Abstract—Visual estimates of reef-
fish length are a nondestructive and
useful way of determining the biomass,
mean length, or length frequency of reef
fish. Consequently, visual estimates of
reef-fish length are often an important
component of reef-fish monitoring pro-
grams, many of which increasingly use
volunteers. We compared estimates of
the length of plastic fish silhouettes
determined visually by experienced sci-
entific and novice SCUBA divers. Novice
divers showed a similar level of accu-
racy (mean error: 2.3 cm) to that of expe-
rienced scientific divers (mean error:
2.1 cm). Significant improvements in
accuracy and precision were provided
by a stereo-video system (mean error:
0.6 cm). After minimal training in the
use of hardware and software, vol-
unteers can obtain a high degree of
measurement accuracy and precision
with a stereo-video system, allowing
them to assist with monitoring reef-fish
lengths.
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The marine environment is affected
by many anthropogenic activities (e.g.
the exploitation of marine resources
for food, medicine, and curios) with
the result that many environments are
compromised by siltation and pollution.
Reef fish, an important commercial,
recreational, and cultural resource, are
likewise being exploited at an increas-
ing rate. Consequently, it is important
that environmental managers and sci-
entists have objective evidence of the
magnitude and effect of these impacts.
Data on the community structure of
reef-fish assemblages, including precise
and repeatable estimates of the length
frequency and abundance of individual
species, provide this information. Infor-
mation on the length frequency of a
fish population when linked with even
a rudimentary knowledge of the biol-
ogy of the species may allow estimates
of recruitment to the adult population,
fishing intensity, and rates of recovery
from fishing (McCormick and Choat,
1987) or other impacts.

Accurate and precise length and
abundance data are difficult to obtain

because fish occupy different habitats
and display varying behavior over a
range of spatial and temporal scales.
Environmental surveys are commonly
used to determine the abundance and
length frequency of reef-fish assemblag-
es with SCUBA divers who count and
visually estimate the length of individ-
ual reef fish (Jones and Chase, 1975;
Harmelin-Vivien and Bouchon-Navaro,
1981, Russ, 1985; Bellwood, 1988; Bell-
wood and Alcala, 1988; Kulibicki, 1989;
Samoilys, 1989; Francour, 1991, 1994).
Visual census techniques have many
advantages, compared with other sam-
pling techniques, in that they are quan-
titative, quick, nondestructive, and re-
peatable (English et al., 1994). The
disadvantages of visual census tech-
niques is that the observers undertak-
ing the sampling need to be trained
and must have experience to identify,
count, and estimate the length of reef
fish accurately (English et al., 1994). In
addition, visual census techniques in-
volving SCUBA divers are restricted to
shallow depths owing to the constraints
of decompression diving.
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Two important sources of error affect the accuracy and
precision of visual length estimates:

1 The estimation of the length of reef fish underwater
is complicated by the air-water interface in the diver’s
mask which causes objects to be magnified in size by a
factor of 1.3 and to appear to be closer to the observer
than they actually are;

2 Researchers using SCUBA have been shown to be inef-
ficient when performance underwater is compared with
similar activities in air (Hollien and Rothman, 1975).
The accuracy and precision of diver's estimates of reef-
fish length is probably affected by the detrimental phys-
iological effects related to SCUBA diving (Baddeley,
1965; Baddeley et al., 1968; Baddeley, 1971).

The level of precision and accuracy associated with vi-
sual length estimates influences comparisons of data over
different temporal or spatial scales in two distinct ways.
First, bias in the estimates can make the results of the
analysis less reliable. Second, any lack of precision in the
estimates arising from both sampling error and measure-
ment error tends to reduce the power of the statistical
analysis. The Great Barrier Reef Marine Park Authority
(GBRMPA, 1979), Bell et al. (1985), and Polunin and Rob-
erts (1993) have performed calibration studies in order to
qguantify measurement error and have concluded that such
error is relatively small and can be ignored. However, they
did not directly assess the extent to which such error reduc-
es the precision of a statistical analysis. Harvey and Shortis
(1996) demonstrated that subjectivity in visual length es-
timates can be overcome, and the accuracy and precision
of length estimates enhanced, by using a simple and rela-
tively inexpensive underwater stereo-video system.

The objectives of our study were 1) to compare the ac-
curacy and precision of stereo-video measurements of reef-
fish length with visual estimates made by novice and ex-
perienced scientific SCUBA divers; 2) to evaluate the ef-
fect of operator training and experience on the precision
and accuracy of length measurements made with a stereo-
video system; and 3) to assess the effect of water clarity on
the accuracy and precision of stereo-video measurements.

Methods of optimizing the accuracy and precision of ste-
reo-video length estimates are discussed and the accura-
cy and precision of experienced divers’ estimates are com-
pared to one other study.

Materials and methods

Comparison of length estimates made by novice
and experienced scientific divers with estimates
generated by a stereo-video system

The accuracy and precision of length estimates were tested
by a simple procedure that is used routinely for calibrat-
ing diver estimates of the lengths of reef fish (GBRMPA,
1979; Bell et al., 1985; English et al., 1994). Typically, poly-
vinyl chloride (PVC) sticks or silhouettes of fish are placed
in the water and their lengths estimated. The accuracy

of the diver estimate is then assessed from the difference
between the real size and the estimate. In this study,
16 plastic silhouettes of fish, ranging from 10 to 49 cm
in length, were placed at distances of between 3.0 and
6.6 meters from a transect rope. Each diver moved along
the transect rope estimating the length of each of the
sixteen silhouettes when they were opposite them. Each
diver repeated this process five times, i.e. five transects
each with estimates of the lengths of the sixteen silhou-
ettes. Five transects were completed with the stereo-video
system in the same manner. The distances from the tran-
sect rope and the order of the individual silhouettes were
kept constant throughout the trial. All silhouettes were
weighted in a way that their length orientation remained
perpendicular to the transect. Therefore, the error mea-
sures presented here do not take into consideration that
in the field the divers may have to make length estimates
where orientation of the live fish in relation to the diver
changes.

Novice divers Novice divers were defined as experienced
SCUBA divers who had made few, if any, estimates of the
lengths of reef fish underwater. Eight novice divers made
length estimates in a saltwater pool at the Portobello
Marine Laboratory (PML) between May 1994 and Janu-
ary 1995. No more than two transects were completed on
any one day, except one diver who completed four consec-
utive transects in one day. Between transects and dives,
data were not available to divers in order to avoid memo-
rization of previous estimates or of silhouette lengths. The
novice divers made only 594 of a possible 640 length esti-
mates because 46 silhouettes (7%) were not recorded. The
majority of the missing estimates were from the smaller
silhouettes (approximately 10 cm long) or from a silhou-
ette placed farthest from the transect (6.6 meters).

Experienced scientific divers Experienced scientific divers
were considered active marine scientists who had been,
or who were currently involved in research that required
them to make estimates of reef fish length. Six experienced
scientific divers estimated the length of the plastic silhou-
ettes between October 1994 and June 1996. Three of the
divers made their estimates in a saltwater pool at PML,
whereas the other three made their estimates in fresh-
water swimming pools elsewhere. A total of 480 length
estimates were made, and all silhouettes were recorded.
Owing to time constraints, all of the length estimates were
made on consecutive transects during one dive.

Stereo-video measurements For interested readers a
comprehensive description of the design and calibration of
the stereo-video can be found in Harvey and Shortis (1996,
1998) and will not be described here.

Stereo-video length estimates were made in the same
way as those made by the divers; the stereo-video system
recorded the silhouette as it was moved along the tran-
sect line by a diver. Measurements were made in the Uni-
versity of Melbourne swimming pool in July 1994. 80 sil-
houettes were recorded (16 silhouettesx5 transects). Four
sets of images were rejected because the orientation of the
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silhouette to the stereo-video rig was greater than 50 de-
grees, resulting in a deterioration of the accuracy and pre-
cision of measurements (Harvey and Shortis, 1996). Thus,
76 pairs of images were retained for analysis, from each of
which ten measurements were made.

To test whether measurements made by an inexperi-
enced volunteer using the stereo-video software would dif-
fer from those made by an experienced operator, two vol-
unteers were given brief instructions on how to operate
the stereo-video software and were asked to make mea-
surements of the silhouettes. Measurements made by the
inexperienced operators were then compared with those
made from the same images by an experienced operator.

To determine whether changes in the water clarity af-
fect the accuracy and precision of length estimates made
by the stereo-video system, a further three transects were
sampled in a saltwater swimming pool at the PML during
August 1994. Water clarity was measured with a tape mea-
sure to record the distance to the farthest, clearly visible
silhouette. A silhouette was clearly visible at up to 25 me-
ters in the swimming pool at the University of Melbourne
and up to 5.5 meters in the saltwater pool at PML.

We expected that the accuracy of measurements ob-
tained with the stereo-video system would improve with
operator experience. To evaluate the effect of experience,
the same operator remeasured the images recorded in the
swimming pool in Melbourne, approximately one year af-
ter the initial analysis. In the intervening period the op-
erator routinely used the stereo-video system for analysis
of fish lengths and was by far the most experienced person
using the system.

Analysis of data

Four measures of error were used to summarize the accu-
racy of each length estimate. If the observed fish length is
O and the true length is T, these four measures are

Error:
Relative error:
Absolute error:
Relative
absolute error: RAE=|O-T|/T = |E|/T = |RE].

E=O-T;
RE=(0-T)/T=E/T;
AE=]0-T] = |El;

The four measures provide different types of information.
The error E will be positive or negative according to
whether the observed length is an overestimate or an
underestimate. If the mean of E is close to zero, the
reason might be that all the estimates are accurate or that
some are overestimates and others are underestimates to
approximately the same degree. The absolute error AE
ignores the direction of the error, and thus would provide
different mean values for these two scenarios. The rela-
tive errors RE and RAE are of interest because it might be
expected that these would be consistent across a range of
fish lengths. The measure of accuracy used by St John et
al. (1990) was simply RE + 1.

The results for the novice and experienced scientific div-
ers were summarized prior to further analysis by calcu-
lating, for each silhouette and each observer, the mean

length estimate over all transects. The repeat transects
were therefore used solely to provide a reliable estimate of
the error made by each observer on each silhouette. If the
transects were truly independent, use of the mean would
tend to provide a conservative estimate of the error a diver
would make on one transect. Because the transects were
swum in quick succession, they were not independent and
therefore the degree to which their error was underesti-
mated should be small. Each mean length estimate was
then used to derive the four summaries of error, for each
silhouette and each observer. For each measure of error, a
two-factor analysis of variance was performed, the factors
being type of observer and silhouette length. The individual
observers provided the replication needed for this analysis.

To summarize the estimates made by using the stereo-
video, the mean length estimate over all ten measure-
ments was calculated (for each silhouette, transect, and
operator). The mean of these over all five transects was
then calculated for each silhouette and operator and con-
verted to the four summary measures of error. For each
measure of error, a one-factor analysis of variance was per-
formed, with silhouette length being the factor. The indi-
vidual operators (one experienced and two inexperienced)
provided the replication needed for this analysis.

The two types of diver data and all video data were ana-
lyzed separately, rather than in a single analysis of vari-
ance because for each silhouette the variation between
video operators was found to be much lower than that
between experienced scientific divers and novice divers,
making the usual assumption of equal variance invalid
(Underwood, 1981). Comparison of the video technique
with that of the experienced scientific divers and novice
divers was therefore made by comparing 95% confidence
intervals. The purpose of the analysis of variance for the
video data was to provide an estimate of the standard er-
ror associated with the mean (for each measure of error)
over all silhouettes.

To compare the data of experienced and inexperienced
stereo-video operators, the mean estimated length over the
ten repeat measurements obtained per image was calcu-
lated. These means were then converted to the four mea-
sures of error. Each measure of error was then analyzed by
using a two-factor analysis of variance, with operator and
silhouette as the factors. In this analysis, therefore, unlike
those for comparing estimates from divers with those pro-
duced with the stereo-video system, the transects provided
replication against which to compare operators. This anal-
ysis is reasonable, because in comparing the operators, the
transects can be regarded as independent.

To compare the use of a stereo-video system under the
two water-clarity conditions, a three-factor analysis of
variance was performed on the individual errors. In this
analysis, the factors were water clarity, silhouette, and
transect (nested within each combination of water clarity
and silhouette). Prior to this analysis, the estimates for
one of the silhouettes in 5.5-m water clarity were removed
because this silhouette was 6.6 meters from the transect
and could not be seen clearly.

For the 1994 and 1995 stereo-video data used to assess
operator experience, a three-factor analysis of variance
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was performed on the individual errors, the factors be-
ing year, silhouette, and transect (nested within each
combination of year and silhouette).

With the stereo-video system, the mean of ten mea-
surements should result in greater accuracy and pre-
cision than use of a single measurement. In order to
assess the extent of this improvement, the above anal-
ysis was performed a further five times by using the
first 1, 2, 4, 6, and 8 measurements.

One of the most commonly cited papers on the train-
ing of divers to estimate fish lengths with accuracy
and precision is that of Bell et al. (1985). The data for
this paper originated from a report published by the
Great Barrier Reef Marine Park Authority (GBRMPA,
1979). Tables 7, 10, 12, and 15 in that report contain
underwater length estimates of pieces of orange PVC
conduit (cut into 50 lengths ranging from 6 to 94 cm)
determined by experienced scientific divers. Three ex-
perienced divers undertook four transects estimating
the lengths of the conduit seen. The estimates of a
fourth diver are also included in Tables 10, 12, and
15 of the report. We have chosen to disregard this div-
er’s data because he was considered inexperienced at
the time. We have summarized these results by first
calculating the mean length estimate over all four
transects for each silhouette and diver. Each of these
means was then expressed by using the four summa-
ry measures of error described: error, absolute error,
relative error, and relative absolute error. For each
measure of error, a one-factor analysis of variance was
performed, with silhouette being the factor. The indi-
vidual divers provided the replication needed for this
analysis.

Results

Comparison of length estimates made by novice
and experienced scientific divers with estimates

generated by a stereo-video system
Figure 1 shows the range of length estimate means over

five transects for the novice and experienced scientific
divers and for the stereo-video system. The variability
of the estimates was greatest for the novice divers and
slightly less for the experienced scientific divers. By com-
parison, the length estimates made by the stereo-video
system showed little variability around the true lengths.

The coefficient of variation (CV=standard deviation/
mean) was significantly lower for the stereo-video than it
was for either the experienced scientific or the novice div-
ers (Fig. 2).

For all four measures of error (E, RE, AE, and RAE),
there was no significant interaction between type of diver
and silhouette size, suggesting that any differences be-
tween experienced scientific and novice divers were con-
sistent across the silhouettes. For this reason, the results
are presented as means across all silhouettes (Fig. 3). For
both E and RE, the difference between the experienced sci-
entific and novice divers was highly significant (P<0.0001);
for AE and RAE, the difference was close to significant at
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Figure 1
Comparison of the length estimates made by (A) experienced
scientific divers, (B) novice divers and (C) a stereo-video system.
Each point shows the mean estimate made over five repeat
transects by one diver or operator. The line in each plot indi-
cates the true length for each silhouette.

the 5% level (P=0.08 and P=0.05 respectively; F, 4,=5.96
[E], =1.75 [AE], =6.28 [RE], =1.94 [RAE]).

For both the diver and stereo-video data, there were sig-
nificant differences (at the 5% level) between silhouettes,
for all measures of error except RAE on the diver data. In-
spection of the silhouette means showed no clear pattern for
these differences. Any pattern would be difficult to interpret
because the silhouettes were placed at different distances
from the transect line in order to provide a range of sizes at
a range of distances from the transect line and thus make
the comparison of means in Figure 3 widely applicable.

The GBRMPA divers had a mean measurement error of
—2.4cm (SE=0.2 cm) which is similar to the —2.1 cm (SE=0.6
cm) mean error recorded by the experienced scientific divers
used in our study (Fig. 3). Because 26 of the silhouettes used
in the GBRMPA study were larger than any of those used
in our study, it might be argued that the relative errors are
more directly comparable. The mean RE for the GBRMPA
divers was —4.6% (SE=0.5%), compared with a mean of
—8.6% (SE=1.9%) for the experienced scientific divers used
in our study. These results suggest that the experienced
divers in the two studies had comparable skills.
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Figure 2
Coefficients of variation between divers or operators
of length estimates for experienced scientific divers,
novice divers, and a stereo-video system.

For all four measures of error, there was no significant
interaction between software operators and silhouette,
but there was a significant operator effect (Fig. 4). This
finding suggests that the differences between operators
were consistent across silhouettes. Although the differ-
ences between the operators were statistically significant,
they were small compared with the differences between
divers and the stereo-video system (cf. Figs. 3 and 4).
(F,,180=6.0, P=0.003 [E]; F, 15, =14.6, P<0.001 [AE]; F, 145=
3.6, P=0.029 [RE]; F, 14,=10.2, P<0.001 [RAE]).

There is little difference in the accuracy of measure-
ments made under poor water clarity (mean E=—0.99 cm)
compared with those made under good water clarity (mean
E=-0.6 cm). The RAE is more consistent across silhouettes
for good water clarity than it is for poor clarity. For the
larger silhouettes, the RAE is lower under poor water clar-
ity than under good water clarity (Fig. 5). This is probably
a result of lower contrast, permitting more accurate point-
ing to the tail and snout of each silhouette (discussed fur-
ther in the next section).

For all four measures of error, there was no significant
interaction between years and silhouette, but highly sig-
nificant differences (P<0.001 in all cases, F, ;,,=15.0 [E];
F,180=27.1 [AE]; F; 149 =14.6 [RE]; F, 14,=25.8 [RAE]) be-
tween years (Fig. 6). These results suggest that with in-
creasing operator experience the measurement error can
improve. This is probably a consequence of the operator
learning to distinguish and select the edges of objects of
interest accurately.

One of the advantages of stereo-video measurements
over diver visual estimates is that the image is stored and
it is possible to make numerous repeat measurements of
the same object in the laboratory. Taking the mean of this
set of measurements would result in greater accuracy and
precision than using a single measurement. Improvement
of the accuracy of estimates can be seen by comparing the
mean error, for each of the three operators, as the number
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Figure 3
Means and 95% confidence intervals for each measure
of error, for each method of estimating fish length. E =
experienced divers; N = novice divers; V = stereo-video
system, GBPRMA= Great Barrier Reef Marine Park
Authority data.

of repeat measurements is increased from 1 to 10 (Fig. 7).
There is improvement in the error for both inexperienced
operators and the experienced operator, even after ten re-
peat measurements (Fig. 7).

Discussion

Our results highlight the differences in the accuracy and
precision of length estimates of silhouettes of reef fish
made by novice and experienced scientific divers in com-
parison with those produced by a stereo-video system. Our
length estimates were made under ideal conditions where
the plastic models were fixed in position. Under real field
conditions fish move, occur at different distances from the
divers and have behavioral and morphological differences
that can influence length estimates. Consequently, the
measures of error presented in our study can most likely
be considered a best case scenario. As with Darwall and
Dulvy (1996), the results obtained by novice divers were
similar to, but slightly less accurate than, those obtained
by experienced scientific divers (mean errors of 2.3 cm and
—2.1 cm respectively). Our results also demonstrate that
significant improvements in accuracy can be obtained by
using a stereo-video system (mean error —0.6 cm). Similar
improvements in precision were also recorded: mean CVs
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Means and 95% confidence intervals for each measure of error, for

each stereo-video operator.

Volunteer 1

Volunteer 1

Volunteer 2

Volunteer 2

were 18.2%, 18.6%, and 1.6% for novice scientific
divers, experienced scientific divers, and the ste-
reo-video system, respectively. The results of the
experienced divers’ estimates are similar to those
obtained in other published research studies (Bell

{ et al., 1985).

In general, water clarity does not appear to
affect the accuracy or precision of the measure-
ments made from the stereo-video system. The ac-
curacy of the of the stereo-video system is limited
to the ability of the operator to accurately point
out image locations of interest that are then re-
corded to subpixel resolution. Discrete sampling
of the CCD (charged coupled device) sensors, com-
bined with noise artifacts from the video tape re-
cording and frame grabbing, tends to smear the
edges of the images and blur details (Shortis et
al., 1993). This result is particularly noticeable
under recording conditions with good water clar-
ity and high contrast where there is a problem
with the detection of the edge of the silhouette.
The edges or outline of the points of interest (in
this instance, the snout and fork of the tail of each
silhouette) become significantly blurred within
the computer image owing to sampling and noise
effects on each pixel. There is a tendency for the
observer to select a location inside the true edge
of the point of interest because the location most
nearly matches the local appearance of the body
of the object of interest. This results in the under-
estimation of silhouette length, as demonstrated
in Figure 1. Under poor water clarity, the edges of
the silhouettes have less contrast with the dark
background. This lack of contrast permits more
accurate pointing to the edges of the object of in-
terest because the sampling and noise effects gen-
erate a smaller disparity between the real and
apparent edges (Fig. 8). Less accurate measure-
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Figure 5
Relative absolute error for stereo-video estimates of
silhouette length under good and poor water clarity.

ments will be made when the contrast becomes
so low that the operator cannot discriminate be-
tween the object of interest and the background. Hence,
where there is sufficient contrast to discriminate the ob-
ject from the background, lower contrast will realize more
accurate values that ameliorate the underestimation of
length.

Advantages of stereo-video census techniques

The use of a stereo-video system for the measurement
of reef-fish length has many advantages. It significantly
decreases measurement error and is relatively insensitive
to operator experience. The data suggest that the stereo-
video system provides far greater accuracy and precision
than even experienced scientific divers, and potentially
allows inexperienced volunteers to participate in monitor-
ing programs without compromising the accuracy or pre-
cision of the data collected. This degree of accuracy and
precision may be important in research where the objec-
tive is to detect small (5-30%) changes in the mean length
of a population or assemblage of reef fish, with a high level
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of statistical power (Harvey et al., 2000). With
minimal training, volunteers can assist with the
analysis of images. In addition, a remote stereo-
video system can be used to record length-fre-
guency data without harm to the fish from far
greater depths and over longer periods of time
than is possible by employing SCUBA divers.
These advantages will likely have applications
in fisheries management and deep sea biological
surveys.

Unlike a diver who often has to make an im-
mediate decision on the identity and length of a
fish, a stereo-video system observer can review
the images later and repeatedly. Multiple imag-
es of the same fish are recorded, enabling the se-
lection of paired images with the best angle of
orientation to the cameras. Moreover, where im-
ages of fish are at an acute angle to the cam-
eras, the system is still able to make accurate
measurements provided that the head and tail
of the fish can be seen in both images (Harvey
and Shortis, 1996). In addition, once an image
is on screen, multiple measurements of one fish
can be made over a short period of time (example
10 measurements in 30 seconds), further reduc-
ing measurement error. Our results suggest that
at least five such measurements yield the most
accurate results.

Disadvantages of an stereo-video system

One of the disadvantages of a stereo-video system
is the financial cost of the equipment: two video
cameras with underwater housings; a PC com-
puter; and a suitable frame grabber required to
convert video sequences to the readable format
of digital images. Time constraints also need to
be considered. Although approximately 3 min-
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Means and 95% confidence intervals, for each measure of error, for

1994 and 1995.

utes are required to complete a calibration in the
water, approximately one hour is required in the
laboratory to capture the 32 images and process them into
a calibration file (Harvey and Shortis, 1998). The major
time constraint occurs in the selection and synchroniza-
tion of the paired video images from the left and right
videotapes. Once the calibration and synchronization pro-
cesses are complete, recording of image locations with the
measurement observation system is reasonably efficient.
The observer visually locates object features of interest,
positions a cursor on the feature and clicks the mouse.
Some physical constraints also need to be considered with
a design like ours. A bar 1.5 m wide is used to separate the
video cameras and may become entangled if used in large
algal beds such as those of Macrocystis pyrifera. In addi-
tion, the underwater video housings create water resis-
tance and the system can be difficult to maneuver into
a strong current. This system is unsuitable for censusing
cryptic species, because its base separation is too large to
maneuver into small crevices. The system is best deployed
off a boat, i.e. a boat large enough to safely carry the stereo-
rig, a calibration cube (see Harvey and Shortis, 1996),

Error (cm)
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Figure 7

Improvements in the accuracy of stereo-video mea-
surements due to increasing the number of repeat
measurements.
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divers, and diving equipment. Shore-based diving would
be extremely difficult.

Before a stereo-video system is used to collect and mea-
sure field data, operators should practice taking measure-
ments in the laboratory with a set of test objects of known
size, so that they may learn to distinguish the edge of the
object accurately within a range of water clarity.

Conclusions

Many of the problems outlined in our study can be over-
come in the near future. The development of digital video
cameras and frame grabbing boards have improved image
quality and the ease of image acquisition and synchroni-
zation. These developments will also facilitate the analy-
sis of streams of video images rather than single images,
thereby greatly increasing the speed of image processing.
In the future, the combination of stereo-videography with
neural networks and fuzzy logic could facilitate automated
pattern recognition, classification, and measurement of
reef fish from video images.

Worldwide, temperate and tropical reefs are being threat-
ened by anthropogenic disturbances. There is a need to
describe the ecological structure and function of reef-fish
assemblages and to monitor the effects of disturbance on
these populations. This type of research has traditionally
been carried out by government agencies and academic in-
stitutions. However, limitations in funding and resources
are forcing these agencies to use supplementary sources
of data. Consequently, the use of volunteers in monitoring
programs is increasing (Halusky et al., 1994; Mumby et
al., 1995; Darwall and Dulvy, 1996). Hunter and Maragos

(1992) suggested that new technology in computing and
underwater video systems may allow recreational and vol-
unteer SCUBA divers to assist with surveys of coral reefs
without compromising the data quality. We have demon-
strated that volunteers can in fact carry out surveys of the
length of reef fish using a stereo-video without compromis-
ing data quality. Although the differences in the accuracy
of stereo-video measurements made by an experienced op-
erator and volunteers is statistically significant, these are
negligible in comparison to errors in visual estimates by
divers. Our study specifically addresses length estimates
and does not address estimation of abundance. However,
if someone is estimating all the lengths of a fish observed
within a sample unit they are also effectively recording rel-
ative abundance. The accuracy and precision of abundance
estimates is an important issue. Factors that need address-
ing include the accuracy of estimates made by a diver at a
distance from the fish and the behavioral differences of fish
at various spatial and temporal scales. These are complex
issues that are beyond the scope of the present study.
Quantitative sampling of reef-fish length frequency or
biomass for monitoring programs requires reliable identi-
fication skills and the ability to make precise and accurate
estimates of reef-fish length. It is suggested that volunteer
SCUBA divers could be trained to use a stereo-video sys-
tem both in the water and in the laboratory for making
measurements. Volunteers, under the guidance of profes-
sional scientists, could assist with monitoring programs of
reef-fish length frequency and abundance without having
any effect on the quality of data recorded. The data col-
lected and analyzed from stereo-video images are proven
to be considerably more precise and accurate than visual
estimates undertaken by experienced scientific divers.



Harvey et al.: Comparison of estimates of reef-fish lengths made by divers and a stereo-video system 71

Acknowledgments

We acknowledge financial aid from the New Zealand De-
partment of Conservation (research grant 1822), the Uni-
versity of Otago Research Committee, the Southland
Regional Council (New Zealand) and the Division of Sci-
ences at the University of Otago, Dunedin, New Zealand,
and support from Sony New Zealand Ltd, THC Milford
Sound, Fiordland Lobster Company, and Mobil and Gore
Services Ltd. The authors are also grateful to James Seager,
of the Department of Geomatics at the University of Mel-
bourne, for assistance with software development, and
to June Hill, Callum Duncan, Lisa Kelleher, and Andrea
Brown for assisting with field trials. Additionally we thank
all the divers who willingly gave their time to assist with
our research. We would also like to acknowledge the Great
Barrier Reef Marine Park Authority for allowing us access
to data. This manuscript was greatly improved by com-
ments from Howard Choat, June Hill, Philip Mladenoy,
Keith Probert, and four anonymous reviewers.

Literature cited

Baddeley, A. D.

1965. The influence of depth on manual dexterity of free
divers : a comparison between open sea and pressure cham-
ber testing. J. Appl. Psych. 50:81-85.

1971. Diver performance. In Underwater science (J. D.
Woods and J. N. Lythgoe (eds.), p. 33-67. Oxford Univ.
Press, London.

Baddeley, A. D., J. W. De Figueredo, J. W. Hawkswell Curtis, and
A. N. Williams.

1968. Nitrogen narcosisand underwater performance. Ergo-
nomics 11(2):157-164.

Bell, J. D., G. J. S. Craik, D. A. Pollard, and B. C. Russell.

1985. Estimating length frequency distributions of large
reef fish underwater. Corals Reefs 4:41-4.

Bellwood, D. R.

1988. On the use of visual survey methods for estimating

reef fish standing stocks. Fishbyte (April):14-16.
Bellwood, D. R., and A. C. Alcala.

1988. The effect of minimum length specification on visual
census estimates of density and biomass of coral reef fishes.
Coral Reefs 7:23-27.

Darwall, W. R. T., and N. K. Dulvy.

1996. An evaluation of the suitability of non-specialist vol-
unteer researchers for coral reef fish surveys. Mafia Island,
Tanzania—a case study. Biol. Conserv. 78:223-231.

English, S., C. Wilkinson, and V. Baker (eds.).

1994. Survey manual for tropical marine resources, 368 p.
[Available from the Australian Institute of Marine Science.
P.M.B. No. 3, Townsville Mail Centre, Australia 4810.]

Francour, P.

1991. The effect of protection level on a coastal fish commu-
nity at Scandola, Corsica. Rev. Ecol. Terre Vie 46:65-81.

1994. Pluriannual analysis of the reserve effect on ichthyo-
fauna in the Scandola natural reserve (Corsica, Northwest-
ern Mediterranean). Oceanol. Acta 17(3):309-317.

GBRMPA (Great Barrier Reef Marine Park Authority).

1979. Workshop on coral trout assessment techniques: work-

shop series 3. G.B.R.M.P.A., Queensland, Australia, 64 p.
Halusky, J. G., W. J. Seaman, and E. W. Strawbridge.
1994. Effectiveness of trained volunteer divers in scientific

documentation of artificial aquatic habitats. Bull. Mar.
Sci. 55(2-3):939-959.
Harmelin-Vivien, M. L., and Y. Bouchon-Navaro.

1981. Trophic relationships among chaetodontid fishes in
the Gulf of Aquaba (Red Sea). In Proc. 4th int. coral reef
symp. 2:537-544.

Harvey, E., and M. Shortis.

1996. A system for stereo-video measurement of subtidal
organisms. Mar. Tech. Soc. J. 29(4)10-22.

1998. Calibration stability of an underwater stereo-video
system: implications for measurement accuracy and preci-
sion. Mar. Tech. Soc. J. 32(2):3-17.

Harvey, E., D. Fletcher, and M. R. Shortis.

2000. Improving the statistical power of length estimates of
reef fish: a comparison of estimates determined visually by
divers with estimates produced by a stereo-video system.
Fish. Bull. 99(1)72-80.

Hollien, H., and H. B. Rothman.

1975. The effectiveness of diver's work with and without
the aid of communication systems. Mar. Tech. Soc. J.
9(8):3-10.

Hunter, C., and J. Maragos.

1992. Methodology for involving recreational divers in long-

term monitoring of coral reefs. Pac. Sci. 46(3)381-382.
Jones, R. S., and J. A.Chase.

1975. Community structure and distribution of fishes in an
enclosed high island lagoon in Guam. Micronesia 11:127—
148.

Kulbicki, M.

1989. Correlation between catch data from bottom longlines
and fish censuses in the SW lagoon of New Caledonia. In
Proc. 6th int. coral reef symp. 2, p. 305-312. Townsville,
Australia.

McCormick, M. 1., and J. H. Choat.

1987. Estimating total abundance of a large temperate-
reef fish using visual strip-transects. Mar. Biol., 96(4):
469-478.

Mumby, P. J., A. R. Harborne, P. S. Raines, and J. M. Ridley.

1995. A critical assessment of data derived from Coral Cay

Conservation volunteers. Bull. Mar. Sci. 56(3):737-751.
Polunin, N. V. C., and C. M. Roberts.

1993. Greater biomass and value of target coral reef fishes
in two small Caribbean marine reserves. Mar. Ecol. Prog.
Ser. 100:167-176.

Russ, G. R.

1985. Effects of protective management on coral reef fishes
in the central Phillipines. In Proc. 5th int. coral reef symp.
4,p. 219-224. Tabhiti.

Samoilys, M. A.

1989. Abundance and species richness of the coral reef fish
on the Kenyan Coast: the effects of protective management
and fishing. In Proc. 6th int. coral reef symp. 2:261-266.
Townsville, Australia.

Shortis, M. R., W. L. Snow, B. A.Childers, and W. K. Goad,.

1993. The influence of storage media on the accuracy and
repeability of photogrammetric measurements using CCD
cameras. In Videometrics Il, p. 80-92. SPIE (Interna-
tional Society for Optical Engineering) 2067.

St. John, J., Russ, G. R., and W. Gladstone.

1990. Accuracy and bias of visual estimates of numbers,
size structure and biomass of coral reef fish. Mar. Ecol.
Prog. Ser. 64:253-262.

Underwood, A. J.

1981. Techniques of analysis of variance in experimental
marine biology and ecology. Oceanogr. Mar. Biol. Ann. Rev.
19(513-605):513-605.



