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INTRODUCTION

Shell lesions were recently reported and illustrated
for 3 New Zealand species of Haliotis (H. iris Martyn,
H. australis Gmelin and H. virginea virginea Gmelin)
(Grindley et al. 1998). The lesions were described as
blisters of conchiolin, and occasionally nacreous mate-
rial, located on the inside of the shell near the apex. No
gross pathological changes were observed in any of
the soft tissues. Lesions were most prevalent in wild
populations of H. iris in South Otago and Stewart
Island, with prevalences of up to 70% (Grindley et al.
1998). The aetiology of this condition is at present
unknown, but shell-boring organisms are implicated
(Friedman et al. 1997, Grindley et al. 1998).

Several reports exist of shell irregularities in abalone
caused by shell-boring organisms (Kojima & Imajima
1982, Clavier 1992, Oakes & Field 1996, Dunphy 1999).
In some instances, shell abnormalities have been

shown to have a dramatic effect on the condition and
growth of affected individuals. For example, Kojima &
Imajima (1982) found that the flesh weight of Japanese
abalone Haliotis diversicolor aquatilus decreased sig-
nificantly when the shell was infested by more than 10
polydorid polychaetes. Likewise, aquaculturalists have
reported that shell lesions in H. iris could be fatal to
individuals in captivity (Grindley et al. 1998). Grindley
et al. (1998) also showed that in 4 of 11 wild popula-
tions sampled, the mean shell length of lesion-bearing
H. iris was significantly less (p < 0.05) than that of
apparently healthy individuals from the same site. In
addition, Grindley (1997) reported 50% mortality in
lesion-bearing H. iris (n = 28) over a 6 mo period com-
pared to 26% mortality in apparently healthy abalone
(n = 31). However, small sample sizes and the high
level of mortality in control individuals (Grindley,
1997) suggests that further studies in this area are
warranted. The present study was therefore designed
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to collect detailed information on survival, growth,
condition and reproductive capacity of lesion-bearing
and non lesion-bearing H. iris held in a laboratory set-
ting for up to 12 mo.

MATERIALS AND METHODS

On 3 December 2000, 182 abalone (Haliotis iris
Martyn) were collected using SCUBA from Jack’s Bay
(46° 33’ S, 169° 36’ E), Otago, SE New Zealand. This
sample size was calculated to detect an increase in
mortality rates from 25% in unaffected to 50% for
affected abalone (Grindley 1997), with an accepted
alpha error rate of 5% and a power (1 – β) of 0.8. Upon
collection, the abalone were transported live to the
Portobello Marine Laboratory near Dunedin. They
were weighed to the nearest 0.1 g and the shell length
was measured to the nearest 1 mm using callipers.
Each individual was uniquely marked with a random
4-digit number, using 15 mm plastic tags fixed to the
shell with acrylic adhesive. The tags were positioned
on the anterior of the shell, on the opposite side to the
respiratory pores. All abalone were anaesthetised and
screened for shell lesions using endoscopy as
described in Nollens et al. (2002) and diagnosed as
‘affected’ or ‘unaffected’. After screening, the abalone
were randomly allocated to individual 17.5 × 27.5 ×
12.5 cm LabProduct® polycarbonate rodent cages and
positioned on a purpose-built shelf system. The shelf
order was changed monthly in an attempt to ensure
similar light and water-pressure treatments amongst
all cages. Each cage was individually supplied with
flow-through sand-filtered seawater at approximately
380 ml min–1 and was cleaned weekly. The abalone
were fed the macroalga Macrocystis pyrifera Bory, ad
libitum, which was replenished twice weekly. Direct
contact between individuals was avoided. The cages
were inspected twice daily and dead individuals
removed. The dead abalone were immediately dis-
sected to determine cause of death.

On 3 April 2001, 4 mo into the experiment, 22 ran-
domly selected unaffected and 22 randomly selected
affected abalone were shucked. Sex and presence/
absence of lesions were noted, and the soft tissues
were examined for signs of disease. Shell length, total
weight, wet shell weight and soft body weight were
measured to the nearest 1 mm or 0.1 g. The height of
the conical appendage was recorded to the nearest
1 mm as described in Hahn (1989), after which it was
excised and fixed in Davidson’s formaldehyde solution
(Bucke 1972). It was later transferred to 70% ethanol
and processed for histological analysis. Shells were
oven-dried at 60°C and dry shell weight was recorded
to the nearest 0.1 g.

On 6 August 2001, 44 further, randomly selected
abalone were shucked. They were dissected, sexed
and the presence of lesions noted. The soft tissues of all
individuals were examined for signs of disease. Shell
length, total weight, dry and wet shell weight, soft
body weight and height of the conical appendage were
recorded as before. The conical appendages were
excised and frozen at –20°C for further calculation of
gonad indices. On 13 December 2001, the experiment
was concluded, and the remaining abalone were pro-
cessed as in the previous August harvest.

The length and width of both shells and lesions were
measured to the nearest 1 mm and recorded. Lesion and
shell surface area (mm2) were estimated using the for-
mula for the calculation of the surface area of an ellipse:

Surface ellipse  =  r1 × r2 × π

Relative lesion area (%) was calculated using the
following formula:

For analysis, lesion-bearing individuals were divided
into mildly affected (relative lesion area <10%) and
severely affected (relative lesion area ≥10%) groups
and compared with unaffected abalone.

Growth rates. After 4, 8 and 12 mo of monitoring,
the length increment of the abalone allocated to the
unaffected, mildly affected and severely affected
group was plotted against their respective initial
lengths. From these graphs, Manzer & Taylor regres-
sion equations were obtained for each group (Poore
1972). All regressions were tested for significance of
slope and homogeneity of slopes using Student’s t-test
(McShane & Naylor 1995, Zar 1999). The von Berta-
lanffy growth parameters, the relative growth coeffi-
cient, K, and asymptotic length, L∞ (mm), were
derived from the regression equation for each group,
as described in Beverton & Holt (1993). The von
Bertalanffy growth curves, calculated from the 12 mo
growth increments, were plotted for each group of
abalone.

Condition indices. We calculated 2 condition indices
(CI) for all abalone using the following formulas:

(Friedman et al. 1997)

(Lucas & Beninger 1985)

A third condition index was calculated using dried
shell weight, rather than wet shell weight; this removes
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Lesion surface area
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much of the variability associated with the free fluid in
the shell:

Gonad indices. Gonad dimensions were obtained as
described in Hahn (1989), and the gonad volumes
were estimated as:

(Hahn 1989)

where h = height of the conical appendage, x = width
of the conical appendage, y = height of the conical
appendage, a = width of the digestive gland and b =
height of the digestive gland. The measurements x, y,
a and b were all taken on a section midpoint of the
conical appendage length (Hahn 1989).

We subsequently calculated 2 modified gonad bulk

indices (GBI) using the following formulas:
(Hahn 1989)

Formaldehyde-fixed gonads were prepared for his-
tological examination by embedding in paraffin wax
and sectioning at a thickness of 4 µm. Sections were
mounted and then stained with haematoxylin-eosin,
and oocyte size-frequency distribution curves were
obtained following Hahn (1989).

RESULTS

Mortality

Over the 12 mo period, 12 mortalities occurred. Of
these, 3 abalone (including 2 affected) died after having
escaped from their cages and were excluded from fur-
ther analysis. The remaining 9 mortalities involved 2 un-

affected (2.7%), 6 mildly affected (9.8%) and 1 severely
affected (3.1%) abalone (Table 1) (Kruskal-Wallis test
statistic = 2.618, df = 2, p > 0.05). Necropsy revealed no
gross abnormalities in the soft tissues of either the
affected or unaffected abalone. Of the 12 mortalities, 5
occurred in the last 3 mo of the experiment (Table 1).

For each of the 4 and 8 mo sample collections, 3 (7%)
of the abalone originally diagnosed by endoscopy as
unaffected displayed shell lesions on dissection. At the
conclusion of the experiment, an additional 7 (8.5%) of
the originally unaffected abalone displayed shell
lesions. The dimensions of these previously unde-
tected lesions ranged between 1 × 2 mm and 43 ×
28 mm (for n = 13, mean lesion surface area = 228 ±
330 mm2). The 170 live abalone consisted of 71 unaf-
fected, 67 mildly affected and 32 severely affected
individuals at the time of harvest. The respective mean
shell lengths of the 3 groups were 120.6 ± 9.7 mm,
122.2 ± 7.6 mm and 120.0 ± 8.5 mm, and they were not
significantly different (ANOVA, F = 0.889, p > 0.10).
Relative lesion surface area ranged between 0.02 and
9.4% (mean = 4.8 ± 3.2%) in the mildly affected group
and between 10.1 and 38.5% (mean = 15.0 ± 5.5%) in
the severely affected group.

Growth rates

The growth rate (K) of the unaffected Haliotis iris
group was significantly (p < 0.05) higher than the
growth rate of the severely affected group (Table 2).
After both 8 and 12 mo, the growth rate of the mildly
affected abalone was between the growth rates of the
unaffected and severely affected groups (Table 2). The
growth rate of the unaffected group progressively
increased over the course of the experiment (–0.091,
–0.129 and –0.176 after 4, 8 and 12 mo respectively).
The growth rate of the severely affected abalone pro-
gressively declined (–0.082, –0.053 and –0.048 after 4,
8 and 12 mo respectively). The estimated asymptotic
length (L∞) calculated over the full 12 mo period for
unaffected, mildly affected and severely affected
abalone was 131.5, 142.1 and 150.3 mm respectively
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GBI -2 =
Estimated gonad volume

Total body weight
 

0–4 mo 5–8 mo 9–12 mo Total
None Mild Severe None Mild Severe None Mild Severe None Mild Severe

N 73 61 32 50 49 23 35 29 16 73 61 32
n 1 2 0 0 1 0 1 3 1 2 6 1
% 1.4 3.3 0.0 0.0 2.0 0.0 2.9 10.3 6.3 2.7 9.8 3.1

Table 1. Haliotis iris. Total number (N) of abalone, number (n) and approximate percentage mortality for each sampling period
and for whole period (12 mo) of experiment in groups of abalone unaffected, or mildly and severely affected by shell lesions.
Abalone that were diagnosed as unaffected by endoscopy but were found to be affected on dissection (n = 13) were excluded

from all analyses together with 3 individuals that died during the first month after escaping from their cages
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(Table 2, Fig. 1). Values for L∞ were consistently higher
for the severely affected compared to the unaffected
group. After both 8 and 12 mo, L∞ of the unaffected,
mildly affected and severely affected groups all
showed a progressive increase (Table 2). The slopes of
the Manzer & Taylor regression equations were all sig-
nificant (slope ≠ 0, p < 0.05). The slopes calculated for
both the mildly affected and the severely affected
abalone differed significantly from the slope of the
unaffected abalone at all times (Student’s t-test: p <
0.05).

Condition indices

For all condition indices (CI-2, -2, -3), the severely
affected abalone consistently yielded significantly
lower (p < 0.05) condition indices than unaffected indi-
viduals (Table 3). Condition indices of the mildly
affected group were also consistently lower than those
of the unaffected group, but higher than those of the
severely affected group. The CI-3 scores were all sig-
nificantly different (p < 0.05) between the unaffected,

mildly affected and severely affected groups. The CI-2
scores of the mildly affected and severely affected
group were significantly different (p < 0.05) as well.
The 3 condition scores calculated for both the mildly
and the severely affected abalone were consistently
lower for the 12 mo period than for the 8 mo period
(Table 3). For CI-2 and CI-3 this decrease was signifi-
cant (p < 0.05). The condition scores calculated for both
the mildly and the severely affected abalone were also
consistently lower for the 12 mo period compared to
the 4 mo period. For CI-2 this difference was signifi-
cant (p < 0.05). In all cases, the condition of the abalone
did not vary significantly with shell length (ANCOVA,
p > 0.10).

Gonad indices

At 4, 8 and 12 mo, both gonad bulk indices (GBI-1
and GBI-2) were lower for severely affected individu-
als compared to both unaffected and mildly affected
individuals (Table 4). The GBI-2 indices of mildly and
severely affected abalone were also consistently sig-
nificantly different (p < 0.05). After 4 and 8 mo, the
unaffected abalone yielded the highest gonad bulk
indices. After 12 mo, the gonad bulk indices calculated
for the mildly affected abalone were highest. The
mean gonad bulk indices of the 3 groups were signifi-
cantly higher after 8 mo than at 4 or 12 mo (p < 0.05).
Neither the gonad bulk index GBI-1 nor GBI-2 varied
significantly with shell length (ANCOVA, p > 0.05) for
any of the 3 groups. Oocyte size was not significantly
different between unaffected (n = 11), mildly affected
(n = 7) and severely affected abalone (for n = 2, F =
0.810, p > 0.10), and no difference was observed in the
oocyte size-frequency distribution between the 3
groups (Fig. 2).

DISCUSSION

Our experiment was designed to detect an expected
increase of approximately 25% in risk of mortality for
affected abalone compared to an unaffected control
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4 mo 8 mo 12 mo
None Mild Severe None Mild Severe None Mild Severe

n 72 59 32 50 48 23 34 26 15
K –0.091 –0.080 –0.082 –0.129 –0.117 –0.053 –0.176 –0.079 –0.048
L∞ (mm) 179.2 186.9 180.3 144.2 175.7 176.3 131.5 142.1 150.3

Table 2. Haliotis iris. Sample size (n), relative growth coefficient (K) and asymptotic length (L∞) for abalone unaffected, mildly 
affected and severely affected by shell lesions after 4, 8 and 12 mo in captivity

Fig. 1. Haliotis iris. von Bertalanffy growth curves, calculated
from 12 mo growth increments, of abalone unaffected (None),
mildly affected (Mild) and severely affected (Severe) by shell 

lesions



Nollens et al.: Effects of shell lesions on NZ abalone

group (Grindley 1997). However, the observed mortal-
ity of unaffected and total affected individuals was 2.7
and 7.5% respectively (Table 1), and the power of this
experiment design to detect this difference is less than
0.5. Nevertheless, the total mortality rate of lesion-
bearing abalone (7.5%) was over double that of unaf-
fected individuals (2.7%), suggesting clearly that
lesions directly or indirectly compromise the survival
of affected abalone. Also, the mortality rate of mildly
affected abalone (9.8%) was higher than the
mortality rate of severely affected abalone
(3.1%), suggesting that the acute phase of
the shell disease may be more lethal than its
chronic phase.

Of the abalone diagnosed as unaffected at
the onset of the experiment, 13 (7.1%) dis-
played shell lesions at the time of sample
processing. These lesions were either misdi-
agnosed during the endoscopic examination
at the onset of the experiment or were
acquired during the monitoring period.
Given that 7.1% incorrect diagnoses is
within the diagnostic accuracy of the endo-
scopic method (Nollens et al. 2002), no con-
clusions can be drawn as to when these
lesions were acquired. This is also in agree-
ment with the results presented in Grindley
(1997) in which 3 (10%) of 31 Haliotis iris
appeared to develop lesions of up to 18 mm
diameter in less than 180 d.

The incremental growth, determined as
change in shell length, was significantly

(p < 0.05) reduced in all lesion-bearing abalone, but
the reduction was particularly evident for more
advanced lesions (Table 2, Fig. 1). Furthermore, the
growth rates of unaffected individuals gradually
increased over the length of the experiment, whereas
the growth rates of severely affected abalone gradu-
ally decreased. Nonetheless, affected abalone were
estimated to reach a larger size than unaffected indi-
viduals (L∞ of 150.3 and 131.5 mm respectively, calcu-
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Lesion grade Condition Index 1 Condition Index 2 Condition Index 3
4 mo 8 mo 12 mo 4 mo 8 mo 12 mo 4 mo 8 mo 12 mo

None 0.643a,e 0.619c 0.612c,e 2.018a 2.099a 1.600c 2.020a 2.270a,d 2.048d

Mild 0.632a,b,e,f 0.605c,d 0.601c,d,e,f 1.916a 1.884a 1.531c 1.959b 2.036b,e 1.867e

Severe 0.611b,f 0.590d 0.580d,f 1.675b 1.704b 1.403d 1.791c 1.832c,f 1.731f

Table 3. Haliotis iris. Mean condition indices of abalone unaffected (n = 71), mildly affected (n = 67) and severely affected (n =
32) by shell lesions at time of sample collection. For each condition index (see ‘Condition indices’ in ‘Materials and methods’ for 

index calculation), results that were not significantly different (p > 0.05) share same superscript

Lesion grade Modified Gonad Bulk Index 1 Modified Gonad Bulk Index 2
4 mo 8 mo 12 mo 4 mo 8 mo 12 mo

None 19.49a ± 2.14 33.88b ± 2.70 20.74a ± 1.74 12.58a,b ± 1.31a, 21.39c,d ± 1.65 12.67a,b ± 1.06,

Mild 19.21a ± 2.90 28.24b ± 2.16 23.80a ± 1.74 12.15a ± 1.77 17.10c ± 1.32 14.25a ± 1.07
Severe 18.18a ± 3.18 20.38b ± 3.78 19.87a ± 2.58 10.77b ± 1.95 11.99d ± 2.32 11.52b ± 1.58

Table 4. Haliotis iris. Mean (±SE) modified gonad bulk indices, calculated as (estimated gonad volume:soft body weight) and
(estimated gonad volume:total body weight) for abalone unaffected (n = 70), mildly affected (n = 67) and severely affected (n =
32) at time of sample collection. For each gonad index, results that were not significantly different (p > 0.05) from each other 

share same superscript

Fig. 2. Haliotis iris. Oocyte size-frequency distribution for abalone unaf-
fected (n = 11), mildly affected (n = 7) and severely affected (n = 2) by
shell lesions. Mean oocyte size was not significantly different between
unaffected, mildly affected and severely affected individuals (F = 0.810, 

p = 0.46)
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lated over 12 mo) (Table 2, Fig. 1). However, this find-
ing should be interpreted with caution, given the lack
of small (< 74 mm shell length) individuals in the sam-
ple set and the relatively short duration of the monitor-
ing period. Grindley (1997) did not detect significant
differences in growth between captive affected and
unaffected Haliotis iris over 180 d (n = 32), although
growth in some wild populations did show impairment
(Grindley et al. 1998).

A similar negative relationship was established be-
tween relative lesion-surface area and all calculated
condition and gonad indices (Tables 3 & 4). Both con-
dition and reproductive capacity of the severely
affected abalone were especially impaired. This gen-
eral physiological depletion was not reflected in the
oocyte size distribution and maturation (Fig. 2). The
findings from this experiment differ from the results of
an earlier, small-scale analysis by Friedman et al.
(1997), which failed to detect an influence of shell
lesions on the condition score of Haliotis iris and H.
australis (n = 17 each). Furthermore, in the present
study condition scores of unaffected individuals fluc-
tuated over time, whereas the condition scores for
the mildly and severely affected abalone generally
decreased. For both gonad bulk indices, however, sea-
sonality and shell length were of greater influence
than disease status. The mean gonad bulk indices of
these laboratory-held abalone peaked around August
(Table 4), whereas spawning in wild populations of H.
iris is expected to occur between February and May
(Sainsbury 1982). It was also interesting to note the
close correspondence between the 3 condition indices
and between the 2 gonad indices used in this study.
This suggests that the more easily obtained Condition
Index 1 (Friedman et al. 1997), Condition Index 2
(Lucas & Beninger 1985) and Gonad Index 2 (Hahn
1989) are adequate for assessment of condition and
reproductive capacity in H. iris.

The results presented here on the monitoring of 73
apparently healthy and 106 affected abalone for up to
12 mo showed higher mortality, reduced growth, weak-
ened physiological condition and decreased reproduc-
tive capacity amongst lesion-bearing abalone compared
to controls. These trends were consistent for all parame-
ters over the length of the experiment, and point to a
general physiological cost of the shell condition to the
abalone. Clavier (1992) and Dunphy (1999) concluded
that shell pathologies associated with shell-boring in-
vertebrates do not exert a major influence on condition
index and growth of abalone. Clavier’s (1992) study,
however, did not include heavily infested individuals as
they were ‘old and slow growing’. Methods to combat
shell infestations of molluscs entail the deposition of ex-
tra shell layers, and it is believed that molluscs afflicted
with shell-boring organisms increase their metabolism

accordingly (Ambariyanto & Seed 1991). The realloca-
tion of energy for shell repair is usually at the expense of
somatic growth. This shift in energy budget is a common
response to shell-boring organisms by abalone (Kojima
& Imajima 1982), and molluscs in general (Ambariyanto
& Seed 1991, Day & Fleming 1992, Shepherd & Breen
1992). This shift is likely to have contributed to the find-
ings reported herein, as previously no host inflammatory
responses or soft-tissue impairment were diagnosed on
histological analysis of lesion-bearing Haliotis iris
(Grindley et al. 1998).

Reduced growth capacity and weakened physiologi-
cal condition entail longer grow-out periods which,
together with damage to the commercially valuable
shell, increased mortality and decreased reproductive
capacity, will inevitably result in less efficient food
turnover, higher labour costs (e.g. water-pumping) and
loss of earnings for abalone farmers (Oakes & Field
1996, Handley & Bergquist 1997). Moreover, nearly all
models used to describe the dynamics of wild abalone
stocks require estimates of both growth and mortality
(Poore 1972, Shepherd & Breen 1992). The presence of
lesions may therefore also have implications for the
management of wild stocks in areas with high lesion
prevalence (Grindley et al. 1998).
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