "Biological realism" means, we think, that the parameters have or are asserted to have 
some direct biological meaning or translatability. For example, L=,i can be interpreted as a limiting 
size which fish in some group will approach, although strictly speaking, half the fish in the group will 
exceed L=,i whereas the other half will under-cut it; it is, after all, mean asymptotic maximum length. 

As Seber & Wild (1989) noted, the biological derivation and meaning of the von Bertalanffy model is 
taken too seriously, especially by biologists, and has led to the application of ill-fitting growth curves. 
Some biologists appear to confuse a mathematical or statistical description of a process of interest with 
the underlying dynamic process that produces the quantities actually observed. Although proposals 
continue to be made in the biological literature for the use of growth models firmly rooted in 
underlying biology (see, for example, West et al. (2004)), we suggest that one should try to find and fit 
a growth model with sound underlying mathematics, regardless of whether its parameters have ready 
biological interpretations or not. Pushing this idea, Roff (1980) suggested using arbitrary quadratic 
functions to model growth, but Chen et al. (1992) found that the von Bertalanffy model out-performed 
arbitrary quadratic functions. 

We believe that Schnute' s model achieves something of a happy medium. While not all of the model's 
parameters have an obvious biological meaning, the model offers a mathematically coherent 
framework where the data are free to support a functional form that best describes them from among a 
large range of quite different possible options. Submodel selection is data-driven, instead of being 
based on a priori hunches, guesses, or worse, about what an appropriate model form is. Indeed, 
Schnute's model contains reparameterised forms of virtually all the commonly used growth models in 
fisheries science, including von Bertalanffy's, and von Bertalanffy and Gompertz asymptote values 
and the like can be easily calculated from fitted Schnute model parameter estimates, as we have 
illustrated, even though these are not explicitly parameterised. We advocate its wider use in New 
Zealand fisheries. 
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Appendix A: Three different normal error models for fitting and comparing von 
Bertalanffy and Schnute growth models 

A.1 The normal statistical model 

For a length-at-age dataset collected from a group offish, von Bertalanfty's (1938) model of the mean 
length, Lj' of the jth fish at age tj is 

and Schnute's (1981) model is 

L= 
J 

L
j 

= L= [1- e -k(tj-to) ] 

= f-LVB ( 9VB ,tj ) 

(5) 

(6) 

Assuming that the variation in length-at-age is constant as a function of age, the "additive" or normal 
error model, the data may be modelled by 

(7) 

where 11m is the mean length-at-age predicted by growth model m (von Bertalanffy or Schnute), 
where Om is the corresponding vector of parameters for growth model m (i.e., 0YB = {Loe,K,to} and 
Os = {L, ,L2 ,!C, r} ), and where E j is an independent normally distributed random variable with mean 
f-L = 0, and variance (72 . The expected value of the jth length-at-age (i.e., the expected value oflength 
Lj given age t i ), E [ L j I tj J, is 

(8) 

(9) 

and the coefficient of variation (CV), Cv[ Ljltj J, is 
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(10) 

As the coefficient of variation depends on the expected value, it does not have a unique value in the 
normal error model. The variance, which does not depend on the expected value, has a unique value. 

A.2 The log-normal statistical model 

On the other hand, assuming that variation in length-at-age increases as a function of age, the 
"multiplicative" or log-normal error model, the data may be modelled by 

L= (0 t)Ej 

j fLm m' j e , (11 ) 

where c j is an independent random variable the log of which is normally distributed with mean 11 = 0 
and variance (72 . Taking the natural logarithm of equation (11) leads to 

luLj = In [11m COm ,t)e
EJ 

] 

= Inl1mCOm,t) +cj 

The expected value ofthejth length-at-age in the log-normal model is 

the variance is 

V AR [ L j I t j ] = exp [ 2ln 11m COm' t j ) + (72 ] X [ exp ( (72 ) - 1] ' 

and the coefficient of variation is 

(12) 

(13) 

(14) 

(15) 

Unlike the normal error model, the variance depends on the expected value and does not have a unique 
value and the coefficient of variation does not depend on the expected value and has a unique value. 

A.3 The normal (constant coefficient-of-variation) statistical model 

Another statistical model where variation in length-at-age increases as a function of age, but where the 
errors are assumed to be additive and normally distributed, is one where the error distribution is 
assumed to be normal, but is parameterised with a constant coefficient of variation, c, that is 
assumed to have a single, unique value, which does not to change with age. The model is 

L j =l1m COm,tj )+cJ , (16) 

where c
j 

is an independent random variable with mean 11 = 0 and constant coefficient of variation c 
where c = (7j Xl1mCOm,t). The expected value ofthejth length-at-age in is 
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(17) 

the variance IS 

(18) 

and the coefficient of variation is, of course, 

CV [ L j I tj ] = c . (19) 

Like the log-normal model, because the variance depends on the expected value, it does not have a 
unique value. However, unlike the log-normal model, the shape of the density of length-at-age for a 
given age is symmetrical about mean length-at-age. We refer to the normal error model parameterised 
with a constant (Y2 as the "normal (constant (Y2)" model, and the normal error model parameterised 
with a constant c as the "normal (constant c)" model in this report. 

40 



Appendix B: Likelihoods for the three normal-error models 

If a length-at-age dataset consisting of length L and age t observations for n fish is partitioned into i 
groups by some covariate (e.g., fish sex or sampling area, etc.), the likelihood function of the 
parameters e . in growth model m for the i th group assuming normal (constant (Y2) errors around m,l 

mean length-at-age and given the data, is 

(20) 

assuming that the variance (Y2 is the same for all i groups, where n; is the number of observations in 
the i th group, and L; and t; are the data vectors of n; lengths and ages, respectively. Assuming log
normal errors, the likelihood function is 

(21) 

Assuming normal errors parameterised with a constant coefficient of variation c that is assumed to be 
the same for all i groups, the likelihood function is 

(22) 

The joint likelihood function for all i groups is the product of the marginal likelihood functions over 
all i groups. For the normal error model, the joint likelihood function is 

(23) 

and is 

(24) 

iflog-normal errors are assumed, and is 

(25) 
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if normal errors parameterised with a constant coefficient of variation are assumed. 9m is the vector 
of parameters for growth model m over all i groups and Land t are similarly vectors of all length 
and age observations over all i groups. The maximum likelihood estimates (MLEs) of the model 
parameters, 9m and (}2 or c, are those values of 9m and (}2 or c, that maximise the corresponding 
joint likelihood function, L( 9m,(}2;L, t), L( 9m ,(}2 ;lnL,ln t), or L(9m ,c;L, t) . The joint maximum
likelihood, or the joint likelihood function evaluated at the MLEs of the model parameters, is hence 

max [ L( 9m ,(}2 ;L, t) ] = L( Om,6"2;L, t) 

= IlL; (Om,;,6"2;L;,t;) 
(26) 

; 

for the normal (constant (}2) error model, is 

max [ L( 9m,(}2;lnL,ln t) ] = L( (,6"2 ;lnL,ln t) 

= IlL; ((,;,6"2;lnLp ln t;) 
(27) 

; 

for the log-normal error model, and is 

max [ L(9m,c;L, t) ] = L( Om,c;L, t) 

= IlL; (Om,pc;L;,t;) 
(28) 

; 

for the normal (constant c) error model. Estimation calculations such as those required to find values 
of the parameters 9

m 
and (}2 or c that maximise the joint likelihood functions are usually more easily 

done a log-scale by maximising the log of the likelihood function or the "log-likelihood" function. 
Using equations (20) and (23), the log-likelihood function for the i th group in the normal (constant 
(}2) error model is 

1 ni 2 

= - ( n; /2) In ( 27r(}2 ) - 2(}2 ~ [ Lij - 11m ( 9 m,; , t;; ) ] 
(29) 

and the joint log-likelihood function is 

(30) 

The joint maximum log-likelihood for the normal (constant (}2) error model, i.e., the joint log
likelihood function evaluated at the MLEs of the model parameters, is 

max [ I ( 9 m' (}2; L, t ) ] = I ( 0 m' 6"2; L, t ) 

= ~)(Om,;,6"2;Lpt;)' 
(31 ) 

; 

The log-likelihood function and the maximum log-likelihood for the log-normal and normal (constant 
C) error models can be found in a similar fashion from equations (21) & (22), and (24) & (25). 
Expressions for the normalised residuals for the three error models are given in Table B 1. 
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Table Bl: Definitions of normalised residuals for the normal (constant 0-
2

), log-normal, and 
norm~l (constant c) statistical models. Lij , j th observed length in the i th group; 
f.1m,i (Om,i,tij ) , predicted length-at-age for the j th age in th~ i th group (tij) from a fitted 
growth model of type m with estimated parameters Om,i; 0-, standard deviation, 
defined for each error distribution using the corresponding expressions for the variance 
in Appendix A. In the normal (constant c) error model, o-v = eX f.1m,i ( 9 m,i' tv) • 

Error distribution N onnalised residual 

Nonnal (constant 0-
2

) [ Lij - ,um,,(9m,i' ti) J; 0-

Log-normal ([ In Lij -In,um,i (9 m,,,ti) ] + +0-
2

) / 0-

N annal (constant c) [ Lv - ,um,i (0 m,i' tij ) J; 0-ij 
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Appendix C: Calculating confidence intervals from the model's Hessian matrix 

The Hessian matrix, H (9), is the matrix of the second partial derivatives of the log-likelihood 
function of a statistical model evaluated at the maximum likelihood estimates of the model parameters, 
9. The Hessian matrix is the inverse of the Fisher Information matrix, I (9), and the Fisher 
Information matrix is an approximate covariance matrix of the model parameters, COV(9). A 
100 (1- a) % confidence interval for ()j' the jth model parameter, is approximately 

COV(9) '" 1(9) = H- 1 (9) 

ej ± Z(l-a/2)~Iij (9) 
(32) 

where ej is the maximum likelihood estimate of ()j' and Z(i-al2) is the (1- a /2) th quantile of the 
standard normal distribution, and Iij is the jth diagonal element of I (9). Comparing analytical 
confidence intervals such as these with confidence intervals calculated using the bootstrap (Efron & 
Tibshirani 1993) can be informative if the assumptions of the parametric confidence intervals are 
questionable. 

Correlation coefficients for von Berta1anffy and Schnute model parameters can be obtained in a 
similar manner. If COY (9) is the covariance matrix of the model parameters calculated from the 
Hessian matrix, say, as described above, then COR (9), the correlation matrix of the model 
parameters, is 

COR(9) = W(9)xCOV(9)xW(9), (33) 

where 

(34) 

and 

(35) 

where the off-diagonals in W (9) are zero. 
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Appendix 0: Parameter constraint sets for the likelihood ratio tests carried out 

The null hypothesis for a likelihood-ratio test comparing the fit of a full model with a reduced model 
nested within the full model and fitted to the same dataset is that both models obey a set of constraints, 
OJ, such that the parameters in both models are equivalent. The parameter constraint sets for the 
likelihood-ratio tests presented in this report are. 

0.1 Von Bertalanffy model tests 

0.1.1 Test type 1 (OJI ) 

OJI , the parameter constraint set for the likelihood-ratio tests comparing the fit of von Bertalanfty 
models that assume separate growth model parameters by sex with the von Bertalanffy models that do 
not, is 

(36) 

0.1.2 Test type 2 (OJ2 ) 

OJ2 , the parameter constraint set for the likelihood-ratio tests comparing the fit of von Bertalanfty 
models that assume separate growth model parameters for each survey-and-sex group with models that 
assume separate growth parameters by sex only, is 

OJ-2 -

L =L =L =L =L =L =,(M,92) =,(M,94) =,(M,95) =,(M,97) =,(M,OO) =,(M,03) 

L=,(F,92) = L=,(F, 94) = L=,(F, 95) = L=,(F, 97) = L=,(F, 00) = L=,(F, 03) 

K cM ,92) = K cM, 94) = K(M, 95) = K(M, 97) = K cM, 00) = K cM, 03) 

K(F,92) = K(F, 94) = K(F, 95) = K(F, 97) = K(F, 00) = K(F, 03) 

1 =1 =t =1 =t =1 O,(M,92) 0,(M,94) 0,(M,95) O,(M,97) O,(M,OO) 0,CM,03) 

t =t =t =t =t =t 0,(F,92) 0,(F,94) 0,(F,95) 0,(F,97) O,(F,OO) 0,(F,03) 

0.2 Schnute model tests 

0.2.1 Test type 1 (OJ3 and OJ4 ) 

(37) 

OJ3 , the parameter constraint set for the likelihood-ratio tests comparing the fit of the Schnute case 1 
submodels assuming separate parameters by sex with the corresponding submodels that do not, is 

OJ3 = 

LI,M =LI,F 

L2,M = L2,F 
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lU4 ' the parameter constraint set for the likelihood-ratio tests comparing the fit of the Schnute case 2 
and 5 submodels assuming separate parameters by sex with the corresponding submodels that do not, 
IS 

(39) 

The case 2 submodel assumes that the parameter r in the general Schnute model is equal to zero. The 
case 5 submodel assumes that r is equal to one. 

0.3 Test type 2 (lU5 and lU6 ) 

lU5 , the parameter constraint set for the likelihood-ratio tests comparing the fit of the Schnute case I 
submodels assuming separate parameters for each survey-and-sex group with the case I submodels 
that do not, is 

0)-5 -

L =L =L =L =L =L 1,(M,92) 1,(M,94) 1,(M,95) 1,(M,97) 1,(M, 00) 1,(M, 03) 

L =L =L =L =L =L 2.(M.92) 2.(M.94) 2.(M.95) 2.(M.97) 2.(M.OO) 2.(M.03) 

L =L =L =L =L =L 1,(F,92) 1,(F,94) 1,(F,95) 1,(F,97) 1,(F, 00) 1,(F,03) 

L =L =L =L =L =L 2.(F,92) 2,(F.94) 2.(F,95) 2,(F.97) 2.(F. 00) 2.(F. 03) 

K(M,92) = K(M,94) = K(M,95) = K(M,97) = K(M, 00) = K(M, 03) 

K(F,92) = K(F.94) = K(F, 95) = K(F.97) = K(F. 00) = K(F, 03) 

YeM,92) = YeM,94) = YeM,95) = YeM,97) = YeM, 00) = YeM, 03) 

YeF,92) = YeF.94) = YeF,95) = YeF.97) = YeF. 00) = YeF. 03) 

(40) 

lUG' the parameter constraint set for the likelihood-ratio tests comparing the fit of the Schnute case 2 
and 5 submodels assuming separate parameters for each survey-and-sex with the corresponding 
submodels that do not, is 

0)-6 -

L =L =L =L =L =L 1,(M,92) 1,(M,94) 1,(M,95) 1,(M,97) 1,(M, 00) 1,(M, 03) 

L =L =L =L =L =L 2,(M.92) 2.(M.94) 2.(M.95) 2,(M.97) 2.(M.00) 2.(M. 03) 

L =L =L =L =L =L 1,(F,92) 1,(F,94) 1,(F,95) 1,(F,97) 1,(F,OO) 1,(F,03) 

L =L =L =L =L =L 2.(F.92) 2.(F.94) 2.(F.95) 2,(F.97) 2.(F. 00) 2.(F, 03) 

K(M,92) = K(M,94) = K(M,95) = K(M,97) = K(M, 00) = K(M,03) 

K(F.92) = K(F.94) = K(F. 95) = K(F.97) = K(F. 00) = K(F, 03) 

(41) 

The case 2 submodel assumes that the parameter r in the general Schnute model is equal to zero. The 
case 5 submodel assumes that r is equal to one. 

46 



Appendix E: Numerical output of von Bertalanffy and Schnute model fits 

E.1 Parameter estimates 

Table El: Growth parameter estimates for the three von Bertalanffy models fitted that assumed the same parameters for all groups in the data (fitted models 
VBla-VBlc). MLE, Maximum Likelihood Estimate; 95% CI, 95% confidence interval for each MLE calculated from a numerical approximation to the 
model's Hessian matrix. Variance parameter estimates and model maximum log-likelihoods are given in Table 11. 

L=.i K; to i 

Model Error distribution Group MLE 95%CI MLE 95%CI MLE 95%CI 

VB1a N annal (constant (J2) All 78.22 (76.20, 80.24) 0.1404 (0.1304, 0.1505) -0.7168 (-0.9014, -0.5321) 
VB1b Log-normal All 82.09 (79.32,84.86) 0.1208 (0.1120, 0.1295) -1.0375 (-1.1634, -0.9117) 
VB1c Nonnal (constant c) All 81.38 (78.76,83.99) 0.1244 (0.1157,0.1331) -1.0254 (-1.1443, -0.9064) 

Table E2: Growth parameter estimates for the three von Bertalanffy models fitted that assumed separate parameters for each sex (fitted models VB2a-VB2c). 

Model 

VB2a 

VB2b 

VB2c 

MLE, Maximum Likelihood Estimate; 95% CI, 95% confidence interval for each MLE calculated from a numerical approximation to the model's 
Hessian matrix. Variance parameter estimates and model maximum log-likelihoods are given in Table 11. 

L=., K; to,; 
Error distribution Group MLE 95%CI MLE 95%CI MLE 95%CI 

N annal (constant (J2) Male 71.40 (68.67,74.14) 0.1475 (0.1313,0.1638) -0.8914 (-1.1764, -0.6064) 
Female 80.73 (78.68,82.79) 0.1503 (0.1392,0.1613) -0.4257 (-0.6140, -0.2373) 

Log-normal Male 73.59 (70.29, 76.88) 0.1336 (0.1198,0.1473) -1.0962 (-1.2833, -0.9091) 
Female 86.83 (83.38, 90.28) 0.1204 (0.1103, 0.1305) -0.8925 (-1.0337, -0.7513) 

Nonnal (constant c) Male 72.79 (69.71, 75.87) 0.1374 (0.1237,0.1510) -1.1022 (-1.2819, -0.9226) 
Female 85.41 (82.17,88.65) 0.1255 (0.1153, 0.1357) -0.8835 (-1.0166, -0.7505) 



Table E3: Growth parameter estimates for the three von Bertalanffy models fitted that assumed separate parameters for each survey and sex combination 
(fitted models VB3a-VB3c). MLE, Maximum Likelihood Estimate; 95% CI, 95% confidence interval for each MLE calculated from a numerical 
approximation to the model's Hessian matrix. Variance parameter estimates and model maximum log-likelihoods are given in Table 11. 

L=i Ki to i 

Model Error distribution Group MLE 95% CI MLE 95%CI MLE 95%CI 

VB3a N annal (constant (J2) Male KAH9204 70.65 (62.54, 78.76) 0.1385 (0.0887, 0.1882) -1.1049 (-2.2472,0.0373) 
KAH9404 72.07 (66.98,77.16) 0.1452 (0.1152,0.1751) -0.8081 (-1.3382, -0.2781) 
KAH9504 74.00 (65.03,82.96) 0.1264 (0.0864,0.1664) -1.2345 (-2.0480, -0.4210) 
KAH9701 77.20 (68.44,85.96) 0.1285 (0.0908,0.1662) -1.3451 (-2.0163, -0.6740) 
KAHOO04 67.31 (62.71, 71.90) 0.1878 (0.1474,0.2281) -0.3376 (-0.8436,0.1683) 
KAH0304 66.52 (61.27, 71.78) 0.1983 (0.1475,0.2491) 0.1256 (-0.5192,0.7704) 

Female KAH9204 77.60 (73.45,81.76) 0.1575 (0.1284,0.1867) 0.0600 (-0.5281,0.6480) 
KAH9404 80.22 (76.29,84.15) 0.1555 (0.1331,0.1779) -0.3748 (-0.7243, -0.0252) 
KAH9504 89.69 (79.90,99.47) 0.1160 (0.0870, 0.1451) -0.9286 (-1.4740, -0.3832) 
KAH9701 88.25 (80.67,95.83) 0.1167 (0.0916,0.1419) -1.2047 (-1.7455, -0.6638) 
KAHOO04 78.04 (74.30, 81.79) 0.1751 (0.1492,0.2010) 0.0787 (-0.2877,0.4451) 
KAH0304 81.03 (75.57,86.48) 0.1856 (0.1500,0.2211) 0.5105 (0.0887,0.9323) 

VB3b Log-normal Male KAH9204 71.85 (63.50,80.20) 0.1299 (0.0920,0.1678) -1.2568 (-1.9585, -0.5552) 
KAH9404 73.34 (67.24, 79.45) 0.1360 (0.1090,0.1629) -0.9276 (-1.2918, -0.5633) 
KAH9504 79.26 (66.53,91.98) 0.1050 (0.0694,0.1406) -1.6365 (-2.2895, -0.9836) 
KAH9701 75.79 (67.44,84.15) 0.1334 (0.0996,0.1673) -1.2663 (-1.6799, -0.8528) 
KAHOO04 69.22 (63.77, 74.66) 0.1688 (0.1371,0.2005) -0.5554 (-0.8398, -0.2710) 
KAH0304 72.94 (65.22,80.67) 0.1467 (0.1126,0.1808) -0.5281 (-0.9124, -0.1438) 

Females KAH9204 84.68 (77.69,91.67) 0.1161 (0.0945,0.1377) -0.7738 (-1.1845, -0.3632) 
KAH9404 84.55 (78.37,90.74) 0.1313 (0.1101,0.1525) -0.7110 (-0.9758, -0.4462) 
KAH9504 92.29 (80.02, 104.57) 0.1072 (0.0803,0.1341) -1.0497 (-1.3776, -0.7218) 
KAH9701 91.27 (80.23,102.31) 0.1063 (0.0794,0.1331) -1.4013 (-1.8472, -0.9554) 
KAHOO04 84.95 (78.27,91.62) 0.1329 (0.1106,0.1551) -0.5011 (-0.7714, -0.2308) 
KAH0304 102.00 (86.92, 117.08) 0.1031 (0.0763,0.1300) -0.5604 (-0.9033, -0.2175) 



Table E3: (continued) 

L=.i Ki to i 

Model Error distribution Group MLE 95% CI MLE 95%CI MLE 95%CI 

VB3c Normal (constant c) Male KAH9204 70.56 (63.11,78.01) 0.1368 (0.0995,0.1741) -1.2104 (-1.8677, -0.5531) 
KAH9404 71.54 (66.28, 76.79) 0.1471 (0.1204, 0.1738) -0.8329 (-1.1627, -0.5031) 
KAH9504 77.72 (66.17,89.26) 0.1102 (0.0749,0.1454) -1.5915 (-2.2000, -0.9830) 
KAH9701 76.26 (67.92,84.60) 0.1316 (0.0986,0.1646) -1.3090 (-1.7239, -0.8941) 
KAHOO04 69.03 (63.65, 74.40) 0.1704 (0.1385, 0.2022) -0.5567 (-0.8355, -0.2778) 
KAH0304 71.74 (64.47, 79.02) 0.1521 (0.1183,0.1859) -0.5356 (-0.8747, -0.1965) 

Female KAH9204 83.01 (76.69,89.32) 0.1230 (0.1017,0.1443) -0.7831 (-1.1455, -0.4206) 
KAH9404 83.27 (77.39,89.16) 0.1361 (0.1146,0.1577) -0.7004 (-0.9539, -0.4469) 
KAH9504 90.59 (79.63,101.55) 0.1135 (0.0870,0.1400) -1.0064 (-1.3108, -0.7019) 
KAH9701 90.28 (79.59, 100.97) 0.1084 (0.0812,0.1356) -1.4024 (-1.8492, -0.9556) 
KAHOO04 83.66 (77.28,90.05) 0.1375 (0.1153,0.1598) -0.4895 (-0.7329, -0.2461) 
KAH0304 101.93 (86.02, 117.83) 0.1016 (0.0742,0.1290) -0.6960 (-1.0171, -0.3749) 



Table E4: Growth parameter estimates for the 15 Schnute submodels fitted that assumed the same parameters for all groups in the data (fitted models Sla-
S5c). MLE, Maximum Likelihood Estimate; 95% CI, 95% confidence interval for each MLE calculated from a numerical approximation to the 
model's Hessian matrix. Variance parameter estimates and model maximum log-likelihoods are given in Table 13. Not all parameters are defined 
for all submodels; an en-dash, -, is used to indicate undefined parameters. 

L] L2 K r 
Model Error distribution Group MLE 95%CI MLE 95% CI MLE 95%CI MLE 95%CI 

Sla N annal (constant (J2) All 18.98 (17.74,20.23) 68.76 (67.93,69.60) 0.2322 (0.1866, 0.2779) 0.0028 (-0.4775,0.4831) 
SIb Log-normal All 18.72 (18.12, 19.32) 68.65 (67.53,69.78) 0.2160 (0.1738, 0.2582) 0.1351 (-0.2368,0.5070) 
SIc Nonnal (constant c) All 19.12 (18.51,19.74) 68.31 (67.23,69.40) 0.2443 (0.1992, 0.2893) -0.0872 (-0.4869,0.3125) 

S2a N annal (constant (J2) All 18.99 (18.17,19.80) 68.76 (68.02,69.50) 0.2325 (0.2199,0.2451) 
S2b Log-normal All 18.86 (18.40,19.31) 68.43 (67.50,69.36) 0.2309 (0.2200, 0.2417) 
S2c Nonnal (constant c) All 19.03 (18.58,19.48) 68.45 (67.55,69.35) 0.2347 (0.2240, 0.2454) 

S3a N annal (constant (J2) All 16.48 (15.41,17.55) 72.06 (71.42, 72.70) 2.2963 (2.2234, 2.3692) 
S3b Log-normal All 17.97 (17.48, 18.47) 73.91 (73.06, 74.76) 1.9747 (1.9067,2.0427) 
S3c Nonnal (constant c) All 18.29 (17.83, 18.75) 74.33 (73.45,75.21) 1.9803 (1.9105,2.0500) 

S4a N annal (constant (J2) All 34.44 (33.95, 34.93) 74.91 (73.99, 75.82) 
S4b Log-normal All 29.50 (29.04,29.95) 85.19 (83.58, 86.80) 
S4c Nonnal (constant c) All 30.05 (29.53,30.58) 86.17 (84.30, 88.04) 

S5a N annal (constant (J2) All 16.76 (15.74,17.77) 69.61 (68.89, 70.34) 0.1404 (0.1303,0.1505) 
S5b Log-normal All 17.91 (17.42, 18.39) 70.26 (69.31,71.21) 0.1208 (0.1120, 0.1296) 
S5c Nonnal (constant c) All 18.12 (17.66, 18.58) 70.29 (69.35, 71.23) 0.1244 (0.1156,0.1331) 
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Table E5: Growth parameter estimates for the nine Schnute submodels fitted that assumed separate parameters for each sex in the data (fitted models S6a-
SSc). MLE, Maximum Likelihood Estimate; 95% CI, 95% confidence interval for each MLE calculated from a numerical approximation to the 
model's Hessian matrix. Variance parameter estimates and model maximum log-likelihoods are given in Table 13. Not all parameters are defined 
for all submodels; an en-dash, -, is used to indicate undefined parameters. 

L] L2 K r 
Model Type Error distribution Group MLE 95%CI MLE 95% CI MLE 95%CI MLE 95%CI 

S6a Case 1 Normal (constant (}2) Male 18.72 (16.99,20.45) 63.86 (62.61,65.11) 0.2110 (0.1436,0.2785) 0.2948 (-0.4325, 1.0220) 
Female 19.57 (18.17,20.98) 71.45 (70.51,72.39) 0.3145 (0.2539,0.3750) -0.6845 (-1.2814, -0.0875) 

S6b Case 1 Log-normal Male 18.42 (17.64,19.20) 63.86 (62.29,65.44) 0.1960 (0.1377,0.2542) 0.4280 (-0.0895,0.9454) 
Female 19.21 (18.43,19.98) 71.51 (70.15,72.88) 0.2900 (0.2288,0.3512) -0.4861 (-1.0023,0.0302) 

S6c Case 1 Normal (constant c) Male 18.85 (18.06,19.63) 63.34 (61.83,64.85) 0.2215 (0.1604,0.2825) 0.2276 (-0.3199,0.7752) 
Female 19.65 (18.84,20.46) 71.03 (69.71, 72.35) 0.3135 (0.2482,0.3788) -0.6535 (-1.212, -0.0950) 

S7a Case 2 Normal (constant (}2) Male 19.23 (18.12,20.33) 63.60 (62.53,64.66) 0.2373 (0.2175,0.2571) 
Female 18.17 (17.18,19.17) 71.97 (7l.l4,72.79) 0.2479 (0.2338,0.2620) 

S7a Case 2 Log-normal Male 18.80 (18.18,19.42) 63.12 (61.88,64.35) 0.2424 (0.2256,0.2592) 
Female 18.68 (18.11,19.26) 72.25 (7l.l0, 73.41) 0.2342 (0.2216,0.2468) 

S7c Case 2 Normal (constant c) Male 19.05 (18.43,19.67) 62.96 (61.79,64.14) 0.2459 (0.2293,0.2625) 
Female 18.93 (18.36,19.50) 71.96 (70.84, 73.09) 0.2393 (0.2267,0.2520) 

S8a Case 5 Normal (constant (}2) Male 17.39 (16.04,18.73) 64.56 (63.50,65.62) 0.1475 (0.1312,0.1639) 
Female 15.57 (14.30, 16.84) 72.78 (71.97, 73.59) 0.1503 (0.1392,0.1613) 

S8a Case 5 Log-normal Male 17.97 (17.31,18.63) 65.01 (63.73,66.30) 0.1336 (0.1197,0.1474) 
Female 17.70 (17.08,18.32) 74.02 (72.84, 75.20) 0.1204 (0.1102,0.1306) 

S8c Case 5 Normal (constant c) Male 18.26 (17.62,18.89) 64.82 (63.56,66.08) 0.1374 (0.1236,0.1511) 
Female 17.98 (17.40,18.57) 73.78 (72.60, 74.96) 0.1255 (0.1152,0.1358) 



Table E6: Growth parameter estimates for the nine Schnute submodels fitted that assumed separate parameters for each survey and sex combination in the 
dataset (fitted models S9a-S11c). MLE, Maximum Likelihood Estimate; 95% CI, 95% confidence interval for each MLE calculated from a 
numerical approximation to the model's Hessian matrix. Variance parameter estimates and model maximum log-likelihoods are given in Table 13. 
Not all parameters are defined for all submodels; an en-dash, -, is used to indicate undefined parameters. 

L] L2 K r 
Model Type Error distribution Group MLE 95% CI MLE 95%CI MLE 95%CI MLE 95%CI 

S9a Case 1 Norm. (canst. (J2) Male KAH9204 18.34 (1l.27, 25.40) 62.90 (59.88,65.92) 0.1534 (-0.0195,0.3262) 0.8138 (-l.2693,2.8970) 
KAH9404 17.46 (13.45,2l.47) 64.65 (62.66,66.64) 0.1705 (0.0586,0.2824) 0.6930 (-0.6112, l.9972) 
KAH9504 20.78 (16.89,24.67) 63.35 (60.14,66.56) 0.2637 (0.0413,0.4861) -0.6691 (-3.3069, l.9687) 
KAH9701 19.98 (17.03,22.93) 67.88 (64.31,71.45) 0.1201 (-0.0220,0.2622) l.0912 (-0.3965,2.5790) 
KAHOO04 17.37 (13.52,21.22) 6l.63 (58.51,64.75) 0.3355 (0.1275,0.5436) -0.3225 (-2.1213, l.4763) 
KAH0304 14.15 (7.40,20.90) 6l.27 (57.70,64.84) 0.3214 (0.1228,0.5200) -0.0510 (-l.7746, l.6727) 

Female KAH9204 16.40 (10.47,22.33) 69.54 (67.92, 71.17) 0.2767 (0.1517,0.4017) -0.2837 (-l.6744,1.1071) 
KAH9404 18.61 (15.59,2l.62) 72.41 (70.64, 74.19) 0.2495 (0.1529,0.3460) -0.0318 (-l.0391,0.9754) 
KAH9504 18.35 (15.22,2l.47) 75.19 (7l.97,78.42) 0.1381 (0.0290,0.2472) 0.7837 (-0.2512, l.8186) 
KAH9701 22.75 (19.74,25.76) 74.16 (7l.87,76.45) 0.2460 (0.0987,0.3934) -0.5473 (-2.2587,1.1640) 
KAHOO04 18.00 (14.72,21.28) 70.44 (68.36, 72.53) 0.4143 (0.2487,0.5800) -1.1623 (-2.5904,0.2657) 
KAH0304 16.12 (1l.31, 20.94) 70.02 (66.95,73.10) 0.5547 (0.2807,0.8287) -l.6461 (-3.6674,0.3752) 

S9b Case 1 Log-normal Male KAH9204 18.51 (15.65,2l.38) 62.64 (59.01,66.27) 0.1612 (0.0131,0.3092) 0.6887 (-0.7429,2.1203) 
KAH9404 17.22 (15.47,18.97) 64.60 (6l.98,67.22) 0.1591 (0.0698,0.2484) 0.7768 (-0.0495, l.6031) 
KAH9504 20.30 (18.17,22.42) 63.49 (59.42,67.55) 0.2312 (0.0504,0.4121) -0.3188 (-2.1778, l.5402) 
KAH9701 19.67 (18.49,20.85) 68.06 (63.62, 72.50) 0.0968 (-0.0221,0.2157) l.3241 (0.3109,2.3372) 
KAHOO04 16.42 (14.78, 18.06) 62.52 (58.82,66.23) 0.2521 (0.1025,0.4016) 0.3663 (-0.7420, l.4746) 
KAH0304 15.50 (13.08,17.93) 60.43 (56.46,64.41) 0.3852 (0.1911,0.5793) -0.6395 (-l.9451,0.6661) 

Female KAH9204 17.30 (14.74,19.86) 69.13 (66.81,71.44) 0.3069 (0.1762,0.4376) -0.6507 (-l.7738,0.4725) 
KAH9404 18.36 (16.72,19.99) 72.41 (69.76, 75.07) 0.2361 (0.1396,0.3326) 0.0700 (-0.7575,0.8975) 
KAH9504 18.25 (17.06,19.43) 75.25 (70.59,79.91) 0.1252 (0.0206,0.2299) 0.8575 (0.0591, l.6560) 
KAH9701 20.98 (19.06,22.90) 74.79 (7l.38,78.20) 0.1417 (0.0242,0.2592) 0.6329 (-0.5536, l.8194) 
KAHOO04 18.14 (16.31,19.96) 70.40 (67.42,73.38) 0.4155 (0.2382,0.5927) -1.2203 (-2.5334,0.0928) 
KAH0304 17.26 (15.08,19.43) 69.19 (65.59,72.80) 0.6617 (0.3608,0.9626) -2.4372 (-4.2613, -0.6131) 



Table E6: (continued) 

L] L2 K r 
Model Type Error distribution Group MLE 95% CI MLE 95%CI MLE 95%CI MLE 95%CI 

S9c Case 1 Norm. (canst. c) Male KAH9204 18.68 (15.83,21.53) 62.39 (58.93,65.84) 0.1697 (0.0258,0.3136) 0.6719 (-0.7259,2.0697) 
KAH9404 17.36 (15.66,19.05) 64.04 (61.50,66.59) 0.1843 (0.0925,0.2761) 0.6546 (-0.1691,1.4782) 
KAH9504 20.49 (18.38,22.59) 62.91 (58.95,66.87) 0.2560 (0.0670,0.4450) -0.4933 (-2.4159, 1.4292) 
KAH9701 19.97 (18.76,21.17) 67.57 (63.22,71.92) 0.1237 (-0.0017,0.2492) 1.0699 (-0.OlOl,2.1499) 
KAH0004 16.61 (14.83,18.40) 62.47 (58.83,66.12) 0.2562 (0.lO37,0.4086) 0.3360 (-0.8295, 1.5015) 
KAH0304 15.45 (13.18,17.73) 59.86 (56.20,63.51) 0.4068 (0.2141,0.5996) -0.7089 (-1.9686,0.5508) 

Female KAH9204 17.41 (14.87,19.95) 69.17 (66.94,71.40) 0.3055 (0.1801,0.43lO) -0.5594 (-1.6305,0.5117) 
KAH9404 18.79 (17.03,20.55) 71.88 (69.28,74.48) 0.2570 (0.1501,0.3640) -0.0828 (-1.0220,0.8563) 
KAH9504 18.58 (17.37,19.79) 74.01 (69.64,78.38) 0.1796 (0.0697,0.2896) 0.4871 (-0.3347, 1.3088) 
KAH9701 21.25 (19.20,23.3) 74.44 (71.01,77.87) 0.1513 (0.0258,0.2768) 0.5523 (-0.7326, 1.8372) 
KAH0004 18.38 (16.49,20.27) 69.76 (66.92,72.61) 0.4424 (0.2531,0.6318) -1.3884 (-2.8041,0.0273) 
KAH0304 17.29 (15.25, 19.33) 68.65 (65.25, 72.06) 0.6642 (0.3763,0.9521) -2.4214 (-4.142, -0.7009) 

SlOa Case 2 Norm. (canst. (J2) Male KAH9204 20.21 (16.32, 24.lO) 62.35 (59.74,64.95) 0.2155 (0.1553,0.2758) 
KAH9404 18.97 (16.97,20.97) 64.32 (62.38,66.25) 0.2277 (0.1921,0.2632) 
KAH9504 19.90 (17.36,22.43) 63.77 (60.97,66.57) 0.2088 (0.1632,0.2544) 
KAH9701 21.27 (19.15,23.38) 66.48 (63.70,69.26) 0.2191 (0.1752,0.2631) 
KAH0004 16.83 (14.12,19.54) 62.03 (59.69,64.37) 0.2996 (0.2479,0.3514) 
KAH0304 13.99 (9.85,18.13) 61.33 (58.45,64.21) 0.3159 (0.2439,0.3880) 

Female KAH9204 15.31 (11.87,18.75) 69.66 (68.14,71.18) 0.2525 (0.2117,0.2933) 
KAH9404 18.53 (16.73,20.34) 72.43 (70.72,74.14) 0.2465 (0.2186,0.2745) 
KAH9504 19.74 (17.47,22.02) 74.05 (71.28,76.82) 0.2159 (0.1801,0.2517) 
KAH9701 21.92 (19.95,23.89) 74.42 (72.30,76.54) 0.2001 (0.1711,0.2292) 
KAH0004 15.26 (12.91,17.62) 71.38 (69.56,73.19) 0.2860 (0.2514,0.3206) 
KAH0304 11.28 (7.91,14.64) 72.44 (69.80,75.08) 0.3374 (0.2829,0.3920) 



Table E6: (continued) 

L\ L2 K r 
Model Type Error distribution Group MLE 95%CI MLE 95% CI MLE 95% CI MLE 95% CI 

SlOb Case 2 Log-normal Male KAH9204 19.29 (16.84,21.74) 61.70 (58.81,64.59) 0.2277 (0.1785,0.2770) 
KAH9404 18.28 (17.09,19.48) 63.64 (6l.26, 66.01) 0.2378 (0.2050,0.2706) 
KAH9504 20.03 (18.50,2l.56) 63.89 (60.48,67.30) 0.2011 (0.1598,0.2423) 
KAH9701 20.31 (19.16,2l.46) 64.84 (6l.80, 67.88) 0.2455 (0.2054,0.2856) 
KAH0004 16.74 (15.42,18.07) 61.74 (59.13,64.34) 0.3001 (0.2608,0.3394) 
KAH0304 14.89 (12.84, 16.93) 62.02 (58.92,65.11) 0.2929 (0.2454,0.3404) 

Female KAH9204 16.38 (14.34,18.42) 69.83 (67.77,7l.89) 0.2331 (0.2023,0.2638) 
KAH9404 18.46 (17.34,19.57) 72.32 (69.89,74.74) 0.2439 (0.2166,0.2713) 
KAH9504 18.70 (17.52, 19.88) 72.43 (68.97, 75.89) 0.2339 (0.2010,0.2669) 
KAH9701 2l.68 (20.41,22.96) 74.02 (70.95,77.09) 0.2026 (0.1718,0.2334) 
KAH0004 16.63 (15.29, 17.98) 72.22 (69.65, 74.78) 0.2584 (0.2298,0.2870) 
KAH0304 15.07 (13.25, 16.88) 75.83 (72.12,79.54) 0.2650 (0.2285,0.3015) 

SlOc Case 2 Normal (constant c) Male KAH9204 19.51 (16.98,22.05) 6l.53 (58.75,64.32) 0.2331 (0.1826,0.2836) 
KAH9404 18.25 (17.03,19.47) 63.19 (60.96,65.43) 0.2524 (0.2188,0.2859) 
KAH9504 20.08 (18.57,2l.59) 63.54 (60.26,66.82) 0.2087 (0.1674,0.2500) 
KAH9701 20.53 (19.36,2l.69) 65.11 (62.16,68.06) 0.2424 (0.2033,0.2816) 
KAH0004 16.96 (15.61, 18.30) 6l.80 (59.21,64.38) 0.2987 (0.2590,0.3384) 
KAH0304 14.89 (13.02, 16.77) 6l.58 (58.66,64.49) 0.3009 (0.2561,0.3456) 

Female KAH9204 16.67 (14.71,18.63) 69.77 (67.77,7l.77) 0.2412 (0.2112,0.2712) 
KAH9404 18.66 (17.55,19.78) 7l.97 (69.62,74.33) 0.2479 (0.2204,0.2755) 
KAH9504 18.85 (17.67,20.04) 72.49 (69.23,75.74) 0.2424 (0.2099,0.2749) 
KAH9701 2l.89 (20.60,23.19) 73.77 (70.77,76.76) 0.2037 (0.1724,0.2349) 
KAH0004 16.65 (15.36,17.94) 7l.69 (69.17,74.21) 0.2646 (0.2361,0.2932) 
KAH0304 15.69 (14.09,17.30) 75.49 (7l.82, 79.17) 0.2617 (0.2280,0.2954) 



Table E6: (continued) 

L] L2 K r 
Model Type Error distribution Group MLE 95% CI MLE 95%CI MLE 95% CI MLE 95% CI 

Slla Case 5 Normal (constant (J2) Male KAH9204 17.86 (12.86,22.86) 63.05 (60.48,65.62) 0.1384 (0.0884,0.1885) 
KAH9404 16.64 (14.08,19.20) 64.81 (62.92,66.70) 0.1452 (0.1151,0.1752) 
KAH9504 18.21 (15.07,21.35) 64.49 (61.69,67.29) 0.1264 (0.0862,0.1666) 
KAH9701 20.09 (17.68,22.50) 67.75 (64.91,70.59) 0.1285 (0.0906,0.1663) 
KAH0004 14.95 (11.63,18.26) 63.53 (61.05,66.00) 0.1878 (0.1474,0.2281) 
KAH0304 10.59 (4.98,16.20) 63.04 (60.14,65.94) 0.1983 (0.1474,0.2492) 

Female KAH9204 10.68 (5.68,15.68) 70.23 (68.75,71.70) 0.1575 (0.1283,0.1867) 
KAH9404 15.44 (13.06,17.82) 72.88 (71.23,74.52) 0.1555 (0.1331,0.1780) 
KAH9504 17.99 (15.31,20.66) 75.57 (72.80, 78.33) 0.1160 (0.0869,0.1452) 
KAH9701 20.03 (17.62,22.43) 74.94 (72.85, 77.03) 0.1167 (0.0915,0.1420) 
KAH0004 11.62 (8.32,14.93) 72.32 (70.51,74.13) 0.1751 (0.1491,0.2010) 
KAH0304 7.04 (2.00,12.08) 75.52 (72.72,78.31) 0.1856 (0.1500,0.2212) 

Sllb Case 5 Log-normal Male KAH9204 18.25 (15.67,20.83) 63.15 (60.20,66.10) 0.1299 (0.0917,0.1681) 
KAH9404 16.91 (15.55,18.27) 64.93 (62.54,67.33) 0.1360 (0.1089,0.1631) 
KAH9504 19.17 (17.45,20.89) 65.44 (61.95,68.93) 0.1050 (0.0687,0.1413) 
KAH9701 19.78 (18.59,20.97) 67.14 (63.85,70.44) 0.1334 (0.0994,0.1675) 
KAH0004 15.98 (14.61,17.36) 64.21 (61.28,67.13) 0.1688 (0.1370,0.2006) 
KAH0304 14.65 (12.62,16.68) 65.47 (61.98,68.95) 0.1467 (0.1125,0.1809) 

Female KAH9204 15.76 (13.67,17.85) 71.11 (69.01,73.21) 0.1161 (0.0944,0.1378) 
KAH9404 17.01 (15.79,18.24) 73.81 (71.41,76.21) 0.1313 (0.1100,0.1526) 
KAH9504 18.21 (17.03,19.39) 75.78 (72.07,79.50) 0.1072 (0.0800,0.1344) 
KAH9701 20.56 (19.13,21.99) 75.30 (72.20,78.40) 0.1063 (0.0791,0.1334) 
KAH0004 15.36 (13.87,16.85) 74.12 (71.45,76.78) 0.1329 (0.1106,0.1552) 
KAH0304 15.16 (13.28,17.04) 81.50 (77.15,85.85) 0.1031 (0.0759,0.1303) 



Table E6: (continued) 

L\ L2 K r 
Model Type Error distribution Group MLE 95%CI MLE 95% CI MLE 95% CI MLE 95% CI 

Sllc Case 5 Normal (constant c) Male KAH9204 18.41 (15.91,20.91) 62.87 (60.03,65.72) 0.1368 (0.0991,0.1744) 
KAH9404 16.91 (15.59,18.22) 64.57 (62.27,66.87) 0.1471 (0.1203,0.1739) 
KAH9504 19.30 (17.67,20.94) 65.22 (6l.78, 68.66) 0.1102 (0.0741,0.1462) 
KAH9701 19.98 (18.80,21.16) 67.34 (64.11,70.57) 0.1316 (0.0983,0.1649) 
KAH0004 16.08 (14.74,17.42) 64.15 (6l.24, 67.06) 0.1704 (0.1384,0.2023) 
KAH0304 14.95 (13.15,16.74) 64.99 (6l.53, 68.46) 0.1521 (0.1182,0.1861) 

Female KAH9204 16.34 (14.46,18.23) 7l.09 (68.99,73.18) 0.1230 (0.1015,0.1444) 
KAH9404 17.21 (16.03,18.39) 73.45 (7l.05, 75.85) 0.1361 (0.1145,0.1578) 
KAH9504 18.45 (17.30, 19.59) 75.86 (72.24, 79.48) 0.1135 (0.0866,0.1403) 
KAH9701 20.70 (19.28,22.13) 75.03 (7l.95, 78.11) 0.1084 (0.0807,0.1361) 
KAH0004 15.50 (14.15,16.85) 73.73 (7l.04, 76.41) 0.1375 (0.1152,0.1599) 
KAH0304 16.13 (14.49,17.78) 8l.24 (76.63,85.85) 0.1016 (0.0736,0.1295) 
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E.2 Inflection points for fitted Schnute models 

As noted, the general Schnute model contains von Bertalanfty's models as a special case, but the 
parameterisations differ. Unlike the von Bertalanffy model, the general Schnute model does not have 
explicitly parameterised asymptote or age-at-size-zero parameters and neither of course do the 
submodels derived from it. Nor does it have an explicit inflection-point parameter, despite also 
containing submodels which allow the rate of change in length to inflex as a function of age (e.g., the 
Gompertz model, Table 4). However, Schnute gave expressions for calculating the age-at-size-zero, 
asymptote, and inflection point in length-at-age from his model's parameters, although these are not 
necessarily defined for all submodels. Where these exist, the age-at-size-zero is 

the asymptote is 

T -0-

and the inflection point is 

L.= 

(42) 

(43) 

(44) 

These equations are the generalisations of the specific expressions given in Manning & Francis 
(2005). Where they exist, asymptotes and inflection points for the Schnute models fitted in this 
analysis are given in Table E7-E9 for comparison with the values obtained from the corresponding 
von Bertalanfty model fits where these quantities are explicitly parameterised. 
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Table E7: Asymptotes, inflection points, and ages-at-size-zero for fitted Schnute models that 
assumed the same parameters for all groups in the data (Sla-Slc, S2a-S2c, and S5a-
5c). L=,i' asymptote for group i; L., inflection point for group i; "0' age-at-size-zero 
for group i ; -, undefined. 

Model Type Errors Group L. L. "0 =,1 

Sla Case 1 Normal (constant (J2) All 72.42 26.60 -23.0437 
SIb Case 1 Log-normal All 72.95 24.91 -7.2621 
SIc Case 1 Normal (constant c) All 71.50 27.41 

S2a Case 2 Normal (constant (J2) All 72.41 26.64 
S2b Case 2 Log-normal All 72.15 26.54 
S2c Case 2 Normal (constant c) All 71.94 26.46 

S5a Case 5 Normal (constant (J2) All 78.22 0 -0.7168 
S5b Case 5 Log-normal All 82.09 0 -1.0376 
S5c Case 5 Normal (constant c) All 81.38 0 -1.0254 

Table E8: Asymptotes, inflection points, and ages-at-size-zero for fitted Schnute models that 
assumed separate parameters for each sex in the data (S6a-S6c, S7a-S7c, and S8a-S8c). 
L=,i' asymptote for group i; L., inflection point for group i; "0' age-at-size-zero for 
group i ; -, undefined. 

Model Type Errors Group L. L. "0 =,1 

S6a Case 1 Normal (constant (J2) Male 67.55 20.66 -4.4753 
Female 73.34 34.23 

S6b Case 1 Log-normal Male 68.18 18.49 -3.3204 
Female 73.88 32.70 

S6c Case 1 Normal (constant c) Male 66.56 21.40 -5.2653 
Female 72.86 33.75 

S7a Case 2 Normal (constant (J2) Male 66.51 24.47 
Female 75.22 27.67 

S7b Case 2 Log-normal Male 65.83 24.22 
Female 76.18 28.03 

S7c Case 2 Normal (constant c) Male 65.50 24.10 
Female 75.54 27.79 

S8a Case 5 Normal (constant (J2) Male 71.40 0 -0.8914 
Female 80.73 0 -0.4257 

S8b Case 5 Log-normal Male 73.59 0 -1.0962 
Female 86.83 0 -0.8925 

S8c Case 5 Normal (constant c) Male 72.79 0 -1.1023 
Female 85.41 0 -0.8836 
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Table E9: Asymptotes, inflection points, and ages-at-size-zero for fitted Schnute models that 
assumed separate parameters for survey-and-sex group in the data (S9a-S9c, S10a
S 1 Oc, and S 11 a-S 11 c). L~,i' asymptote for group u; L. , inflection point for group i; 
To , age-at-size-zero for group i ;-, undefined. 

Males Females 

Madel Type Errors Survey L. L. 

S9a Case 1 Norm. (canst. 0"2) KAH9204 69.43 8.80 -l.6932 72.24 29.96 

S9b Case1 Lag-nanna1 

KAH9404 70.36 12.80 -l.8101 75.64 28.26 
KAH9504 66.13 30.76 - 86.21 12.22 -l.5556 
KAH9701 78.29 - -l.l255 78.40 35.31 
KAH0004 62.53 26.28 
KAH0304 62.32 23.50 

- 7l.l7 36.65 
- 70.21 38.87 

KAH9204 68.77 12.63 -2.2218 71.33 33.02 
KAH9404 7l.l3 10.32 -l.5388 76.11 26.99 -8.9797 
KAH9504 67.19 28.21 - 88.33 9.10 -1.3894 
KAH9701 82.02 - -0.6908 85.47 17.55 -2.7364 
KAH0004 64.54 18.58 -2.6920 7l.l4 37.00 
KAH0304 6l.04 28.17 - 69.27 41.74 

S9c Case 1 Norm. (canst. c) KAH9204 67.74 12.90 -2.2190 7l.24 32.19 
KAH9404 68.71 13.54 -l.8287 74.81 28.62 
KAH9504 65.69 29.14 - 80.71 20.49 -2.7375 
KAH9701 77.41 - -l.l61O 83.90 19.58 -3.1765 
KAH0004 64.39 19.04 -2.9266 70.32 37.56 
KAH0304 60.32 28.33 - 68.73 41.35 

SlOa Case 2 Norm. (canst. 0"2) KAH9204 66.07 24.30 - 72.90 26.82 

S lOb Case 2 Lag-nanna1 

KAH9404 67.79 24.94 
KAH9504 68.13 25.06 
KAH9701 70.28 25.85 
KAH0004 63.28 23.28 
KAH0304 62.44 22.97 

KAH9204 64.86 23.86 
KAH9404 66.65 24.52 
KAH9504 68.80 25.31 
KAH9701 67.39 24.79 
KAH0004 62.97 23.17 
KAH0304 63.52 23.37 

SlOc Case 2 Norm. (canst. c) KAH9204 64.41 23.70 
KAH9404 65.60 24.13 
KAH9504 67.85 24.96 
KAH9701 67.77 24.93 
KAH0004 63.05 23.19 
KAH0304 62.91 23.14 

- 75.73 27.86 
- 79.23 29.15 
- 80.54 29.63 
- 73.45 27.02 
- 73.66 27.10 

- 73.98 27.21 
- 75.75 27.87 
- 76.39 28.10 
- 79.90 29.39 
- 75.20 27.67 
- 78.97 29.05 

- 73.39 27.00 
- 75.16 27.65 
- 75.96 27.94 
- 79.47 29.24 
- 74.38 27.36 
- 78.68 28.94 

Slla Case 1 Norm. (canst. 0"2) KAH9204 70.65 o -l.l052 77.60 o 0.0599 
KAH9404 72.07 
KAH9504 74.00 
KAH9701 77.20 
KAH0004 67.31 
KAH0304 66.52 
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o -0.8082 80.22 
o -1.2346 89.69 
o -1.3453 88.25 
o -0.3377 78.04 
o 0.1256 8l.03 

o -0.3748 
o -0.9288 
o -1.2048 
o 0.0787 
o 0.5105 



Table E9: (continued) 

Males Females 

Model Type Errors Survey L=,i L. 1'0 L=,i L. 1'0 

Sllb Case1 Log-nonna1 KAH9204 7l.85 0 -1.2569 84.68 0 -0.7739 
KAH9404 73.34 0 -0.9276 84.55 0 -0.7110 
KAH95 04 79.26 0 -1.6368 92.30 0 -l.0498 
KAH9701 75.79 0 -1.2664 91.28 0 -l.4015 
KAHOO04 69.22 0 -0.5554 84.95 0 -0.5011 
KAH0304 72.94 0 -0.5281 102.01 0 -0.5606 

Sllc Case 1 Norm. (canst. c) KAH9204 70.56 0 -l.2104 83.01 0 -0.7831 
KAH9404 7l.54 0 -0.8329 83.27 0 -0.7004 
KAH95 04 77.72 0 -l.5916 90.59 0 -l.0064 
KAH9701 76.26 0 -1.3090 90.28 0 -l.4026 
KAHOO04 69.03 0 -0.5566 83.66 0 -0.4895 
KAH0304 7l.74 0 -0.5356 1Ol.94 0 -0.6962 
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Appendix F: Diagnostic residual plots for the von Bertalanffy models fitted 
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Figure Fl: Diagnostic residual plots of goodness of fit of the three von Figure F2: 
Bertalanffy models that did not assume separate growth by sex or 
by survey within sex (fitted models VBla-VBlc): (A) model VBla; 
(B) model VBlb; and (C) model VBlc. 
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Diagnostic residual plots of goodness of fit of the three von 
Bertalanffy models that assumed separate growth by sex (fitted 
models VB2a-VB2c): (A) model VB2a; (B) model VB2b; and (C) 
model VB2c. 
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Figure F3: Diagnostic residual plots of goodness of fit of the three von 
Bertalanffy models that assumed separate growth by sex (fitted 
models VB3a-VB3c): (A) model VB3a; (B) model VB3b; and (C) 
model VB3c. 



Appendix G: Diagnostic residual plots for the Schnute models fitted 
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Figure Gl: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 1) that did not assume separate growth by sex or by 
survey within sex (fitted models Sla-Slc): (A) model Sla; (B) 
model SIb; and (C) model SIc. 
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Figure G2: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 2) that did not assume separate growth by sex or by 
survey within sex (fitted models S2a-S2c): (A) model S2a; (B) 
model S2b; and (C) model S2c. 
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Figure G3: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 3) that did not assume separate growth by sex or by 
survey within sex (fitted models S3a-S3c): (A) model S3a; (B) 
model S3b; and (C) model S3c. 
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Figure G4: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 4) that did not assume separate growth by sex or by 
survey within sex (fitted models S4a-S4c): (A) model S4a; (B) 
model S4b; and (C) model S4c. 
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Figure G5: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 5) that did not assume separate growth by sex or by 
survey within sex (fitted models S5a-S5c): (A) model S5a; (B) 
model S5b; and (C) model S5c. 
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Figure G6: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 1) that assumed separate growth by sex (fitted models 
S6a-S6c): (A) model S6a; (B) model S6b; and (C) model S6c. 
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Figure G7: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 2) that assumed separate growth by sex (fitted models 
S7a-S7c): (A) model S7a; (B) model S7b; and (C) model S7c. 
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Figure G8: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 5) that assumed separate growth by sex (fitted models 
S8a-S8c): (A) model S8a; (B) model S8b; and (C) model S8c. 
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Figure G9: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 1) that assumed separate growth by survey and sex 
(fitted models S9a-S9c): (A) model S9a; (B) model S9b; and (C) 
model S9c. 
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Figure G10: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 2) that assumed separate growth by survey and sex 
(fitted models S10a-S10c): (A) model S10a; (B) model SlOb; and 
(C) model S10c. 
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Figure Gll: Diagnostic residual plots of goodness of fit of the three Schnute 
models (case 5) that assumed separate growth by survey and sex 
(fitted models Slla-Sllc): (A) model Slla; (B) model Sllb; and 
(C) model Sllc. 
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