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EXECUTIVE SUMMARY

Surveys of abundances of demersal biota provide the empirical bases for assessing the biological
status of the Great Barrier Reef, testing the success or failure of management strategies,
investigating anthropogenic impacts on the reef, and contextualising fundamental research. The
accuracy and precision of the data that arise from surveys will be at least partly a function of the
survey methods'. It is important, therefore, to thoroughly document the sampling characteristics of
those methods. We sought to examine the relative biases and characteristics of precision of
sampling several species of benthic organisms and demersal fish by visual surveys of belt (or strip)
transects of a range of sizes. We also examined the biases arising from several procedures for
counting organisms within transects.

Estimates of population densities of most poritid corals, chaetodontid and lethrinid fishes, and
coral trout were affected significantly by the width of transect surveyed. Estimated densities were
greater for narrow (4m wide) transects than for wider transects (12m & 20m wide). Estimated
densities of chaetodons and poritid corals were also affected by transect length (20m, 60m, 100m),
with estimates declining as transect length increased. Counts of small fishes within small transects
(1-4m x 10-30m) were generally unaffected by the length or width of transects. The results were
consistent over six sites on two reefs, which represented a diversity of habitat and exposure
conditions.

The effects of transect size on estimated density were not caused by observers failing to count or
over-counting fishes which migrated into or out of the transects whilst they were being surveyed.
Nor did the results arise because of trends in abundances with either the depth of substratum
surveyed or the time of day when counts were taken. The most likely explanation for changes in
bias with changing transect size was systematic variation in the intensity with which transects were
searched. Larger transects were searched far less intensively (time taken per unit area) than small
transects. It is likely, therefore, that organisms were more likely to be overlooked in large
transects than in small transects.

The method by which transects were counted did not affect estimated densities, although estimates
differed systematically between two observers. Thorough training and periodic re-calibration of
observers will be essential for the utility of data stemming from ongoing monitoring programmes.

The precision of estimates from shorter and, for some taxa, narrower transects was consistently
poorer than from longer (and wider) transects. Precision of estimates varies with the number of
replicates surveyed, and so it is useful to consider the comparative costs (time taken) of sampling
sufficient transects of each size to achieve a standard precision. We refer to this measure as cost-
efficiency. Cost-efficiency varied greatly among sites for transects of all sizes, and there was no
consistent relationship between cost-efficiency and transect size for most taxa.

We recommend the use of 50m x Smtransects for the survey of many large, mobile fishes and
discrete benthic organisms. Transects of this size are likely to provide the least biased estimates of
density with the optimum balance of cost-efficiency and logistic convenience. For survey of
several small fishes, we recommend transects of 20m x 2.5m, although there is little empirical
reason to favour one transect size over the others we considered. It is important to note, however,
that application of the methods we recommend to taxa other than those we considered should be
preceded by thorough verification that the methods are appropriate for those other taxa.

We describe a set of procedures by which these transects can be surveyed efficiently by two-three
divers and suggest that these methods provide a sound, well documented methodological basis for
the further development of quantitative reef-wide monitoring.

I Provided that the sampling design is appropriate for the objectives being pursued.
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INTRODUCTION

Increasing concern about the ethical and economic trade-offs between exploitation and
conservation of natural biological resources in recent years has placed greater pressure on
environmental managers. The Great Barrier Reef is a particularly topical case, both within
Australia and world-wide. The gazetting of the Great Barrier Reef as a multi-use marine park
explicitly demanded the conservation of the biological characteristics of the Great Barrier Reef in
the context of ongoing recreational use and commercial development (GBR Marine Park Act,
1975). As managers of the GBRMP, therefore, the Great Barrier Reef Marine Park Authority
(GBRMPA) is faced with balancing the interests of an array of commercial activities (e.g. tourist
industries; scale, crustacean and sessile invertebrate fisheries; commercial shipping), recreational
users, Aboriginal users, and research groups, whilst endeavouring to ensure that the bio-physical
system is conserved. Management in this context effectively entails the regulation of human use,
eg. by zoning areas for different allowable uses, rather than intervention in natural bio-physical
processes per se (Hendee et al, 1990). The success of such regulatory management practices
should be assessed with reference to two variables: i) status of the ecosystem that is to be
conserved; and ii) the degree to which human use is facilitated to the satisfaction of users.
Monitoring the status and dynamics of the natural system, and of human use of the system,
therefore, provides the feedback necessary to assess the success or failure of management
strategies. The quality and quantity of information derived from such monitoring is crucial to the
evolution of prudent and justifiable management (Hendee et al, 1990).

Management responsibilities in the GBR region are manifest at a variety of scales of space and
time. Impact assessment and issues of reef use are typically addressed at relatively local scales
(within reefs) and over short times (one to five years). Zoning of the GBR and general
management strategies, however, extend to very large spatial scales (reefs, regions) and are
operative over long times (5 years - decades). To adequately assess the responses of reef biota to
these multiple activities requires sound empirical knowledge of spatial and temporal patterns in the
distribution and abundance of organisms on the GBR under ‘normal’ conditions, and of the
resilience of populations to perturbation. This information is most efficiently provided by
carefully planned quantitative descriptive studies over a range of spatial and temporal scales - i.e.,
via a sound monitoring programme - supplemented with the manipulative experimental studies that
are the province of fundamental research.

The information derived from monitoring is, in part, likely to be of a general, descriptive nature
intended to provide an empirical context within which to make decisions about the management of
specific issues or perturbations, and within which the results of local fundamental research can be
better interpreted. It is important therefore, that field sampling is designed carefully to provide
context-information for a variety of issues, as well as providing empirical tests of the effects of
management strategies on biota (Alcala 1988, Craik 1981, Crimp 1986, GBRMPA 1978, 1979,
Hendee et al 1990, Russ 1984, 1989). In most cases, management decisions will be made on the
basis of existing information, such as that delivered by general monitoring, or after relatively short
term studies. Typically it will be desirable to integrate information from different sources in a
coherent way. The strongest and most general basis for coherent integration among studies is
sound empirical knowledge about the sampling and analytical procedures from which each piece
of information was derived (Andrew & Mapstone 1987, Green 1979). The choice of sampling
methods for general monitoring, therefore, should be related to methods used widely in other
studies, and the documentation of their characteristics will be an important component in the
development of monitoring programmes.

The implementation of a general monitoring programme over such a range of scales will be
expensive and logistically constrained. It is critical, therefore, that sampling methods are cost-
effective. That is, methods should be chosen that i) provide reliable data ii) will maximise the
potential to identify changes or patterns in the abundance of biota; iii) are logistically feasible to
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repeatedly implement in a wide range of situations; and iv) are cheap, so that maximum flexibility
for the design of monitoring can be retained, within what will always be limited budgets.

In addition to the above, mainly logistic considerations, the final design of a general monitoring
programme must be based on considerations of the biology of the organisms of interest, the ways
in which we perceive and count them, and the scales at which natural fluctuations in abundances
occur and management actions are likely (Andrew & Mapstone 1987, Green 1979, Resh 1979).
Particularly important biological considerations include:
e the spatial and temporal characteristics of dispersion of the organisms;
e the rates and ranges of movement of the organisms, particularly with respect to the size
of sampling units and the time taken to count them;
e the spatial and temporal scales at which abundances vary most.
Important methodological considerations are:
e the size and shape of unit within which organisms are counted;
e the rates and ways in which the units are surveyed by an observer;
Critical aspects of the design of a monitoring programme are:
e the numbers of units used,
¢ the arrangement of sampling units at spatial and temporal scales greater than those of
the sampling units.

Interactions among the above biological, methodological, and design factors will determine the
degree to which real patterns in abundances are reflected in our data, the precision of estimates
obtained from a sampling programme, and the resolving power of statistical tests based on those
estimates. The most effective allocation of available resources rests on a thorough understanding
of these factors.

Thus, an early step in the development of a monitoring programme should be the examination of
the relationships between methodology and small-scale biological features, resulting in the choice
of sampling unit and method of survey that provides an optimum balance between reducing the
costs of local sampling and maximising the precision of estimates for each subject species or group
of organism. It should be verified, as far as possible, that the chosen sampling unit has adequate
sampling characteristics over the range of environmental conditions (e.g. habitat, population
density) within which it will be used. Non-destructive methods are generally preferred to methods
that alter the environment being monitored. Subsequently, the optimum sampling method is used
to estimate the variation in abundances at a range of scales, and these estimates are then employed
to decide where best to allocate limited resources to answer a specific question.

Assuming that a range of sampling methods are feasible within an envelope of cost and logistic
considerations, two main empirical features have been considered to distinguish which sampling
units and/or methods are most desirable: i) accuracy or relative bias; and ii) precision. The
accuracy of an estimate refers to its degree of departure from the true population value (Andrew &
Mapstone 1987, Lincoln er al 1982, Sokal & Rohlf 1981, Underwood 1981). Bias refers to the
consistency of inaccuracy - ie the extent to which repeated estimates tend to differ from the ‘truth’
in the same direction. Both accuracy and bias will be extremely difficult to asses in absolute terms
for field studies because we generally always have only estimates of the parameter of interest and,
therefore, can never be sure of its true value. The relative bias of a number of estimates can be
inferred, however, if it can be assumed that all are biased in the same direction - i.e., if it is
probable that all are either over estimates or underestimates. In general, sampling units that
provide data with the smallest bias will be preferred. The precision of an estimate refers to the
expected variation in repeated estimates of the same population (Andrew & Mapstone 1987,
Cochran 1963, Cochran & Cox 1957, Elliot 1977, Lincoln et al 1982, Sokal & Rohlf 1981), and is
often expressed as the (unit-less) ratio of standard error to mean. The precision of an estimate is
independent of its bias, and is by definition a relative property of a estimate unrelated to any
absolute ‘truth’. Hence, comparisons of precision are straightforward. Methods which provide
better precision for the same sampling effort are preferred.
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Several authors have found that either or both of these properties vary greatly with sampling
method (e.g. Fowler 1987, Gray and Bell 1985, Lincoln Smith 1988, 1989, Samoilys & Carlos
1992), and/or the size of sampling units (see review by Andrew & Mapstone 1987, Downing &
Anderson 1985, Downing & Cyr 1985), and may vary among habitats, times, sites etc. for a given
sampling unit (Short & Bayliss 1985). These and other authors have raised the spectre of spurious
inferences arising from inappropriate choice of sampling methods, and have emphasised the need
to quantify the characteristics of precision and bias associated with chosen methods (Bros &
Cowell 1987, Green 1979, Downing 1979, Pringle 1985).

The sampling characteristics of several methods of visual survey have been examined previously
(e.g. hectare counts of Plectropomus spp. (Ayling 1983a, Ayling & Ayling 1984a, GBRMPA
1979); timed visual surveys and/or belt transects for estimating abundances of fish (Bohnsack &
Banerot 1983, DeMartini & Roberts 1982, GBRMPA 1978, 1979, Kimmel 1985, Samoilys &
Carlos 1992, Sanderson & Salonsky 1980); manta-tow, and strip-transect counts of holothurians
over sand (Harriott 1984); manta-tow surveys of hard corals and Acanthaster planci (Fernandez,
1990, Fernandez et al 1990, Kenchington 1978), line-intercept methods, point, and quadrat
methods (Weinberg 1981), and video methods (AIMS, Mapstone in progress) for estimating
abundance of sessile fauna. Whilst the manta tow technique has received considerable scrutiny,
there continues to be some uncertainty over the strengths and weaknesses of methods for the
survey of benthic biota and demersal fishes on the GBR (Ayling 1983a, Ayling & Ayling 1984a,
Crimp 1986, 1987, GBRMPA 1978, 1979, 1986), ). In most cases, the relative bias of survey
methods have been the primary characteristic of interest, in many cases based on a desire to
adequately characterise the assemblage structure of the sampled areas (e.g. GBRMPA 1978, -
Russell et al 1978, Sale & Douglas 1981). Considerations of the precision of estimates of
abundances or the utility of methods in the context of the likely design characteristics of
monitoring programmes, however, have received less attention.

In this study we investigated the methodological aspects of estimating the abundances of a number
of reef organisms. We were concerned primarily with the utility of belt (or strip) transects of
various sizes as sampling units for the estimation of population densities. The characteristics of
relative bias and precision of sampling by belt transects have not been considered in the context of
a multi-species monitoring programme, although their application to counting particular species
have been examined previously (Ayling 1983a, Ayling & Ayling 1984a, Fowler 1987, Mapstone
1988, Sale & Sharp 1983). The organisms with which we were concerned were relatively large,
discrete organisms amenable to rapid counting in the field by divers, which were of interest to the
GBRMPA as measures of management success (GBRMPA 1978), and which had been surveyed
by related methods in the past (e.g., Ayling 1983b,c, Ayling & Ayling 1984b,c, 1985, 1986a,b,
Doherty 1987, Doherty & Williams, 1988, Fowler 1987, Mapstone 1988). Our interest was in the
selection of optimum methods for the estimation of population densities in the framework of future
monitoring programmes for the GBR, and we were not considering the utility of visual survey as a
means of estimating population structure (see Ayling 1983b,c, Ayling & Ayling 1984b,c, 1985,
1986a,b, 1991, 1992a,b, Ayling et al 1991, Crimp 1987, GBRMPA 1978, 1979).

Thus, the project had two primary objectives.
1. Estimation of relative biases caused by sampling unit dimensions, diver activity, different
observers, and searching procedures.
2. Estimation of the characteristics of precision of estimates from units of different size and
the relative cost-efficiency of sampling with those units. Relative cost-efficiency here
means the expenditure required to obtain estimates with uniform precision.
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MATERIALS AND METHODS

Location and Time of Field Work

Field work was done at Davies Reef (18050’S 14°38’E) and Bowden Reef (19°01’S 14P56’E) in
the Central Section of the Great Barrier Reef Marine Park between August 6 and September 30
1989. Both reefs are mid-shelf reefs, approximately 75km from the coast. The work was done
during two trips to the reef(s). On the first trip (August 6-14), two sites were sampled on the front
reef slope of Davies Reef, whilst on the second trip (September 17-30), a further two sites were
sampled on Davies Reef and two sites were sampled on Bowden Reef.

The definition of a site was necessarily arbitrary a priori, but we sought to minimise habitat
variation within sites whilst allowing the random allocation of sampling units with little overlap.
Each site comprised, therefore, a band of superficially homogeneous consolidated reef 800-1000m
long, 25m wide from the 2m depth contour, and with a maximum depth of 20m. In choosing
different sites, we sought to maximise variation among sites to ensure generality of the results of
the work. Hence, the six sites were chosen to represent a variety of conditions in which shallow
reef organisms might be surveyed routinely on mid-outer shelf reefs. Site details are given in
Table 1.

The allocation of transects in the field, however, was constrained such that transects did not span
major and conspicuous discontinuities of habitat, such as sand patches, deep passes in the reef
front, etc. Thus, some reef slope sites were lengthened by moving some transects along-shore to
avoid such discontinuities, and transects were distributed among 10 and 14 bommies at sites 1 and
3 respectively. From one to five transects were counted on each bommie. This fragmentation of
transect allocation was appropriate because: i) bommie fields are, by definition, fragmented
habitat; ii) it would be likely (and desirable) that in routine sampling several bommies would have
to be sampled to realise even moderate replication of transects within that habitat; and iii) given
the above constraints, it was impossible and undesirable to fit all transects of all sizes on a single
bommie.

Table 1: Locations, depth characteristics, and times of sampling of sites surveyed with transects
of each dimension. Depths are the minimum and maximum depths of the margins of
transects sampled, times are the earliest - latest times at which surveys were
begun/finished at each site. Site # gives the number used in the text to refer to each site.
'Bommies’ refer to large (>=50m®) patch reefs isolated from other reef by expanses of
sand. Sites 1 and 3 included 10 and 14 bommies respectively.

Reef Location/Habitat Depth (m) Dates Times Site #
- Davies Windward reef slope 2-20 August 6-10  08:43 - 17:03 5
| Windward reef slope 2-18 August 10-142  08:38 - 16:40 6
Leeward large 3-18 September 17-20  08:12 - 16:52 3
bommies
Leeward reef slope 1-18 September 20-23  08:17 - 16:53
Bowden  Leeward large 2-10 September 24-27  08:13 - 16:36 1
bommies
Leeward reef slope 2-12 September 27-30  08:19 - 16:43 2

2 As a result of injury, small fish were sampled at only one front reef site on Davies reef in the first field trip, and were
sampled at the second front reef site on the second trip.
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Organisms Counted

Organisms were surveyed in three groups, with individuals identified to species wherever possible
. The rationale for taxon inclusion was in part arbitrary and in part reflected the priorities of the
GBRMPA. Hence we set out to count:

e All chaetodontids, coral trout, lethrinids, and lutjanids;

e Crown of thorns starfish (COTS), large clam species, massive/sub-massive poritid

corals;

o Selected small site-attached fishes.
Poritid corals were not distinguished taxonomically but were counted into five arbitrary size-
classes: < 30cm @; 31-60cm®; 61-100cm®P; 101-200cm®P; >200cmd. Selected other taxa that
could be sampled conveniently without additional cost were also counted.

It was intended also that Drupella spp and small (<100mm®), cryptic Acanthaster planci would
also be counted, by destructively sampling within quadrats of 0.25-4.0m2, but searches of quadrats
of each size at each of two sites failed to find any juvenile A. planci and only 2 drupellids. This
work was subsequently abandoned.

We chose to cover as many organisms as logistically possible because 1) a general monitoring
programme should take into account the status of several species, ii) the range of sizes of sampling
units expected to be appropriate was the same for several organisms, iii) many of the organisms
could be efficiently counted concurrently, and iv) much of the cost of such a study was incurred in
vessel and support costs whilst in the field, so it was desirable to maximise the return from such
costs.

Sizes and Allocation of Sampling Units

Transect Sizes

Several criteria were used to select the range of transect sizes surveyed:

® Prior experience of the likely local distribution, abundances, and behaviours of the
major target organisms - transects were to be large enough for there to be reasonable
expectation of encountering at least one individual of a species, but small enough to
avoid having to count more than about 100 individuals;

® Logistic and safety considerations - the methods should be at least potentially useable
in a variety of situations without demanding excessively deep diving or moving great
distances from a dive tender;

® Methods used previously - future surveys had to be able to be related to prior surveys
and so some overlap of sampling units was required to asses the relative performance of
past and future methods;

¢ Minimum scale of sampling - units should be small enough to be able to sample within
habitats or sites of moderate-small area. '

On these bases, large, relatively mobile fish and benthic organisms expected to be of relatively low
abundance were counted in transects of 20, 60, 100m lengths and 4, 12, 20m widths (hereafter
‘large transects’). Small, abundant, and/or site-attached fish were counted along transects of 10,
20, & 30m lengths by 1, 2.5, and 4m widths (hereafter ‘small transects’). Lengths and widths of
transects were varied orthogonally for each group of organisms.

Allocation of Sampling Units

In allocating transects within each site, we sought to minimise variation in densities among

transects without introducing systematic dependence among transects. Our intention was to
ensure, as far as practicable, that transects of all sizes were providing estimates of the same

population of organisms.
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activity of divers nearby. The three passes spanned 3 days for the large transects, and 1.5-2 days
for the small transects.

Before counting began at a site, the shallow margin of the site was marked with numbered sub-
surface buoys placed every 100m along the 2m isobath. All data were recorded in the field
directly onto prepared waterproof data-sheets on which the transects were listed in order of survey,
and which included a description of the starting position for survey of each transect. Starting
positions were specified as both the absolute coordinates (x=1-780, y=1-21) and relative
coordinates (x-y distances from the shallow end-point of the previously surveyed transect) of the
beginning of the shallow margins of the transects. Hence, each transect was easily located with
reference to either the coloured buoys or the end of the previous transect, which was marked by a
small buoy dropped when that transect was surveyed (see below).

All four replicates of each transect size were surveyed at the first two sites visited (sites 5 & 6,
Table 1). Given the time constraints of the work, and following preliminary analyses of those data,
only three replicates of each size were surveyed at subsequent sites. Large transects were still
surveyed in three passes, however, and because of the allocation of one transect of each size to
each pass, this meant that the sampling design remained balanced across the orthogonal factors of
transect length, transect width, and pass at each of these sites. For logistic reasons, surveys of the
small transects were treated slightly differently from large transects. At sites 5&6, the fourth
replicate of each transect size was allocated to either pass one or two only, with a total of 15, 12,
and 9 transects being surveyed on the first, second and third passes respectively. At sites 1-4, the
third pass was dropped, meaning that sampling remained balanced over transect length and width
at these sites, but was unbalanced with respect to the main effect of pass, and interactions
involving pass. :

Counting Procedures

Organisms within each group (large fish, small fish, benthos) were counted concurrently during
surveys. Large transects were surveyed independently of small transects, but large fish and
benthos were counted within the same sets of large transects.

Having located the starting co-ordinates for a large transect, two divers swam isobathically along
shore, laying a tape along each long edge of the transect. The two tape layers were connected by a
length of buoyed twine equal in length to the width of the transect. Hence, by keeping the twine
taught between them, the divers remained 4, 12, or 20m apart for large transects and 1, 2.5, and 4m
apart for small transects. Because of the drag of the line, a third diver swam up the centre-line of
each transect carrying the weight of the rope. The principal observer (Observer 1, A. Ayling)
swam slightly ahead of this entourage, his rate of progress determining the rate at which the
transect was layed, and the two tape layers providing his reference points for transect boundaries.

































































































































































































