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Abstract.—The blacklip abalone,
Haliotis rubra, fishery is the most com-
mercially important in Victoria, Austra-
lia. Two underwater census methods
have been used to survey the status of
its stocks. Collection rates from timed
searches and counts from radial tran-
sects were used to estimate abalone
abundance at various locations along
the Victoria coast. Radial transect sur-
veys provided precise estimates of aba-
lone abundance; these did not vary sig-
nificantly between research divers un-
der controlled conditions. During stock
monitoring, there were no significant
differences among nine of twelve re-
search divers' estimates of abalone
abundance from 1339 radial transects
sampled at 60 sites during 1992-94.
Monte Carlo simulations, used to esti-
mate the probability of detecting an-
nual changes in abalone abundance
with each method, provided evidence
that radial transects have the poten-
tial to detect smaller annual changes
in abalone abundance than do timed
searches. We suggest that radial tran-
sects provide a credible alternative to
timed searches and are less subject to
potential biases that affect the latter.
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Most analyses of fish stocks are
based on catch per unit of effort
(CPUE) as a measure of abundance.
There appears, however, to be con-
sensus among investigators of aba-
lone that fisheries-dependent meth-
ods are inadequate for the estima-
tion of the abundance of abalone
stocks. Reasons for this are well
documented (Breen, 1992; McShane
and Smith, 1992; Prince and Guz-
mén del Préo, 1993) and include
difficulties in estimating the true
catch (due in no small part to the
prevalence of illegal harvesting) and
hyperstability in catch rates despite
stock reduction (Hilborn and Wal-
ters, 1992). The latter stems from
the highly efficient searching be-
havior of abalone divers who, by
targeting large aggregations of aba-
lone, may serially deplete substocks
{Prince and Guzman del Préo, 1993).

Victoria, Australia’s second larg-
est abalone-producing state, yields
a total annual quota of 1440 metric
tons (t) of abalone from approxi-
mately 121 km? of commercially
productive reef complexes distrib-
uted along approximately 1500 km
of coast (McShane et al., 1986). The
Victorian abalone fishing grounds
are subdivided into central, eastern,
and western zones (Fig. 1), each
with its own total allowable catch

(TAC). Abundance estimation meth-
ods used to survey such an exten-
sive distribution of abalone stocks
must be simple so that they may be
applied under often adverse sea con-
ditions and so that several sites may
be sampled per day.

A reliable survey method for the
estimation of abalone abundance
has yet to be determined although
several diving-based methods are
currently used to assess the status
of stocks in southern Australia and
New Zealand. These include timed
searches (McShane, 1994), transect
surveys, patch-size estimates (Mc-
Shane. 1996), change-in-ratio (Nash
et al., 1994), and Petersen mark-
recapture surveys (Hart and Gor-
fine, 1997) to provide measures of
relative abundance. The intention
of such surveys is to provide trends
in relative abundance necessary for
assessment of stock status. These
methods have the advantage of be-
ing fishery independent.

However, underwater census
methods are characterized by varia-
tion between research divers. In
particular, relative abundance esti-
mates from timed searches must be
standardized between research
divers to achieve uniformity in the
base sampling unit (10 minutes).
Standardization of many research
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divers, each represented in the data for relatively
few years of a long time series, is problematic. Strip
transects can be time consuming and may traverse
nonabalone habitat, such as sand; however they pro-
vide a consistent base sampling unit among research
divers. Patch-size estimates have the advantage of
providing a measure of the number and size of ag-
gregations of abalone but are disadvantaged by dif-
ficulties in selecting appropriate patch-size catego-
ries and maintaining consistency in the area searched
during surveys. Change-in-ratio (CIR) has the ad-
vantage of not being dependent upon a particular
base sampling unit, such as time or area. However,
CIR requires that there is no change in one of the
two animal categories in the ratio, in this instance
prerecruits. This means that the time interval be-
tween surveys must be sufficiently short that the
effects of growth and natural mortality on the rela-
tive abundance of prerecruit abalone can be consid-
ered negligible. Mark-recapture (M-R) surveys are
time consuming, require that many abalone be
tagged, require an estimate of tag loss, may incur
incidental mortality due to tagging, assume that the
tagged abalone will disperse randomly within the
untagged population, and can be affected by migra-
tion to and from the study site and into and. out of
cryptic habitat. If these limitations can be overcome,
then M-R can be an effective abundance estimation
technique that is free from the research diver effects
that characterize other methods.

We introduce a new radial transect survey method
for estimating the abundance of abalone and furnish
the results of a preliminary comparison with timed
searches previously used in Victoria. This new
method was developed as an alternative to timed
searches because 1) standardization of the effects of
research divers who conducted surveys prior to 1992
with those involved in surveys from 1992 onwards
was not possible and 2) the depths at many of the
reefs surveyed were sufficient to warrant limiting
the number of ascents made by research divers each
day in order to reduce the divers’ risk of decompres-
sion illness. We present an analysis of investigations
into the effect of research divers on abundance esti-
mates and the probability of detecting interannual
changes in abundance with both survey methods. In
Victoria, trends in interannual abundance for each
management zone have been used as part of an adap-
tive management strategy. Several successive years
of decrease in abundance will trigger consideration
for decreasing annual quotas and similarly consid-
eration will be give to increasing quotas where trends
in abundance appear to be increasing. Whether quo-
tas are changed and by how much will largely de-
pend on the size of the change in abundance. It is
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Figure 1

Location of study sites and management zones along the Victo-
rian coast. CS = Cape Schanck; GI = Gabo Island; PC = Point
Cook; WI = Williamstown (includes Sticks Reef); SP = Sandpatch
Point; CZ = central zone; EZ = eastern zone; WZ = western zone.

anticipated that this approach will lead to the
achievement of quotas that will minimize inter-
annual changes in abalone abundance and thereby
optimize sustainable yields from the fishery.

Materials and methods

Survey methods

Radial transects Estimates of abalone abundance
with radial transects were performed by research
divers. At a particular site, a buoyed shot-line (a 20-
mm-diameter line anchored by a 20-kg lead weight)
was deployed. A stainless steel ring and swivel were
used to connect a 35-m long transect-line of 20-mm-
diameter line marked at 5-, 15-, and 20-m distances
to the lead weight. The transect lines were made from
a form of nylon rope that tends to float to the sur-
face, thus decreasing the likelihood of the lines be-
coming tangled. Dives were made with a surface-sup-
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plied breathing apparatus (SSBA) with an umbilical
length of 100 m.

Prior to a dive, each diver was randomly allocated
three or four compass bearings. On the bottom, each
diver oriented himself towards the appropriate com-
pass bearing and tucked the floating transect-line
under his arm. Each diver was instructed to use a
plastic laboratory tally counter to count, or an aba-
lone iron to collect (depending on the study), emer-
gent abalone larger than 50-mm shell length within
an approximately 1-m wide strip from the 5-m mark
laterally along the transect line. Abalone smaller
than 50 mm were ignored because previous experi-
ence had shown that these juveniles were difficult to
locate and were likely to be subject to large sampling
errors among divers. Where estimates of the abun-
dance of juvenile abalone were required, cryptic habi-
tat within the transect was searched thoroughly by
overturning boulders and examining crevices. These
searches for juveniles were relatively time consum-
ing. The width of the transect was constrained by
the distance from the transect line under the diver’s
armpit to the hand of the outstretched arm on the
opposite side of the diver’s body. When abalone were
not collected, separate counts of prerecruit abalone,
i.e. those individuals smaller than the legal mini-
mum length (LML), and of postrecruited abalone
(larger than the LML) were made with a simple mea-
suring gauge for discrimination. Each diver covered
a linear distance of 30 m to survey an area of about
30 m?2 per transect. Any part of an aggregation of
abalone falling outside the designated 1-m width was
not included in the count. Underwater counts were
made in instances where the removal of abalone
would have interfered with further surveys of the
study sites. However, during routine stock monitor-
ing, abalone were collected and taken aboard the
research vessel to obtain length-frequency data.

Each diver made additional collections in differ-
ent directions radiating from the same point before
surfacing. Total bottom time for each dive was usu-
ally between 30 and 60 minutes.

Timed searches The timed search method was the
same as that described by McShane (1994), where
each diver made timed searches at randomly selected
subsites within each site previously surveyed by ra-
dial transects. Commencing at the research vessel’s
anchor, a pair of divers independently collected as
many abalone as possible within a subsite in 10 min-
utes, using a nylon mesh catch bag and an abalone
iron for removing the abalone off rocky substrata.
Divers were free to search as much area as their sur-
face air supply hose would allow (about a 100-m ra-
dius from the research vessel).

Operator effects on methods

Diver effects on radial transects Variation among
divers and each diver’s precision with radial transects
were investigated at Gabo Island near Mallacoota
(Fig. 1). Precision was defined as the level of congru-
ency among an individual diver’s repeated counts of
the same transect. A team of four scientific divers,
each experienced in radial transects, completed two
experiments at a fixed site. The objective of the first
experiment was to estimate the precision of abalone
counts by each diver. This was done by randomly
assigning three transects from a set of twelve to each
diver and by having them repeat abalone counts along
the three allocated transects four times. Precision esti-
mates for each diver were obtained as the quotients of
the standard errors of the four counts for each transect
divided by their mean count and were compared be-
tween divers by a one-way analysis of variance.

The second experiment compared differences
among divers’ abundance estimates. Each of the four
divers completed counts along each of the twelve
transects used in the first experiment. An analysis
of variance was performed to test the hypothesis that
differences among divers’ mean abalone counts were
not significantly different.

During both experiments, the reference shot-line
remained undisturbed. Sea conditions were consis-
tent throughout the day. Surge was slight and hori-
zontal underwater visibility was about 10 m. The
study site provided bottom topography that ranged
from high relief with deep crevices to open ground
with scattered boulders.

Comparison of diver effects on radial transect and
timed search survey methods Timed search and
radial transect methods were compared during aba-
lone abundance surveys conducted on reefs at Cape
Schanck, Point Cook, and Williamstown (Fig. 1).
These reefs were selected to provide variety in to-
pography, sea conditions, and abalone population
structure. One site was selected at random on each
of the three reefs. We tested the hypothesis that there
were no significant differences in abalone abundance
estimates between research divers for either sam-
pling method. Sea conditions at each site were con-
sistent between sampling methods but varied be-
tween the sites. In Port Phillip Bay (Point Cook and
Williamstown) wind was slight, swell height was
negligible, there was no surge, and horizontal under-
water visibility was less than 3 m, whereas at Cape
Schanck there was considerable surge (swell height
1-2 m) and underwater visibility was about 6 m.

Two experienced scientific divers, each expert in
one of the techniques (>300 dives) but neither hav-
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Table 1
Analysis of variance in density estimates, made from radial transect collections, among fifteen sites nested within three locations
and among four divers for each of three size classes of H. rubra (type IV SS). ns = nonsignificant; * = P<0.10; ** = P<0.05; *** =
P<0.01). @2 = relative magnitude of variance estimate (%). MS = mean square.
Class Source df MS F P w? Significance
Juvenile Location 2 0.14 2.42 0.1312 14 ns
Diver 3 0.05 1.92 0.15693 14 ns
Location x diver 4 0.04 1.36 0.2822 3 ns
Site (location) 12 0.06 1.69 0.0904 41 *
Diver x site (location) 20 0.03 0.75 0.7631 25 ns
Residual 63 0.04
Prerecruit Location 2 2.36 19.24 0.0002 44 *rk
Diver 3 0.06 1.10 0.3723 0 ns
Location x diver 4 0.08 1.32 0.2936 2 ns
Site (location) 12 0.12 3.56 0.0003 37 *okx
Diver x site (location) 21 0.06 1.70 0.0475 18 *x
Residual 81 0.03
Postrecruit Location 2 2.60 9.98 0.0028 43 *Ex
Diver 3 0.33 3.16 0.0461 16 *x
Location x diver 4 0.14 1.30 0.3027 3 ns
Site (location) 12 0.26 1.95 0.0393 27 *
Diver x site (location) 21 0.10 0.78 0.7390 11 ns
Residual 90 0.13

ing previously used the other method, performed both
techniques to census abalone populations at each
study site. Abalone counts in four radial transects
and four timed collections of 10-min duration were
made by each diver at each site so that the effects of
divers and methods were fixed and the design bal-
anced. Timed searches were performed after transect
counts in each instance to avoid disturbance due to
removal of abalone during timed searches.

Separate analyses for each method were made with
general linear models to determine the significance
of the effects of diver and site on abundance esti-
mates. A combined analysis was not possible because
of the different base sampling units for each method.
Where Cochran’s test indicated significant hetero-
geneity of variance, data were log-transformed prior
to analysis to achieve homoscedasticity (Winer, 1971).
Diver x site interaction was omitted from the analy-
ses presented in Table 1 because preliminary analy-
ses showed this effect to be nonsignificant.

Trial stock surveys

The effects of divers on the detection of differences
in abundance were further investigated during trial
surveys of substocks at Gabo Island and Sandpatch
Point near Mallacoota and Sticks Reef near Altona
in Port Phillip Bay (Fig. 1). These surveys were aimed
at determining how well variation among several

locations was detected with this method when it was
applied over a spatial scale comparable to that used
in routine stock surveys.

Five sampling sites were randomly selected at each
location, and for each site, three out of five divers
were selected to undertake the sampling depending
on their availability and fitness to dive. Two to three
sites at each location were sampled during each day
of the surveys. At each site, each diver made three
replicate radial transect collections of emergent
prerecruit and postrecruited abalone. Each diver also
collected juvenile abalone (<80 mm) in one of their
three assigned transects by searching cryptic habi-
tat and turning over small boulders. All abalone col-
lected were brought on board the research vessel,
and the maximum shell length of each was measured
to the nearest mm.

Analysis of variance of the mixed linear model was
used to test the effects of locations, sites nested within
locations, and divers on abundance estimates. The
SAS® general linear model (GLM) procedure was
used (SAS Institute, Inc., 1989). Separate analyses
were performed for three size classes of abalone (u-
venile <80 mm, 80-mm < prerecruit < LML, and
postrecruit 2 LML). Data were converted to number
per m2.

The relative treatment magnitude, omega squared
(0?), for each effect in the GLM was calculated
(Keppel, 1991).
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Design of stock monitoring program

Abundance estimates of abalone stocks in Victoria
were made annually at 60 sites, using radial
transects during 1992 to 1994. These estimates were
made during routine stock surveys for the Victorian
program for abalone stock assessment. At each site,
nine replicate abalone collections were made. Sites
were selected from abalone habitat with commercial
quantities of abalone. During 1992, sites for radial
transect surveys were initially chosen at random
from between the 5-m and 18-m isobaths to avoid
the wave-break zone and to minimize hyperbaric
exposure. Accurate navigational fixes were made at
each site with a global positioning system (GPS).
During successive years each site was resurveyed
after having been located with GPS. This mixed sam-
pling design has been shown to have greater power
than nested designs for benthic monitoring and
avoids the potential bias of fixed designs (Van der
Meer, 1997).

Application of methods to stock monitoring

An analysis of variance was applied to results from
stock monitoring surveys to determine the inter-
annual variation in abundance for each zone. This
was in the form of a mixed linear model in the SAS®
general linear model procedure.

The relative treatment magnitude for each effect
in the GLM was calculated with the same procedure
as that used in the trial stock surveys.

The effect of differences between research divers
on abalone abundance estimates from radial
transects was further investigated (with two- and
three-way interactions omitted) across all zones from
an analysis of 1992-94 stock surveys. During each
field survey of a group of adjacent sampling sites,
the dive team was composed of three or four out of a
possible twelve divers. Differences in the composi-
tion of dive teams between surveys occurred for lo-
gistical reasons. At each site three divers performed
three radial transects each where the allocation of
directions for these transects among divers was ran-
dom. Differences among divers were compared by
using Ryan’s test (Day and Quinn, 1989), and the
effect of diver experience on abundance estimates was
determined by regressing divers’ mean collections of
abalone per transect against the number of transects
each diver performed.

Power to detect changes in abundance

Monte Carlo simulations were made to estimate the
probability of detecting cumulative annual changes

in abundance. The simulations were based on data
from stock surveys conducted during 1992 and 1993
that employed radial transects as well as data from
1989 and 1991 surveys based on timed searches. Sce-
narios involving different combinations of annual
change increments (increases) and number of years
sampled were each simulated 200 times for each
management zone (i.e. central, eastern and western;
Fig. 1). Divers were randomly selected from those
who participated in the surveys, and the abundance
estimates for each radial transect were adjusted for
the diver factor and variation within each site,
whereas the abundance estimates for timed searches
were standardized by using a linear regression be-
tween pairs of divers (McShane, 1994). The respec-
tive analyses of variance used to analyze the stock
survey data for each method were applied to each
simulation, and the proportion of tests that showed
a significant (a=0.05) annual change in abundance
(year effect) was calculated. The proportion of sig-
nificant results for each management zone was then
plotted against the number of years simulated for each
increment level. A smoothing function was applied to
each curve to eliminate fluctuations due to changes
in confidence levels among years in the series.

Results

Operator effects on methods

Diver effects on radial transects During the first
experiment at Gabo Island, the precision (SE/x) of
the divers’ abalone counts for each transect ranged
from 0.04 to 0.27. Cochran’s test showed the divers’
variances of precision to be homoscedastic (a=0.01).
Differences among divers’ mean precision values were
not significantly different (F=1.43; df =3, 8; P>0.10).
Collectively, the four groups of twelve estimates of
abundance represent four identical surveys of the
same site which yielded similar mean abundance
estimates on each occasion (Fig. 2). Estimates of
mean abalone abundance for the site during the sec-
ond experiment were also similar (Fig. 3) and no sig-
nificant differences were detected among the four
divers (F=0.01; df=3, 33; P>0.10).

Comparison of diver effects on radial transect and
timed search survey methods There were no sig-
nificant differences between the two divers when
using radial transects (F=0.19; df=1, 2; P>0.10) nor
were there significant differences when using timed
searches (F=7.31; df=1, 2; P>0.10). Notably, the dif-
ferences between the divers’ mean abundance esti-
mates (Fig. 4) were much smaller for radial transects
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(effect size=9%) than for timed searches (ef-
fect size=44%); thus power in the analysis
was likely to be low.

Trial stock surveys
with radial transects

There were significant differences in den-
sity between all locations for the prerecruit
and postrecruit size classes, but locations
were not significantly different for juvenile
abalone (Table 1). Locations and sites
within locations accounted for most of the
variation in density of pre- and postrecruit
abalone. Significant differences between
divers occurred for postrecruits, but the
magnitude of the variance effect for divers
was only about one third of the variance
effect for sites. Sites varied significantly

Abundance (no./ 30 m?)
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Comparison of mean abundance estimates of H. rubra at Gabo Island
among surveys using radial transects. Error bars are 95% confidence
limits.

Survey 1 Survey 2 Survey 3 Survey 4

Figure 2

within locations for each size class; for ju-
veniles and post recruits this was at the 10%
confidence level, and for prerecruits at the 1% confi-
dence level. Only one interaction effect, diver x site
(location) for prerecruit density, was significant.

Application of methods to stock monitoring

Variation in abalone abundance estimates from both
methods showed significant diver effects in two out
of three instances (Tables 2 and 3). However, the only
significant year effect detected was for estimates from
radial transect surveys in the central zone of the fish-
ery. The lack of a significant diver effect in this in-
stance may have increased the power to detect a year

effect. Consistent with the high spatial variability
that characterizes abalone populations, site effects
were significant in all instances. Year X site interac-
tions were significant in two instances for each
method, indicating that interannual changes in abun-
dance varied among sites within the affected zones.
Only one year X diver interaction was significant and
because some divers were not represented in each
year, the interpretation of this effect in this instance
is problematic.

For each method only a relatively small amount of
the variation in abundance could be attributed to the
effect of year. Sites generally accounted for most of
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Comparison of mean abundance estimates of H. rubra
at Gabo Island among divers using radial transects.
Error bars are 95% confidence limits.

Abundance (no./sampling unit)

Diver effects on mean abundance estimates of H. rubra for each
survey method. Error bars are 95% confidence limits; base sam-
pling units were 30 m?2 for radial transects and 10 min for timed
searches.

Radial transect Timed search

Diver 1 Diver 2 Diver 1 Diver 2

Figure 4
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Table 2
Analysis of variance for interannual differences in abundance estimates of H. rubra for each of Victoria’s fishery management zones,
made from timed collection surveys, during 1989-91 (type IV SS). (ns = nonsignificant; * = P<0.10; ** = P<0.05; *** = P<0.01).
w? = relative magnitude of variance estimate (%).
Management zone  Source df MS F P o Significance
Central Year 2 136.60 0.69 0.5141 1 ns
Site 28 286.04 2.42 0.0008 45 Rk
Diver 16 205.08 1.73 0.0525 13 *
Diver x site 83 92.85 0.79 0.8714 20 ns
Year x site 21 198.87 1.68 0.0468 16 *
Year = diver 4 25.70 0.19 0.9404 4 ns
Year x site x diver 10 138.32 1.17 0.3207 2 ns
Residual 98 118.28
Eastern Year 2 203.64 1.30 0.2914 1 ns
Site 13 181.97 1.99 0.0230 18 kK
Diver 8 54.01 0.59 0.7863 5 ns
Diver x site 71 7791 0.85 0.7872 15 ns
Year . site 24 156.81 1.71 0.0241 24 **
Year x diver 4 60.83 1.59 0.1961 3 ns
Year x site x diver 41 38.34 0.42 0.9993 34 ns
Residual 224 91.66
Western Year 2 160.84 1.40 0.2814 1 ns
Site 15 836.77 5.32 0.0001 67 ok
Diver 5 779.21 4.95 0.0008 20 ek
Diver x{(site 43 186.48 1.18 0.2755 8 ns
Year = site 13 114.87 0.73 0.7262 4 ns
Year x diver 0 — — — — —
Year x site x diver 0 — — — — —
Residual 54 157.38

the variation in the ANOVA model. For timed
searches the variance estimate for diver effects was
about one third that for sites; however for transects,
the relativity between diver and site variance effects
was more variable. The values for the relative mag-
nitude of variance estimates attributable to divers
were similar between the two methods.

Mean abundance estimates from radial transects
during stock monitoring surveys varied significantly
among divers; divers 4 and 5 in particular collected
relatively fewer abalone per transect and diver 8 col-
lecting more than the other divers (Table 4). Ryan’s
test did not reveal a significant difference between
the remaining nine divers’ mean relative abundance
estimates (Table 4). A regression of the divers’ mean
relative abundance estimates against the respective
numbers of radial transects performed (r2=0.01, n=
1339) showed that the slope of the relationship was
not significantly different from zero (P>0.10).

Power to detect changes in abundance

The number of years of sampling required for an 80%
or greater predicted probability of detecting a sig-
nificant cumulative change in abundance with ra-

dial transects ranged from 1-3 years for all zones.
The western zone required 3 years for 2.5% and 5%
increments to become significant on 80% of occasions
and 2 years for the 10% increment. The other two
zones required only one year for all increments to
become significant (Fig. 5A).

In contrast, timed searches (Fig. 5B) required three
years to detect a cumulative annual increase of 10%
in the central zone with 80% probability, and five
years for the same size change in both the eastern
and western zones. In the eastern zone the probabil-
ity of detecting increases with timed searches was simi-
lar to that for the central zone with transects. In this
instance only one year was required to have an 80%
probability of detecting each increment of change.

Discussion

Radial transects provided precise estimates of aba-
lone abundance and did not vary significantly be-
tween different divers in three of the investigations
made during this study. However, the importance of
selecting scientific divers with aptitude for these
types of surveys is underscored by the fact that three
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Table 3

Analysis of variance for interannual differences in abundance estimates of H. rubra for each of Victoria's fishery management

zones, made from radial transect surveys, during 1992-94 (type IV SS). ns = nonsignificant; * = P<0.10; ** = P<0.05; *** = P<0.01.

®? = relative magnitude of variance estimate (%).

Management zone  Source df MS F P ? Significance

Central Year 2 515.43 4.08 0.0222 3 >k
Site 29 378.00 5.04 0.0001 54 ok
Diver 10 93.24 1.24 0.2611 1 ns
Diver x site 123 47.16 0.63 0.9989 21 ns
Year x site 56 126.36 1.69 0.0022 18 dokok
Year x diver 5 31.23 0.49 0.7842 1 ns
Year x site x diver 35 64.17 0.86 0.7066 2 ns
Residual 479 75.00

Eastern Year 2 130.23 0.87 0.4312 0 ns
Site 14 801.99 5.33 0.0001 38 ok
Diver 5 1170.54 7.78 0.0001 21 i
Diver x site 46 274.05 1.82 0.0021 23 ok
Year x site 28 150.21 1.00 0.4728 0 ns
Year x diver 4 301.05 5.22 0.0057 11 *xk
Year x gite x diver 18 57.69 0.38 0.9899 7 ns
Residual 242 150.48

Western Year 2 36.54 2.30 0.1214 1 ns
Site 12 261.00 7.14 0.0001 41 ook
Diver 7 100.08 2.74 0.0096 7 *kk
Diver x site 40 47.61 1.30 0.1201 7 ns
Year x site 24 147.51 4.03 0.0001 40 rE¥
Year x diver 6 65.70 1.31 0.3016 1 ns
Year x site x diver 18 50.04 1.37 0.1201 4 ns
Residual 225 36.54

divers’ mean transect collections differed significantly
from the remaining nine divers during three annual Table 4

abalone stock surveys. During routine monitoring,
two divers (4 and 5) consistently collected less aba-
lone than the others and frequently aborted dives
after having failed to complete all their allocated
transects. Reasons given for terminating their dives
included problems with middle ear equalization, dif-
ficulty coping with the surge and backwash created
by waves, and fouling of lines and air hoses due to
entanglement. These observations concur with Shep-
herd (1985) who found that surge and kelp density
were two significant factors affecting research diver
efficiency in underwater censuses of abalone popu-
lations. In contrast to divers 4 and 5, diver 8 consis-
tently collected more abalone than the other research
divers. However, diver 8 participated only in those
parts of the study conducted in the eastern zone,
where abalone stocks are generally more abundant.
Also, as an ex-abalone diver, diver 8 could reason-
ably be expected to possess a superior ability in per-
forming abalone searches and collections that may
have biased his estimates.

These observations suggest that some divers may
not possess the aptitude required to conduct under-

Mean number (least squares) of H. rubra collected per
transect by each diver during 1992-94 Victorian abalone
stock surveys. Vertical bars in “ns” column indicate groups
of means that were not detected as significantly different
by Ryan’s test (=0.05). Is = least squares; SE = standard
error of the least squares means.

Diver n 1s mean + SE ns
8 36 19.48 1.92
9 147 16.03 0.95
1 467 12.62 0.53

12 38 12.00 1.87
3 408 11.26 0.57

11 66 10.74 1.42
7 6 10.50 4.71
6 17 10.03 2.80
2 119 10.02 1.06

10 15 9.73 2.98
4 107 7.83 1.12
5 12 3.58 3.33

water censuses and highlight the need for under-
standing the nature of research being conducted. The
ability to work at sea in often arduous conditions,
discipline in adherence to sampling protocols, and
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the importance of avoiding a competitive atmosphere
in which bagging the most abalone becomes the ob-
jective are essential characteristics of an effective

abalone survey team. The problem of competition
implies that nondestructive sampling, such as count-
ing, may reduce potential bias associated with col-

A Radial transects

B Timed searches

timed searches.
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lecting. Indeed, the diver who consistently collected
more abalone from transects during routine stock
surveys was not significantly different from other
members of the dive team when only counts of aba-
lone were required. Similarly, McShane (1995) found
that by reducing the handling time involved with the
collection of large numbers of abalone from dense
aggregations he reduced the operator bias in the es-
timation of patch frequency. Counting also has the
advantage of considerably reducing the time needed
to complete each transect. However, collecting be-
comes necessary when length-frequency data are
required because in-situ measurements are impracti-
cal under the surgy conditions commonly encountered.

Experience in the radial transect method did not
have a significant influence on the number of aba-
lone estimated despite the fact that the number of
transects completed per diver varyied over a wide
range (6—438 transects). Differences among divers
are expected when those who sampled at only a few
locations are compared with divers who sampled over
a larger range of abalone populations. This expecta-
tion is supported by the lower standard deviations
associated with the mean collections per transect of
the less experienced divers.

The standard deviations of the divers’ mean rela-
tive abundance estimates from radial transects were
relatively large, especially for those divers who had
completed many such transects. This large range
reflects the high spatial variability in abalone den-
sities both within and between sampling sites which
is evident from the relatively large proportion of vari-
ance contributed by location and site effects. During
the trial stock surveys, variation among sites within
locations was mostly similar to the variation among
locations (except for juveniles). Although higher pre-
cision in abundance estimates may be obtained by
sampling on a small scale, our results support the
notion that abalone distributions are variable over
the range of spatial scales commonly used to census
abalone populations. Under these circumstances
stratification of sites may provide little increase in
the power of population surveys to detect interannual
changes in abundance. The higher proportion of vari-
ance between sites in relation to locations with sam-
pling juvenile abalone was not unexpected because
of the smaller number of replicates and the greater
degree of difficulty in observing this cryptic size class
(Nash et al., 1994). The importance of adopting a
sampling design that minimizes spatial effects is
highlighted by the low proportion of the total varia-
tion attributable to the year effect. The mixed de-
sign we used provided a compromise between the
advantages offered by fixed designs in reducing
within-site variability and those offered by random

designs in improving the precision of estimates of
site means. The consequent increase in power over a
random design has allowed us to economize on the
number of sites sampled annually.

The use of transects to estimate the abundance of
abalone stocks has been criticized (McShane, 1994)
as a time-consuming approach that does not allow
for the patchy nature of abalone distributions over
relatively small spatial scales. However, strip tran-
sects provide an objective and reproducible approach
to population surveys that appear to be somewhat
less affected by research diver differences than are
observations made against time. Our results dem-
onstrate that variability among most scientific divers
in the use of both radial transects and timed searches
generally has a relatively small effect on variation
in abalone abundance estimates. This finding sug-
gests that standardization of abundance data from
underwater censuses of abalone populations may be
unnecessary. Because adaptive approaches to the
setting of TACs require a time series of abundance
indices, it is unlikely that all scientific dive team
members will be retained for the required period.
Thus effects of variation between diver and year will
confound abundance estimates and interannual
variation in abundance. The general linear model we
used to analyze abalone abundance data includes the
effect of variation among divers. For both methods,
diver effects were smaller than site effects. Previous
analyses of timed search estimates involved stan-
dardization to eliminate diver effects, with the as-
sumption that all differences between within-site
replicates were due to diver variation (McShane and
Smith, 1990). With this approach there is a risk of
underestimating the variances of mean abalone
abundances because variation between divers is con-
founded with intrasite variation. Another problem
with standardization of data to eliminate diver ef-
fects prior to analysis is the resulting confidence lev-
els associated with performing multiple regressions
between different diver pairs. The greater the num-
ber of divers the lower the level of confidence. This
finding contrasts with the higher confidence level
provided by the general linear models procedure,
which takes account of diver x site interaction,
thereby requiring only one comparison among divers.

The radial transect method is a credible alterna-
tive to timed searches for the conduct of underwater
census of abalone. The notion that transect surveys
are inefficient and time consuming ignores the im-
portance of how the transects are applied. The num-
ber of radial transects that can be completed in a
typical day of sampling compares favorably with the
number of timed searches that can be completed
within the same period. When timed searches were



448

Fishery Builetin 96(3), 1998

used to survey Victorian abalone stocks, about 20—
28 samples were completed daily; the radial transect
method provides 27 samples during a typical day and
requires only one-third the number of ascents per
diver, reducing the risk of decompression illness
(Marks and Fallowfield, 1994; Oxer, 1994). As with
timed searches, the radial transect method has been
successfully applied under rough sea conditions typi-
cal of the exposed coastal reefs colonized by abalone.

McShane and Smith (1990) identified the similar-
ity between the timed search method and the tech-
niques employed by commercial abalone divers to
target aggregations of abalone. From this similarity
one can reasonably infer that in some instances the
abalone collection rate of research divers may exhibit
(albeit over a smaller spatial scale) the hyperstability
that characterizes the catch per unit of effort of com-
mercial abalone divers. Indeed, in a study involving
intensive experimental fishing McShane and Smith
(1989) could not detect a significant difference be-
tween pre- and postfishing abundance estimates of
postrecruited abalone from timed searches despite a
50% decrease in CPUE. In his discussion of a patch-
frequency estimation method, McShane (1995) noted
the bias in timed searches when a large proportion
of the search time is spent collecting abalone from
dense aggregations. Radial transects target a spe-
cific area (30 m?); consequently handling time does
not affect the numbers of abalone counted or collected
and divers are unable to target aggregations to the
exclusion of more sparsely distributed abalone.
Therefore it is reasonable to expect that surveys
based on radial transects more accurately reflect true
abalone abundance than do those based on timed
searches.

Although there is no doubt that dense patches of
abalone are important with respect to fishing and
the maintenance of profitable catch rates (McShane,
1995), recent work on H. rubra in Victoria (Officer?)
has demonstrated the importance of postfishing
movement and reaggregation in maintaining these
patches. The Victorian studies also showed that dense
patches contributed most of the variation in abun-
dance estimates and that the standard deviations of
samples of sparsely distributed abalone were rela-
tively small. It is from these sparsely distributed
abalone, and those occupying cryptic habitat, that
reaggregation appears to have occurred. Further re-
search is required to determine the relative impor-
tance of sparsely distributed abalone in assessing the
impact of fishing. Abundance estimates from transect

1 Officer,R. 1997. Marine and Freshwater Resources Institute,
PO Box 114, Queenscliff, Victoria 3225, Australia. Unpubl.
manuscript.

sampling may prove to be more effective indicators
of the size of stocks if dense aggregations are excluded
from surveys.

Because the application of radial transects avoids
targeting some emergent abalone to the exclusion of
others, there is less potential for divers to bias their
sample towards larger abalone as may occur with
timed searches. By measuring the length of each
abalone collected, separate estimates of abundance
for prerecruit (shorter than the legal minimum
length) and postrecruit (recruited to the stock) aba-
lone can be made. Timed searches do not necessarily
permit this separation of prerecruits from post-
recruits because of the potential for divers to collect
larger, more accessible abalone at the expense of
smaller abalone. Timed search estimates of abun-
dance reported in McShane and Smith (1989) show
an almost threefold increase in prerecruits after fish-
ing, suggesting that abundances of prerecruits may
have been underestimated prior to fishing because
of the prevalence of postrecruits.

Our trial stock surveys provided evidence that the
transect method has the power to detect differences
in abalone abundance (among locations and sites) and
is robust in respect to differences in divers’ abilities
to perform the method. Moreover, annual stock sur-
veys based on radial transects were able to detect a
significant change in abundance between consecu-
tive years and had a high power of detecting smaller
effect sizes over 2-3 years, thus showing their use-
fulness as an effective stock monitoring tool. The
radial transect method as it is currently applied for
monitoring Victorian abalone stocks should have suf-
ficient power to detect changes in abundance of about
10% after 3 years sampling. Monte Carlo simulations
showed that surveys based on timed searches gener-
ally would require several years of sampling and con-
sequently would have lower power than radial
transect surveys in detecting the same rate of change.
The simulation results for the eastern zone, where it
was predicted that only one year would be required
for a 2.5% change, proved to be the only exception.
However, unlike the timed search sampling of the
central and western zones, all sites in the eastern
zone were sampled twice annually during 1989-91.
This additional sampling would be expected to in-
crease substantially the statistical power to detect
changes in abundance.

Surveys based on radial transects have been used
to monitor H. rubra stocks in the Victorian abalone
fishery since 1992 with the objective of establishing
a temporal series of abundance data to assist man-
agers in determining sustainable levels of fishing.
In monitoring Victoria’s abalone stocks, the aim is to
detect an overall change in abundance across a man-
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agement zone against a background of increases and
decreases at different sites within that zone. Al-
though the Monte Carlo simulations predict that,
with the use of transects, such overall changes should
become detectable within several years, it is obvious
that a much longer time series than three years is
required to determine if significant interannual
changes form part of a trend in abundance. In addi-
tion to the temporal scale required for effective moni-
toring of abalone stocks, there is also the issue of
selecting an appropriate spatial scale over which to
sample. Many abalone fisheries are managed in spa-
tial units involving several hundreds of kilometres
of coastline, and the relatively high cost of fishery-
independent surveys ensures that compromises must
be made to maximize the benefits from stock assess-
ment programs. Consequently, the biologist investi-
gating abalone is faced with selecting between a lim-
ited number of intensive surveys of substocks over
small spatial scales and extensive surveys that are
less detailed but at the scale over which the fishery
is managed (McShane et al., 1994). In their discus-
sion of the design of surveys for abundance indices,
Hilborn and Walters (1992) favored extensive sur-
veys with low sampling intensities that cover the
entire fishing grounds. Their preference for many
sampling stations and minimal effort per station has
recently been supported by Van der Meer’s (1997) study.
This is the approach we are currently using to survey
abalone stocks in Victoria, although we maintain rela-
tively high within-site replication to allow greater pre-
cision for site means. Whether power is traded off
against precision depends on the extent to which infer-
ences are to be drawn regarding individual sites.
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