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Response of herbivorous fishes to crown-of-thorns 
starfish Acanthaster planci outbreaks. 

111. Age, growth, mortality and maturity indices of 
Acanth urus nigro f uscus 
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ABSTRACT. Age, growth, mortality and maturity indices of Acanthurus nlgrofuscus were  examined as 
part of a larger study investigating a long-term response of herbivorous reef fish to crown-of-thorns 
starfish (COTS) outbreaks The principal objective was to compare otolith growth, mean age  and slze, 
growth, mortality, size-at-age, size-at-maturity, and age-at-maturity of A. n~grofuscus between 2 COTS 
affected (Yankee, Dip) and 2 non-affected I-eefs (Bowl, Coil). All reefs were exposed, outer shelf reefs 
in the central section of the Gieat  Bairiei Reef Additionally, these demographic parameters were also 
established at 2 mid-shcslf reefs [Grub, Centipede) This species is relatively long-lived with the oldest 
specimen aged at 25 yr Mean age  at each reef ranged from 5 4 to 9 5 yr, while average slze ranged 
from 16 to 12 cm Mean size and size-at-age was significantly larger on COTS impacted reefs, evidence 
which supports the hypothesis of a response to increased food resources There were also significant 
differences in size-at-age between ieefs withln a COTS status No differences in moitality between 
reefs was detected while age-at-matunty was 2 yr at all reefs Size-at-maturity was 13 to 14 cm on mid- 
shelf reefs Grub and Yankee, in contrast to 10 or 11 cm on outer shelf reefs Yankee Bowl, Dlp and Coil 
Importantly, age  validation provlded 5 response vanables (otolith growth, mean age  soma t~c  growth 
rates, size-at-age, age-at-maturity) which were  used to examine the effects of ecological disturbance on 
the population biology of reef fish This further ~llustrates the usefulness of age  validation studies for 
coral reef fish 

KEY WORDS. Acanthasterplanci Acanthurus nigrofuscus -Age  - Growth . Mortality. Response vanables 

INTRODUCTION 

Studies of the effect of increased food on the abun- 
dance and habitat association of herbivorous reef fish 
have given all possible results (negative, neutral, posi- 
tive) (Hart et al. 1996). This is because both recruit- 
ment and post-recruitment processes intei-act to drive 
population dynamics of coral reef fish (Jones 1991). 
Wass (1987) for example, found a significant increase 
in abundances of surgeonfish directly correlated with 
an increased food resource. However, this occurred 
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only after h ~ g h  recruitment of juvenile surgeonfish. 
Similarly for damselflsh, Jones (1990) showed that 
following good recruitment years, adult densities may 
be limited by density-dependent processes. In con- 
trast, Doherty & Fowler (1994) determined that van-  
able recruitment combined with density-independent 
mortality were the principal factors controlling the 
dynamics of some populations of damselfish on the 
southern Great Barrier Reef (GBR). 

After detecting no numerical response of roving 
herbivorous fish to an  increased food resource In the 
shnr t - t e rm.  Williams (1986) postulated that arowth 
rates may be altered in the long-tern~. An advantage of 
growth rate as a n  indicator of response is its depen- 
dence on present or recent resource levels and envi- 
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ronmental conditions, rather than on previous stages 
in the life cycle. However, only recently have accurate, 
simple techniques for interpretation of otolith macro- 
structure to estimate age and growth rates in coral reef 
fishes become readily available (Fowler 1990, Ferreira 
& Russ 1992, Fowler & Doherty 1992, Lou 1992). Prior 
to this, estimates of growth of herbivorous reef fish 
were derived from modal progression analysis or mark- 
recapture studies (Russ & St. John 1988), which are 
prone to subjective interpretation and tagging arte- 
facts (Brothers 1982). 

In this study, age, growth rates, mortality and matu- 
rity indices of an 'indicator' species, Acanthurus 
nigrofuscus, were assessed as response variables in 
determining whether roving herbivorous reef fish 
responded to increased food (Hart & Klumpp 1996) 
following crown-of-thorns starfish (COTS) outbreaks. 
A .  nigrofuscus is a small ( < l 9  cm) tropical surgeonfish 
with a worldwide distribution on coral reefs (Robert- 
son 1983, Fishelson et al. 1987) and is particularly 
abundant on the outer shelfs of the GBR (Russ 1984, 
Hart et al. 1996). Despite its use as a food source in 
the South Pacif~c (P. Dalzell pers, cornm.), no pub- 
lished data exist for the key demographic parameters 
of age, growth and mortality rates, size- and age-at- 
maturity of this species. Detailed observations do exist 
on spawning behaviour (Robertson 1983, Myrberg 
et  al. 1988, Fishelson et al. 1987) and reproductive 
development (Fishelson et al. 1987). In the Red Sea. 

A. nigrofuscus is a multiple spawner with reproduc- 
tion synchronised over a 4 mo spawning season 
(Fishelson et al. 1987). Prior to Choat & Axe (in press), 
ageing studies on acanthurids had focused on the 
analysis of daily increments in otoliths (Itano 1988); 
however, this technique is time consuming and usu- 
ally limited to ageing young fish (Ferreira & Russ 
1993). The presence of annual increments in otoliths 
has not been validated for any acanthund, despite this 
family being among the most abundant and species- 
rich taxa of coral reef fish (but see Choat & Axe in 
press). 

This study was initiated as part of a larger project 
investigating the response of roving herbivorous reef 
fish to COTS outbreaks (Hart & Klumpp 1996, Hart et 
al. 1996). The main predictive hypothesis is that fish 
grow more quickly and mature at an earlier age on 
COTS impacted reefs because of increased food 
supply (Hart & Klumpp 1996). Thus the principai ob- 
jective was to compare otolith growth rate, mean age, 
mean size, somatic growth rates, mortality rates, size- 
at-age, size-at-maturity, and age at maturity of Acan- 
thurus nigrofuscus between COTS affected and non- 
affected reefs. Furthermore, since most of these key 
demographic parameters have not yet been deter- 
mined for populations of A. nigrofuscus, the secondary 
objective of this study was to determine age, growth, 
mortality and maturity parameters for this species on 
6 reefs within the central GBR. 

I 
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Fig. 1 Map showing 
reefs considered in this 
study, and theu general 
location on the map of 
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MATERIALS AND METHODS 

Study sites and field methodology. Specimens were 
collected from all study reefs (Fig. 1) on 3 separate 
occasions (April and October 1992 and April 1993) 
within a year. Spear guns were used at Grub (COTS 
impacted) and Centipede (non-impacted) reefs where 
the abundances were not high enough for hand- 
netting. At Yankee, Dip (COTS impacted), Coil and 
Bowl (non-impacted), monofilament fence nets (10 mm 
mesh size) were used to collect individuals. The gen- 
eral procedure was to set up the nets in the form of 
a 'V', using SCUBA, and then to herd the fish into the 
funnel. Dip nets were used to scoop the fish from the 
fence nets, after which they were taken to the surface 
and placed on ice prior to dissection. Most collections 
were carried out in the front reef slope habitat at a 
depth of 3 to 7 m. Measurements [fork length (cm) and 
weights (g)]  and dissections were carried out on board 
the research vessel. Individuals were sexed according 
to appearance of gonads, and selected samples pre- 
served in FAACC [a solution of 37% formaldehyde 
(10 ml),  glacial acetic acid (5 ml), calcium chloride 
dihydrate (1.3 g ) ,  and tap water (85 ml)] for histological 
examination. The head of each specimen was tagged 
and frozen for later removal of otoliths. 

Preparation of otoliths for age determination. Each 
head was sectioned down the longitud~nal axis of the 
cranium, and the sagittae easily removed from both 
sides under a low power dissecting microscope. They 
were washed in fresh water, dried on silk cloth, 
weighed on a Mettler Balance (Model AC100) to the 
nearest 0.01 g and stored dry in glass vials. The length 
and width of each otolith were measured using a dis- 
secting microscope and an  ocular micrometer. 

All age determinations were based on transverse sec- 
tions of the sagittae. Either the left or right sagitta was 
embedded in Spurr's histological resin, forming a 
small rectangular block. A 400 pm transverse section 
through the central core of the sagitta was cut using a 
low speed Buehler Isomet diamond saw. The section was 
then polished with high grade sandpaper (1200), and 
2 slzes of lapping film (9 pm, 3 pm) under dripping water. 
All sections were examlned under a dissecting micro- 

scope. The highlighted region in Fig. 2 consistently 
showed identifiable and readable growth rings and so all 
counts were made within this region. Transverse sec- 
tions were photographed under a compound microscope 
(40x magnification) using colour 200 ASA film. 

Validation of age estimates. In May 1992, 300 indi- 
viduals were tagged on an isolated coral bommie at 
EoL:.! r::f te v;!i.'ete ;g" eatip.e!es cf . A r ? n t h < r y i r ~  n i -  

grofuscus. Validation was achieved using tetracycline 
which is metabolised and deposited in the bony tissues 
(~ncluding the otoliths) ultimately forming a time marker 

Region of section where 
annuli were counted 

Central nucleus 

Fig 2 A c a n t h i ~ r u s  nigrofuscus Schematic diagram of a trans- 
verse sectlon of a sagltta lndlcat~ng the a lea  where counts 

of annull we ie  made 

(Odense & Logan 1974). The tetracycline was acquired 
in a solid form and mixed with sterile saline at a con- 
centration of 50 mg ml-' Individuals were treated at a 
dosage of 50 mg kg-' body weight of fish (McFarlane & 

Beamish 1987), which was converted to a dosage per 
length of fish using the following length-weight rela- 
tionship (IogWT = 1.64 logFL - 0.02) where WT = total 
weight (g) and FL = fork length (cm). Fish were col- 
lected and initially placed In a submerged holding tank, 
after which they were tl-ansferred a few at a time to the 
boat, measured (FL), injected with the required dosage 
of tetracycline, and released. Tetracycline was injected 
through the skin, under the mid-lateral, post-pectoral 
scales into the coelomic cavity. A 1.0 mm syringe with a 
26 gauge needle was used for this operation. All speci- 
mens were tagged externally with fine T-bar anchor 
tags inserted in the dorsal musculature between the 
2nd and 3rd dorsal spines. In A p ~ l l  1992, 1 specimen 
was recaptured after an  11 mo period, and a further 4 
specimens were recaptured in November 1993 after 
18 mo at liberty. Sagittae were examined under a 
compound n~icroscope with an  ultraviolet light source 
to identify the fluorescent band resulting from the treat- 
ment with tetracycline. 

Evaluation of response variables. This involved a 
comparison of 8 variables from COTS impacted 
(Yankee, Dip) and non-impacted (Bowl, Coil) reefs. 
Details on variables, analyses and results of compari- 
son are shown in Table 1 Data from mid-shelf reefs of 
Grub (impacted) and Centipede (non-impacted) were 
not Included In the analyses because of the different 
sampling technique used and the confounding effect of 
cross-shelf positions. 

Growth and mortality rates. The number of otoliths 
used to establish growth and mortality rates in Acan- 
thurus nigj-ofuscus were: Centipede (n = 57);  Grub (n = 
69); Yankee (n = 87); Bowl (n = 106), Coil (n = 95); Dip 
!n = 1 1  1 )  G ~ n m ~ t r i c  mean regressions were obtained 
for the otolith and fish dimensions (Ricker 1973), and 
analysis of covariance (ANCOVA) was used to test for 
differences in otolith growth rates between reefs. Von 
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Bertalanffy growth functions (VBGF) were fitted to the ted light-light) and opaque zones (transmitted light- 
length-at-age data using non-linear parameter esti- dark) similar to that recently observed in other coral 
mation procedures, and the growth parameters K, L,; reef fish species (Fowler 1990, Ferreira & Russ 1992, 
and to estimated with standard errors. Analysis of 1993, Fowler & Doherty 1992, Lou 1992). This internal 
residual sums of squares (ARSS; Chen et al. 1991) was structure was consistent across otoliths examined from 
used to compare VBGFs between Yankee, Bowl, Dip 6 different reefs. 
and Coil. Age-based catch curves (Pauly 1984) were 
used to estimate natural mortality (Z),  which is the 
slope of the regression of log, frequency against age. Criterion 2: Otolith structure must be related to some 
Z (slopes) were compared between Yankee, Dip, Col1 regular time scale 
and Bowl by ANCOVA (Zar 1984). 

Size-at-age. The most direct way of assessing size- There were 5 recaptures of Acanthurus nigrofuscus, 
at-age was to divide the data into separate age groups and the position of the tetracycline band was in the 
(1 and 2, 3 and 4, ..., 13+) and compare mean FL translucent zone of each (Fig. 4) .  All individuals recap- 
between reefs. Two ages were pooled to obtain ade- tured in November after 18 mo at liberty showed a dis- 
quate replication, and size at each age group was tinct opaque zone on the otolith margin, whereas those 
assessed with a 2-factor analysis of variance (ANOVA) recaptured in April after 11 mo at liberty had a translu- 
(COTS status, Reef). All factors were fixed, although cent margin. These facts suggest that the annulus is 
reef was nested within COTS, hcncc no interaction formed once per year during spring and summer. 
was present. Tukey's post-hoc pair-wise comparisons 
were carried out where applicable. The assumptions of 
normality and homoscedascity were examined and Criterion 3: Otoliths must grow throughout the lives 
data transformed to ln(x+ l J .  of the fish at a perceptible rate 

Size and age at  first maturity. Individuals were clas- 
sified into male and female via macroscopic examina- This was assessed by determining the relationship 
tion of the gonads, sensu Fishelson et al. (1987). Initial between otolith size and fish length at each reef. 
estimates showed no difference in mean size or age Firstly, there was a significant positive relationship 
of males and females, so they were subsequently between FL and sagittal length at all reefs (Fig. 5). At 
grouped together for analysis. Percent frequencies Yankee, Bowl, Dip, and Coil, where an adequate size 
were calculated for mature males and females, and age range was sampled, 62 to 74 O/o of the variation in sagit- 
and size at first maturity was defined when 50% of the tal length was explained by the variation in FL (Fig. 5). 
examined individuals had undergone maturation. For Grub and Centipede, r2 values of 0.16 and 0.4, 
Observations for age-at-maturity are grouped into 2 respectively, were obtained. To corroborate these 
age classes to provide sufficient replication and for results, geometric mean regressions and r2 values were 
ease of interpretation. Number of individuals exam- established between age (from counting of opaque 
ined for size- and age-at-maturity respectively were: bands) and sagittae weight. Again, significant positive 
Grub, 47; Centipede, 40, Yankee, 74; Bowl, 81; Dip, 72; relationships were obtained, with r2 values ranging 
Coil, 75. from 0.51 at Centipede reef to 0.87 at Dip reef (Fig. 6). 

Furthermore, a significant difference in slopes of the 
regressions was detected (df = 5,371; F = 2.85; p < 

RESULTS 0.05). Tukey's test showed that Coil and Dip reefs had 
a significantly lower slope than Bowl, with the other 

Validation of annual growth increments reefs grouping together. Hence, for a given age, 
otoliths from Coil and Dip were lighter than those from 

The formation of annual growth increments in the Bowl, indicating a slower rate of otolith growth. 
otollths of Acanfhurus nigrofuscus was a.ssessed 
according to 3 criteria (Fowler & Doherty 1992). 

Evaluation of response of Acanthurus nigrofuscus 
to COTS outbreaks 

Criterion 1. Otoliths must display an internal structure 
of increments Significant differences in mean size, growth rates. 

and size-at-age were detected between COTS affected 
When observed under reflected lj.ght, transverse sec- and non-affected reefs (Table 1).  No differences in 

tions of the sagittae of Acanthurus nigrofuscus (Fig. 3) otolith growth, mean age, mortality rates, size-at- 
showed a pattern of alternating translucent (transmit- maturity or age-at-maturity were found. 
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.1 NOV 0 3  

opdqne lannuluc) 

[7 ~ranslucenr 

tluorescent ~tctncycline) band 
(;l11 tish treated ill Ma! 1YY2) 

Fig. 4 .  Acanthurus nigrofuscus Schematic diagram indicating 
the location of the tetracycline band within the alternating 
opaque and translucent bands in the sagittae of recaptured 
specimens. Seasons (summer, autumn, winter, spring) are 

shown across the top 

Growth of Acanthurus nigrofuscus 

'Von Hertalanffy growth curves and equations 
describing growth in Acanthurus nigrofuscus from 6 
reefs are shown in Fig. 7. The 2 mid-shelf reefs, Grub 
(impacted) and Centipede (non-impacted), had similar 
values of L,. Centipede however exhibited a very 
large K value of 1.72 in comparison with 0.38 at Grub 
(Table 2). This was due to the three 1 yr old individuals 

Yankee y = O 2 6 1 x f O 9  r 2 = 0 6 6  Bow,/ y = O 2 8 5 % + 0 6  i - 0 7 2  

S 10 I 2  14 16 I S  8 10 I ?  14 16 I S  

Dip y = 0  272r + 0  88 r' = 0  74 Col1 y = 0  305x + 0  48 i = 0  62 

at Centipede being much smaller than the other age 
Fork Length (cm) 

classes which were similar in size. 
A significant difference in growth rates was detected Fig. 5. Relationship between fork length and saglttal length at 

between reefs (df = 3,368; F= 49.15; p < 0.001). Analysis COTS impacted (bold) and non-impacted (italics) reefs 

of size-at-age (Table 2) reveals that for these age groups, 
Coil has the smallest individuals, followed by Dip, Bowl 
and Yankee in ascending order. Furthermore, mean size at Centipede, 6.2 + 0.9 at  Yankee, 6.6 + 1 at Bowl, 5.4 k 

of Acanthurus nigrofuscus was significantly larger on 1.2 at Dip and 6.2 + 1.1 at Coil. 
impacted reefs for 6 out of 7 age groups (Table 2). Mean A comparison of length and age frequencies of 
age (+ 95 % CL) in years was 9.5 + 1.3 at Grub, 8.7 * 1.8 Acanthurus nigrofuscus from the 6 study reefs is 

shown in Fig. 8. There is a distinct shift 
in size frequency distribution from the 

Table 1. Summary of results for comparison of 8 response variables from COTS 
~rnpacted and non-impacted reefs. With the exception of otolith growth, analysls mid-she1f reefs Of Grub and Centipede 

was restricted to Yankee, Dip (impacted), Bowl and Coil (non-impacted). to the outer shelf reefs of Dip and Coil. 
VB: Von Bertalanffy A similar but less distinct trend occurs 

for age frequency distribution. 
Variable Test Result 

Otolith growth rate ANCOVA No difference; 4L,212, = 0.38 

Mean age ANOVA No difference, F(,,3h2, = 0.2 
Mean fork length ANOVA Sign~ficant difference; F,,,3461 = 64.8 

VB growth rates ARSS Significant difference; = 12.7 

Xlortality rates ANCOVA No difference; F[1,511 = 0.37 
Size-at-age ANOVA Slgn~ficant difference; see Table 3 

Size-at-maturity Gonad staging No difference 
Impacted 10-1 1 cm 
Non-impacted 10-11 cm 

Age-at-maturity Gonad staglng No d~fference 
Impacted 2 yr 
Non-impacted 2 yr 

- 

Mortality rates of 
Acanthurus nigrofuscus 

For the mid-shelf reefs, the total rate 
of mortality Z(+ SE) was 0.07 i 0.038 at 
Centipede and 0.26 + 0.1 l at Grub, rep- 
resenting an annual survival of 93 and 
77 O/o respectively (Fig. 9). Estimates of Z 
from Yankee (impacted) and Bowl (non- 
impacted) were 0.15 + 0.04 and 0.19 i 
0.023 respectively. Similar estimates 
were obtained from Dip (impacted), 
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Yankee y - I 50x + 7 R7 r: 0 70 Bmvl $ = I 63x + 5  97 r' - 0 73 

Dip y =  I 2 9 x + 6 4 7  r 2 = 0 8 7  Cot1 y = I 04% + 5.53 r2 = 0  67 

0- 0- 
0  5  10 15 20 25 0  5  10 IS 20 25 

Age (years) 

Grub FL = l 6  I ( l - e ~ p ' ~ ' ~ '  '"l :) Cennpede FL = 16 6(1-exp"""' "'""') 

Age (years) 

Fig. 7. Acanthurus nigrofuscus. Von Bertalanffy growth func- 
tions for fish at 6 reefs. Other details as in Fig. 5 

Fig. 6. Relationship between sagitta weight and age. Other 
details as in Fig. 5 

Size and age at first maturity 

0.2 * 0.045, and Coil (non-impacted), 0.18 i 0.046. No Age of first reproduction (50% of individuals repro- 
difference in mortality rates between Yankee, Bowl, Dip, ductive) for Acanthurus nigrofuscus (male and female) 
and Coil was detected (df 3,45; F= 0.37; p > 0.05). was 2 yr at all reefs (Fig. 10). Size at  first reproduction 

Table 2 Results of ANOVAs comparing size-at-age (cm and years) at impacted (bold) and non-impacted (italics) reefs. Two age 
groups are pooled in each instance to provide adequate replication. All data ln (x+l )  transformed. For Tukey's test, groups con- 

nected by a line are not significantly different 

Mean fork length (cm) 
COTS effect Reef effect Tukey's test - COTS effect Tukey's test - Reef effect 

1-2 Significant difference Significant difference Impacted Non-~mpacted Coil Dip Bowl Yankee 
df = 1,66; F =  10.4 df = 2,66; F =  12.3 -P 12.4 11.3 1 0 6 1 5  12.1 1 3 3  

3-4 Significant difference Significant difference Impacted Non-impacted Coil Dip Bowl Yankee 
df = 1.97; F =  24.3 df = 2,97; F= 44.3 - 1 3 . 3  12.4 11.9 12.3 13.0 14.3 

5-6 Significant difference Significant difference Impacted Non-impacted Coil Dip Bowl Yankee 
df = 1.71; F= 41.5 df = 2.71; F =  41.0 -P 14.2 12.8 -- -12.0- 1 3 . 1  13:7 15.3 

7-8 Significant difference Significant difference Impacted Non-impacted Coil B Bowl yank& 
df = 1.34; F= 5.5 df = 2,34; F- 25.4 14.2 13,1 12.5 12.9 14.4 15.4 

9-10 Significant difference Significant difference Impacted Non-impacted Coil Dip Bowl Yankee 
df = 1,47; F= 10.8 df = 2,47; F= 35.8 14.7 13.8 -- - _12,6- 13.6 15.0 15.7 

11-12 No difference Sianificant difference Im~ac ted  Non-im~acted Coil D ~ D  Bowl Yankee 
d 

rjf = l,:?; F =  2.3 df - 2,~:; ,r- 3.8 15.e ?4 .2  J 7 -  k -  14 9 15.7 
- - 

13+ Significant difference Significant difference Impacted Non-impacted Coil Dip Bowl Yankee 
df = 1,28; F =  14.2 df = 2,28; F=  21.9 15 2 14 0 _1_2,6- 14.3 15.4 16.1 i 
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Age (years) 
Grub Centrp-de 

3 b Q 12 15 18 21 24 3 6 0 IZ I5 IS 21 24 
1 0 , " " " " 1 0  " " " "  

Dip 20 l F, 

Fork Length (cm) 
D nQe frequency 0 IengVl frequency 

Fig. 8. Acanthuros n~grofuscus Conpanson o f  length and age 
frequency distributions. Age classes are ~ndivtd ual years, 
while length classes are 0 5 cm increments Other details as In 

Fig. 5 

on Grub and Centipede was in the range 13 to 14 cm 
(Fig 11); however ddta were scant and  results prelimi- 
nary. At Yankee, Bowl, Dip and  Coil, size at first matu- 
rity was slightly smaller at 10 to 11 cm (Fig. 11). 

DISCUSSION 

This study is the first to establish the crucial demo- 
graphic parameters of age,  growth, mortality, size- and 
age-at-matunty of Acanthurus nigrofuscus. Further- 
more, these were estimated for 6 different reefs in the 
central GBR. This study, and that of Choat & Axe (in 
press), are the first instances of age determination using 
otolith annual, increments to be carried out for the fam- 
ily Acanthuridae. As such it represents a valuable con- 
tribution to the biology of surgeonfish on coral reefs. 

Age validation 

All 3 criteria for otoliths to be used as age  recorders 
(Fowler & Doherty 1992~ were fulfilled. Intcrpretable 
internal structure was isihle in otoliths from all reefs 

0-0' - 
y a k  - 2 4834 1.15~ 2 = 0 59 &W/ Y - 3 lN!-O 1 8 5 ~  = 082 

3 0 0 12 1 5  18 21 24 3 6 0 12 15 18 21 24 

Age (years) 

Fig. 9. Acanthurus nigrofuscus. Mortality equations (slope = 
2); closed circles are data points used in the regression equa- 
t~on;  open points were not used (see Pauly 1984 for criteria 
used In selecting points for estimation of Z ) .  Other details as 

in Fig. 5 

2 6 l0 14 I8 -20 2 6 10 14 I 8  ,X) 

Age (years) 
m Immature m mahe males B mature females 

1 c.r 10 Acanthurus n~grofuscus. Age-at-matunty of hsh a1 6 
reefs. Other details as In Fig. 5 
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v."km Bowl 

Fork Length (cm) 

m Immature m mature males L--. mature females 

Fig. 11 Acanthurus nigrofuscus. Size-at-maturity ot fish at  6 
reefs. Other details as  in Fig. 5 

Furthermore, the use of tetracycline as a 'time-stamp' 
provided a n  unambiguous demonstration that incre- 
ments were formed on an annual basis, with the annu- 
lus (opaque zone) probably being laid down between 
September and December, the spring-summer months, 
when the fish are likely to be spawning (Fishelson et 
al. 1987). Furthermore, all specimens collected from all 
reefs during October 1992 had mature, fully developed 
gonads. Finally, it was demonstrated that otoliths grow 
proportionately with annual increments, supported by 
the fact that the heaviest otolith came from the oldest 
fish at 25 yr These data are in agreement with Choat 
& Axe (in press) who demonstrated life spans of 30 to 
45 yr in 10 larger species of acanthurid and a similar 
time of annulus formation. Thus, unflshed stocks of 
acanthurid fishes on coral reefs are long-lived, with 
rapid initial growth to maximum size in 3 or 4 yr, 
followed by long periods of asymptotic growth (Choat 
& Axe in press). 

The recent validation of annuli within the otoliths 
of acanthurids is further evidence that coral reef fish 
can be aged accuratel), using interpretation of otolith 
mzc:o-trxture (Fcw!er 199n, F ~ r r ~ i r a  R. Rl~ss 1992, 
1993, Fowler & Doherty 1992, Lou 1992). The impor- 
tance of age validation is emphasised here from the 
point of view of a new suite of variables to be used in 

assessing the effects of environmental disturbance or 
impact on coral reefs. It provided 5 response variables 
(otolith growth, mean age,  somatic growth rates, size- 
at-age, and age-at-maturity) which were tested as 
evidence for population response to increased food 
availability. Furthermore these types of studies are 
simultaneously providing essential biological informa- 
tion required to manage fish stocks on a reef-by-reef 
basis. 

Evaluation of response variables 

Significant differences in growth rates, mean size, 
and size-at-age were detected In a comparison of 2 
impacted and 2 non-impacted reefs. Both mean size 
and size-at-age were significantly greater on COTS 
impacted reefs. These results are  consistent with the 
hypothesis of there being more food on impacted reefs, 
which is supported by a far higher abundance of algal 
turfs (Hart & Klumpp 1996). As such they comprise the 
first evidence of a response of herbivorous fish to 
COTS outbreaks. More importantly, with the excep- 
tion of Grub and Centipede, which were not included 
in the analysis, the reefs are all outer shelf reefs with 
similar exposure and orientation to oceanographic con- 
ditions. Grub and Centipede, being mid-shelf reefs, 
show very different age  and size structure from the 
outer shelf reefs; however, this difference may be  
exacerbated by the selectivity of the sampling tech- 
nique and smaller sample sizes. 

Growth of Acanthurus nigrofuscus 

Evidence of different reef-speclfic growth rates is 
shown In size-at-age estimates (Table 2) For each age 
group, Coil had the smallest sizes, followed by Dip, 
Bowl, and Yankee in that order This is corroborated 
by otolith growth rates at  Coil, which were signifi- 
cantly slower than on the other reefs. A general trend 
is that L,, of Acanth~irus nigrofuscus is attained in 4 to 
6 yr which is typical for small tropical fishes (Buesa 
1987). Hence this species is both fast-growing and 
long-lived with the vast majority of individuals proba- 
bly approaching L,. Obvious factors contributing to 
growth rates would be food supply and physical envi- 
ronment. Coil was exceptional among these reefs, 
having the lowest turf algal cover, highest feeding 
rates (Hart & Klumpp 1996), slowest growth and 
smallest sizes. However, on Bowl, only 3 km to the 
south, which has a similar exposure, orientation and 
COTS status, A. nigrofuscus had significantly lower 
feeding (Hart & Klumpp 19961, higher growth rates, 
and larger sizes. 
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Table 3.  Acanthurus myrofuscus. Comparison of total mortality rates ( Z )  estimated from 4 different metLod2. Hoenig (1984): 
lnZ= 1.44 - 0.984 In t,,,, where t,,, is the maximum observed age (yr). Beverton & Holt (1957): Z =  K(b, - L ) ( L -  L ' )  where L' is 
length (cm) at which fish are  fully exploited by the fishing gear, and 1 is the mean length (cm) of all fish greater than L' Zpc = 2 

calculated from catch curve predicted from VBGF; GC = Zcalculated from catch curve of observed age frequencies 

- 
Reef tm.4, L' L Z Z (Beverton ZPC &c 

(Hoenig 1984) & Holt 1957) (this study) (this study) 

Grub 2 1 14 15 8 0.21 
Centipede 25 14 16.4 0.18 
Yankee 19 13 15 0.23 
Bowl 18 12 14.1 0.25 
Dip 15 11 13 0.29 
Coil 20 10 12.2 0.22 

Mortality 

Total mortality rates obtained from empirical tech- 
niqiles (Beverton & Holt i957, Pauly 1980, Hoenig 
1984) are compared with those estimated from the 
observed (Zcc) age structure, and predicted (Zpc) age 
structure from the VBGF (Table 3). Hoenig's (1984) 
empirical formula, based on maximum observed age, 
gave very similar estimates to Zcc Estimates of ZPC 
were too high on Yankee and Coil. This was caused by 
the age distribution constructed from the age-length 
key being different from the observed age distribution, 
the difference resulting from (1) large size-at-age vari- 
ability, and (2) a substantial proportion of individuals 
having lengths >L,. At Yankee and Coil, 25% of all 
individuals were larger than L,. Pauly (1984) stated 
that L, is generally L,,,,/0.95; however, this does not 
hold true for these unexploited populations of Acan- 
thurus nigrofuscus. Moreover, although these esti- 
mates are from a relatively small sample of aged fish, 
Kimura (1977) argued that this is in many cases more 
appropriate than Z estimated from age-length keys, 
which can result in biased mortality estimates. This 
occurred in our study, at least on Yankee and Coil. The 
overall rate of Z and hence natural mortality (M)  is 0.2 
and this is in agreement with data from other tropical 
fish species (Pauly 1980). 

Age- and size-at-maturity 

Sexual matunty in Acanthurus nigrofuscus appears to 
be age-dependent rather than length-dependent. 
While age-at-maturity was 2 yr at all reefs, size-at- 
maturity was 2 to 4 cm greater on Grub and Centipede, 
as opposed to Yankee, Dip, Bowl and Coil. For example, 
a 12.4 cm individual at Coil was 19 yr of age, while at 
Grub and Centipede an ind.i.vidua1 of this size was un- 
likely to be sexually mature and hence < 2  yr of age. Data 
on age-at-maturity of other coral reef fish species are 

scant, although Ferreira (1993) showed that the inshore 
coral trout on the GBR also matured at 2 yr. 

Usefulness of response variables 

The detection of inter-reefal differences in growth 
rates, mean size and size-at-age exemplifies the use- 
fulness of these response variables in assessing the 
effects of environmental disturbance on reef fish. Eval- 
uation of abundances (Bohnsack 1983, Lassig 3.983, 
Walsh 1983) will always be subject to high variability 
and debate on the underlying causes (Jones 1991, 
Fowler & Doherty 1994). Once age validation has 
been completed, growth rates, size-at-age, and age-at- 
maturity are relatively simple to assess. Compare this 
to the cost of obtaining growth rates from modal pro- 
gression or mark-recapture studies, both of which are 
sensitive to high individual variability in growth rates 
(Sainsbury 1980). However, the key to age-related 
parameters being used as response variables in distur- 
bance assessment is that the methodological processes 
in ageing and age validation become widely explored, 
accepted and available. One of the first processes 
which needs clarifying is how to count the first 2 annuli 
following settlement. These are the hardest rings to 
identify because of their diffuseness, yet are critical if 
the fish are reaching maturity at a young age. 
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