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ABSTRACT 

The dominant coral reef survey method, the line-intercept transect (LIT), was imported from 

terrestrial plant ecology in 197 1 to solve survey problems, especially on the reef slope. Results of 

the few field tests conducted are mixed and vaguely described methods cannot be replicated. This 

thesis aims to: define the most commonly used LIT protocols; elucidate problems and possible 

correctives: explore error sources and their control. Methods: authors of works testing or 

applying the LIT were surveyed: the dominant LIT protocol and an alternative were field tested. 

Accuracy was assessed using dgitired and geometric model area estimates of every coral on one 

site. The thesis argues that: Parallax effects. and attempts to overcome them, constitute the major 

threats to LIT validity. The problem increases as topographic relief increases and is greatest on 

the reef slope. Thc dominant protocol produces data of very low precision and uncertain meaning. 

The alternative allows lowr cost. high precision estimates of vertically projected cover, 

repeatable for particular colonies. and can therefore provide some insight into mosaic recycling as 

well as community change. Variation in reef topographic relief remains a major obstacle and 

must be carefully faaored into all inter-site comparisons. Topographic character as a stratifylag 

criterion in sampling programs may mitigate the problem for comparisons across similar strata. 

depending on information needs and budgetary constraints. Two page summary included. 
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1. INTRODUCTION 

Relevant, timely, accurate information, obtained at a needed level of 

precision and at reasonable cost, are essential components of any coastal 

management programme. There is arguably no place in the world where this 

is more important than the Maldives, an archipelago comprising in excess of 

1000 small islands clustered in 17 atolls. Coral reefs are of central 

importance to the material and economic well-being of Maldivians. Not only 

are the islands created from reef products by reef ecosystem processes, but 

the two mainstays of the economy, tourism and fisheries, are reef dependent. 

Thus the health of the nation is inextricably linked to the health of the reefs. 

Here however, as in most other countries with coral reefs, anthropogenic 

activities injurious to reef ecosystems continue to grow in number and 

severity. and stresses from little-understood phenomena such as crown-of- 

thorns starfish population explosions and coral bleaching seem to be 

becoming more frequent. There is increasing, widespread evidence, that 

these ecosystems are changing as a result of these stresses. 

In the Atlantic, the north coast reefs of Jamaica present one of the most 

dramatic examples of such change. having flipped fiom a coral to an algae- 

dominated ecosystem in the space of a decade (Hughes, 1994) and Florida's 

reef ecosystems have also undergone a shift in this direction (Ogden et a/., 

1994). In the Indo-Pacific. reefs in the Thousand Island area north of Jakarta 

(Java. Indonesia), are severely degraded (Harger, 1992), and the ASEAN 

region (Association of South East Asian Nations), in general shows signs of 

decreased coral cover (Wells. 1993). The reefs of the Maldives, in the Indian 

Ocean, averaged about 20 to 30% total live coral cover in 1992 (Allison, 

1995). which is a substantial decline fiom the early 1960's (Davies el a/., 

1971; Scheer, 1971). This is low compared to the 50% to 70% values 



recorded in the ASEAN region (Wilkinson el al., 1993), values which are 

themselves considered low (Wells, 1993). 

Increasing stress on coral reefs was apparent in the late 1960's, and the need 

for standardized, quantitative survey techniques to obtain data for reef 

management was voiced at the first coral reef congress at Mandapan Camp, 

India, in 1969 (Stoddart, 1972). Not long thereafter, researchers on 

Hawaiian reefs (Littler, 1971), Red Sea reefs (Loya, 1972; Loya and 

Slobodkin, 197 1 ), and Atlantic Panamanian reefs (Porter, 1 W2), published 

studies employing line-intercept transects. Apart from a neglected 

exploratory study which signaled important reservations about the method 

(Littler, 197 l), there was to be no evaluation of this new application of the 

line-intercept transect method for a decade (Dodge, et al., 1982; Weinberg, 

198 I), possibly because the method had been generally accepted in terrestrial 

plant ecology. Like all coral reef survey methods, the line-intercept transect 

evolved in terrestrial plant ecology, in response to research and monitoring 

problems similar to those faced by reef ecologists. 

At the turn of the century, Clements (1905) argued that exact methods were 

needed in terrestrial vegetation ecology, and presented the quadrat method, 

first used to measure the abundance of species, by Clements and Pound - 

(1898), as the solution. He also briefly described the line transect method as 

a means of estimating relative frequency (Clements, 1905), an approach 

which was later elaborated to include a measure of spacing in Tansley and 

Chipps (1 926). Bauer (1 936) seems to have been the first to publish results 

obtained with line-intercept transects, but most accounts cite Canfield (1 94 1) 

as the innovator (e.g., Gates, 1949; Whitman and Siggeirsson, 1954; 

Mueller-Dombois and Ellenberg, 1974). In the early forties, Bauer (1943) 

complained that the method had been disregarded, but by the late 1950's it 

was becoming popular (Cain and Castro, 1959), and three decades later, 



Bonham (1989) reported that it was one of the most popular methods used 

to estimate cover. 

The reasons for the ascent of the line-intercept transect method, in both 

terrestrial and reef ecology, are largely practical. In principle, plot methods 

- can provide estimates of a) relative abundance (frequency of occurrence. 

percentage cover); b) absolute abundance (density); and c) size distribution. 

In practice however, plots are generally very time-consuming to implement, 

and on a surface of considerable topographic relief, such as many reef flats 

and especially the reef slope, they are physically very difficult to use. In 

contrast, the line-intercept transect method is efficient, can be used in 

habitats with variable topographic relief, and directly provides: a) percentage 

cover estimates; b) size distribution of intercepted chord lengths; c) spatial 

location information; and d) relative frequency estimates. It is also possible 

to use the intercepted chord length data, with or without additional 

measurements, to estimate the absolute size distribution of the colonies 

sampled, thus providing demographic information for at least the more 

common organisms (McIntyre, 1953; Strong, 1966; Marsh el al., 1984). Of 

the parameters estimated, cover is perhaps the most generally usefil one. 

Cover is commonly used in terrestrial vegetation ecology (Bonharn, 1989, p. 

97) because: a) it is regarded as a better measure than density of biomass 

(Mueller-Dombois and Ellenberg, 1974, p. 80); b) it is very important to 

other community members because it is a measure of food and shelter 

(Mueller-Dombois and Ellenberg, 1974, p. 81); and c) it provides a uniform 

metric by which all sessile community members can be measured and 

compared (Mueller-Dombois and Ellenberg, 1974, p. 8 1 ; Bonham, 1989, p. 

97). In addition, cover and spatial information provide usefkl indicators of 

productive surface, dominance, and interactions in coral reef sessile benthic 

communities, where space is at a premium and an organism's exposed 



surface area is an important determinant of energy capture (light; 

particulates). Cover also provides a measure of growth, by which the 

important competitive mechanisms of overtopping and active interference 

are implemented. From colony to reef, expansion produces a complex three- 

dimensional structure which (as in a forest), baffles the physical energy in the 

ambient fluid (Klement, 1967). Baffling has two consequences: a) current 

velocity drops and so does the sediment load, which is trapped interstitially 

and is eventually cemented into the reef structure, supporting and enlarging 

it; b) reef constituents are also directly mutually supportive against physical 

energy extremes, such as storm waves. Thus growth and resultant baffling 

constitute a positive feed-back loop (Neumann et a/., 1977) which is 

extremely important to the expansion, unique structure, and persistence of 

reefs. There is also some evidence that dense aggregations of coral colonies 

can physically exclude the corallivore Culcita sp. (Allison, work in progress), 

and that the crustacean associates inhabiting dense marginal thickets of 

Pocillopora can repel corallivores such as Acanlhaster plancii from a reef 

(Glynn, 1983). There is thus good reason for the use of cover, for both 

overall and particular types of coral, as a core component of a reef 

monitoring program. The monitoring aims and the monitoring context will 

dictate the type of cover measurement required and the method by which it is 

obtained. 

Stoddart (1972) linked the main problems of plot-based reef surveys with 

field recording and sampling unit designation. Field recording problems are 
A 

primarily those of measurement and recording-unit identification. Apart from 

point-quadrat methods, plot methods have traditionally relied upon field 

estimates of size or percentage cover, practices which both Clements (1905) 

and Stoddard (1972) inveighed against as subjective. Although direct 

measurements of sampled entities within plots are sometimes taken, the 

process requires at least two measurements per item, decisions about where 



to measure for each item, and considerable concentration and book-keeping 

to ensure complete sampling without redundancy. The line-intercept transect 

method has the advantage that not only are direct measurements taken, but 

the second interception point of one item serves as the first interception point 

of the next, so only one measurement per item need be taken. For each point, 

the location, orientation and means of measurement are established by the 

line. 

Field identification is a problem regardless of the sampling method because 

of the diversity of organisms inhabiting a coral reef, the presence of many 

phenotypically very similar and very plastic species, and the difficulty of 

carrying any identification materials undenvater. The usual solution is to 

classify the benthos by life-form, another approach imported from terrestrial 

plant ecologjy ( e g ,  Cain, 1 932; Adamson, 1939; Webb et al., 1976). Thus 

corals may be classified as tabular. digitate, branching, massive, foliose, 

encrusting, etc. (Section 2.5). The problem with this approach is that all 

forms begin as encrusting. and many life-forms also merge imperceptibly into 

one another (e.g.. a colony which is tabulate in gross, may be composed of 

many small fingers or branches). In consequence, there is a tendency for 

considerable within- and bet ween-person variation in classification and 

identification (e.g.. Mundy. 1 99 1 a). which in turn contributes to differences 

among survey and study results. 

Quite apart from the difficulties of taxonomic identification, which confront 

any sampling method. it can be difficult or impossible to discern individuals 

within a sample (Muellcr-Dombois and Ellenberg, 1974), in which case 

arbitrary entities may be defined (e.g., algal assemblage; 1 m of ACB in a 

thicket = one colony). Even if such decision rules are formulated and 

individual units are identified, adjacent units may interdigitate producing a 

small-scale, resolution-defying mosaic (first indicated as problematic for the 



line-intercept transect by Bauer, 1943). In addition, boundary effects may 

occur because entities being sampled frequently straddle plot boundaries and 

must be identified as in or out of the sample, requiring decisions - which may 

be biased (Mueller-Dombois and Ellenberg, 1974). 

The sampling unit is problematic in that both the size of organisms sampled 

and their spatial dispersion pattern interact with plot size and shape (Greig- 

Smith, 1983). A plot size which is smaller than the average size of the 

organisms or clumps of the organisms sampled, may land on an organism or 

a clump (giving a high value), or may not (giving a low value). As a result, 

sample variance will be high. This outcome can be moderated by using larger 

plots or elongate plots. Elongate plots cross more clumps than square ones 

of the same area, thus evening out the values in each plot. On the other hand, 

long rectangular plots are more prone to counting errors due to boundary 

effects than are square or circular plots (Greig-Smith, 1983). Exploratory 

surveys can provide information about the size and spatial distributions of 

organisms to be sampled. allowing selection of an appropriate plot size. 

However, there will usually be a number of species in a plot and they may 

differ greatly in average size and pattern of spatial dispersion, so the same 

plot size will not be optimal for all species in a sample. Where the sampling 

emphasis must be spread evenly across all such species there may not be a 

simple cost-effective solution Furthermore. average size and dispersion 

pattern may vary spatially and temporally, so pilot studies are desirable at 

each place and time to approach optimality. The line-intercept transect is not 

immune to these problems. but they are more easily dealt with, since the 

sample unit extends in only one dimension. Although boundary effects seem 

likely to occur, they have not specifically been investigated for line-intercept 

transects, and they have not been apparent as inaccuracies in evaluations 

conducted to date. Physical constraints on sampling may also be important 

(and may influence data collection, and hence theory in fbndamental ways, 



c.f. Foster, 1990). Bauer (1943), for example, adopted the line-intercept 

transect method because quadrats were too difficult to deploy in chaparral so 

dense that it could only be penetrated on hands and knees. A coral reef 

community is denser still, forcing the observer to work above the 

community, a requirement which the aquatic medium facilitates. While this 

confers the advantages of an 'herial" perspective, it introduces a class of 

perceptual errors commonly categorized as 'parallax error" in the coral reef 

literature. These are aggravated by sloping and irregular benthic topography, 

and by water motion, which also make the deployment of survey instruments 

difficult. In addition, the physiological effects of breathing pressurized gas 

severely limit the time a worker can stay at depth, and the quality of the data 

obtained. 

None of these obstacles is insurmountable, but they all contribute to the 

complexities of sampling design, the data recording process, and subsequent 

data interpretation. In consequence the costs can become very high, and 

since field time in particular is expensive, and often the areas surveyed must 

be large, the cost of implementing plot sampling can become prohibitive. 
1 

Also. large-scale phenomena require large plots (Mueller-Dombois and 

Ellenberg. 1974). so more time and money is needed. Although these issues 

also pertain to line-intercept transect surveys, the decision calculus is much . 

less complex than for plots in every respect, largely because of the one- 

dimensional nature of the sample. As a result, the costs of implementing line- 

intercept transect surveys are substantially less than the costs for plot surveys 

(Loya, 1 978; Dodge el a/. . 1982; Ohlhorst et a]., 1988). Largely for these 

reasons. the line-intercept transect method has become the dominant reef 

monitoring method, and has in fact been used several times as a standard for 

assessing innovative survey methods (photographic transects, Ott, 1975; 

video transects, Carleton and Done, 1995; belt transect estimates of coral 

damage, Allison, 1 996). 



The line-intercept transect concept includes a number of more or less well 

differentiated protocols which differ in the type of line used, how the line is 

deployed, and how measurements are taken and recorded. The chain version 

is dominant in the tropical Atlantic, where it has been adopted as a 

component of the Caribbean regional monitoring program (CARICOMP, 

1991). The aim of this method, in which the chain conforms closely to the 

topographic relief of the substratum, is to estimate the total producing 

surface of a portion of substrate. According to Rogers ei al. (1994), the 

method is difficult and time-consuming to implement, requires a substantial 

training investment, invariably does some damage to the corals, and is 

intractable in areas with abundant branching corals. It also seems very 

susceptible to counting and recording errors. These characteristics make the 

method unsuitable for general monitoring purposes in developing countries 

with limited trained manpower and money, and in locations where branching 

coral life-forms often dominate the reef communities, such as the Indo- 

Pacific. Although this method will be referred to and discussed, and is the 

best choice for certain research purposes, it is not the primary concern of this 

study. Although the name 'line-intercept transect method implies a certain 

degree of standardization, in fact it represents a number of protocols. In the 

Indo-Pacific region the Australian Institute of Marine Science (AIMS) and - 
4 

the United Nations Environmental Program (UNEP) advocate a version 

closely resembling that of Loya and Slobodkin (1 97 l), but using a fiberglass 

tape-measure as the transect line (UNEP/AIMS, 1993; English et al., 1994). 

This version of the line-intercept method, it has been argued, is time- 

efficient, has relatively simple recording requirements, and is effective on 

irregular reef slope benthic topography (Loya and Slobodkin, 1971). Other 

protocols are known to be in use, but apart from the reef survey manuals 

associated with these regional programs (UNEPIAIMS, 1993; English et al., 

1994; both recent publications), the published accounts of reef research or 



methods evaluations involving the line-intercept transect, do not describe 

transect line deployments and seldom describe how readings are taken. 

A questionnaire administered to researchers who had published work 

involving line-intercept transect reef surveys showed that a diversity of 

- deployments are used, all under the rubric of the line-intercept transect. 

There are two main reasons for avoiding a taut, level transect tape. The most 

general reason is to control errors due to the effects of parallax, by keeping 

the transect line close to the substrate. In addition to this, a line deployed 

closely conformed to the substrate may meet some research aims, such as 

estimation of total producing surface or potential food supply for a 

corallivore. A taut, level deployment is consistent with estimating vertically 

projected cover, the traditional measure obtained from this method in 

terrestrial plant ecology, but parallax effects can be significant and should be 

controlled. 

Compounding the uncertainty produced by ambiguously defined line 

deployments, intercepted distances may be read as vertical or perpendicular 

projections relative to either the substrate or the tape. To complicate the 

situation further, a rope may be used instead of a transect tape, in which case 

sessile benthos lying under the line is measured with a ruler laid atop the 

benthos (e.g., Niphon Phongsuwan, questionnaire response; probably Loya, 

1972). The distortions produced by a relief-influenced line deployment are 

thereby avoided, but it is not clear what the relationship between the 

intercepted distances and the actual transect length (the denominator in 

percentage cover calculations) might be. Regardless of which transect line 

deployment is used, parallax-induced errors persist. They are most evident to 

the observer when there is a gap between the line and the substrate and a 

taut, level line is being surveyed, and they also occur when surveying a relief- 

influenced or substrate-conforming deployment. They may appear to vanish 



when a substrate-conforming transect is deployed, but the line itself must be 

set beneath a guide line and numerous subjective decisions are made in this 

process. All such decisions are influenced by the spatial perceptions of the 

observer, and in the water these are unreliable. 

The errors produced by these various factors have been confounded with the 

significant spatial and temporal variation observed on coral reefs (Lewis, 

1970; Goodwin et a/., 1976; Hughes, 1985). This combination has produced 

the low sample precision and high minimum discernible differences observed 

in many reef survey studies utilizing both replicate (Dodge et a!., 1982; 

Mundy, 1991 b) and repeat (Mundy, 1991b) transect surveys. As a result, 

Mundy (1991b) has concluded that the method is unsuitable for monitoring 

work, and that sampling effort is better invested in replicate than repeat 

transect surveys. This is premature because the appropriate tests, in which 

confounding factors are controlled, have not been performed. For example, 

identifications were not standardized in Mundy (1 99 1 b), and Montebon 

(1993) did not control observers or history in a study with six quarterly 

repeat samples. At the other extreme, computer simulations such as Ohlhorst 

et al. (1988), produce unrealistically precise results because all error is 

eliminated, but demonstrate that the method itself is robust if its basic 

assumptions are not violated. 

The aim of this thesis is not to argue the case for the line-intercept transect 

method as 'the method" for monitoring the sessile benthos of coral reefs. 

Particular circumstances, such as the precise aims of a programme and the 

practical limitations encountered, make such a goal unrealistic and 

undesirable. Rather, it is argued that the line-intercept transect method can 

efficiently provide reliable data, usefbl for monitoring the status of coral 

reefs, and suitable for certain research purposes, provided certain criteria are 

met. The criteria are objectivity and comparability with data obtained by 



other methods. It is fbrther argued that quantitative is not necessarily 

objective; that the line-intercept transect method, as it is now commonly 

implemented (with a relief-influenced line deployment) is very error prone at 

best and produces data of uncertain meaning at worst. In the course of 

several empirical studies, the magnitude and sources of error are 

investigated, practical measurement resolution limits are explored, and the 

implications for repeat sampling of permanent sites are discussed. 

Suggestions are made to reduce and control error. 

The presentation of the investigations is organized as follows: 

Chapter 2: General methods, definitions, and principles used throughout 

the thesis. 

Chapter 3: Investigation of the literature and simulations of surveys 

illuminating problems and potential problems in coral reef survey work, 

especially with the line-intercept transect method(s). 

Chapter 4: Field comparisons of the commonly used relief-influenced, no 

plumb-line protocol with an alternative using a taut, level transect tape 

and a plumb-line. 

Chapter 5: Field investigation of sources of variability on horizontal reef 

of low topographic relief using transects deployed taut and level, with and 

without plumb-line. 

Chapter 6: Synthesis. 

Chapter 7: Summary. 

2. GENERAL METHODS 

2.1. STUDY LOCATIONS AND LINE-INTERCEPT TRANSECT 

DESCRIPTION 

The reef survey data presented in this thesis were collected from two reefs in 

the Republic of Maldives and one reef off Zanzibar, Tanzania. The Maldivian 



reefs (Figure 2.1) were Galifaru ring reef (lat. 4 deg., 12 rnin., 20 sec. N; 

long. 73 deg., 29 min., 48 sec. E) and the reef around Villingili Island, North 

Male Atoll (lat. 4 deg., 10 rnin, 16 sec. N; long. 73 deg., 29 rnin., 10 sec. E). 

The Zanzibarian reef was located off Chapwani Island (Figure 2.2; lat. 39 

deg., 12 rnin. S; long. 6 deg., 08 min. E)). *The coral reef sessile benthos 

sampling method that was investigated was the line-intercept transect 

method. In essence, this method involves recording the lengths of portions of 

target organisms intercepted by (i.e., lying immediately beneath) the transect 

line (Figure 2.3A). By convention, in the terrestrial plant ecology literature, 

this length is a vertical projection of the target item (Greig-Smith, 1983), but 

in coral reef surveys the projection used is seldom explicitly described in the 

literature, and seems to vary among surveys. Sighting devices to ensure a 

vertical projection are generally used for terrestrial point-quadrat surveys 

( e g ,  Gates ef al., 1956; Heady ef a/., 1959; Kershaw, 1958), which are 

similar to line-intercept surveys insofar as interception points must be 

determined for both. With the exception of forest tree surveys where special 

sighting devices have been developed and may be used (Buell and Cantlon, 

1950; Lindsey, 1955; Jackson and Petty, 1973). they are seldom used for 

line-intercept transect s. Mueller-Dombois and Ellenberg (1 974) indicated 

that deviations from the vertical were a serious threat to accuracy in line- 

intercept transect surveys To correct for this they recommended, as an 

essential tool for surveying woody vegetation, a 3 m long, thin rod held 

vertically from tape to crown edge Despite this, the only reported use of a 

sighting device for line-intercept surveys of shrubs and smaller vegetation is 

Anderson (1987), for which a plumb-line was used to assure a vertical 

projection (Anderson, questionnaire response). Apart from Allison (1 996), 

there is no published account of such a device being used in coral reef line- 

intercept transect surveys, despite the generally recognized problem of 

parallax-induced measurement difficulties (discussed later). 



Figure 2.1. Map of Maldives 
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Figure 2.2 Map of islands lying off of Zanzibar Town. Zanzibar. Tanzania. 
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It is germane to note that the line-intercept transect method was developed 

primarily in a context in which the transect line was deployed along flat, level 

ground. Surveys in other environmental contexts, whether terrestrial or 

aquatic, do not mention the consequences of topographic relief for either line 

deployment or measurement. Although the spectrum of possible line 

- deployments illustrated by the three options in Figure 2.3 is discussed and the 

research findings have implications for all of them, the range of possibilities 

represented by the relief-conformed deployment was not specifically the 

subject of empirical investigation in this study. 

2.2. EVALUATION CRITERIA 

The general criteria used to evaluate method performance are accuracy and 

precision, as defined in Kendall and Buckland (1967). Accuracy is defined as 

the closeness of computations or estimates to exact or true values (p. 5), or 

the closeness of an observation to the quantity intended to be observed (p. 

224). They point out that precision, in contra-distinction to accuracy, is 

associated with a class of measurements. It refers to the way in which 

repeated measures conform to themselves, or more specifically, it refers to 

the dispersion of observations (p. 224). There is an asymmetrical relationship 

between these two concepts, in that accurate repeated measures of the same 

invariant object must also, collectively, be precise, but a collection of highly 

self-conforming, or precise measures, need not be accurate. There is a 

further, more profound asymmetry, in that precision can be readily quantified 

but accuracy often cannot, as is the case with live coral cover on a reef. In 

light of these considerations, a pragmatic approach to evaluating accuracy 

was adopted. Operationalism (Bridgman, 193 6) maintains that the 

relationship of data to a concept is determined by the precise specification of 

the operation by which the data is collected. For example, the relationship 

between intercepted distance measures and percentage cover is determined 

by the protocol by which the line-intercept transect is operationalized. 

Assuming such specification, evidence of accuracy is accepted if different 



Figure 2.3. Illustrative line-intercept transect on an hypothetical reef. Each coral colony is labelled alphabetically in order of occurrence 
(a, b, c, etc.) and identified by life-form (cc, ct, cb, etc.) to give the identifiers a m ,  b.ct, c.cb, etc. 
A. Planar view of vertically projected coral cover only. 
B. Profile view displaying three possible transect line deployments: a) taut, level (TL); b) relief-influenced (RI); c) substrate-conformed 
(SC). This diagram was used in the simulation described in Chapter 3, and, without labelled colonies, in the questionnaire (Appendix I). 

0.5 b I 

metres 1 .o 



and preferably independent operations which in principle should produce 

similar estimates, do so in practice. 

2.3. SOURCES OF VARIATION 

Variation, as either random or systematic errors, may arise fiom several 

sources, such as reading error, measurement error, natural variation in the 

quantity measured, and what may be termed specification and 

methodological errors. Reading errors are produced by uncertainties caused 

by the limitations of the measuring equipment and the observer's ability to 

read it. In the case of the line-intercept transect method, these can be quite 

variable depending on such things as the distance of the line fiom the 

substrate, movement of line and observer, and the precautions which are 

taken to compensate for these. Measurement error arises as the result of 

inherent and unavoidable random errors in the measuring procedure, such as 

recording errors, and can be difficult to tell fiom reading errors in reef survey 

work. Natural variation is the result of variation in the quantity being 

measured. Specification errors are produced by such things as inconsistencies 

in observer identification and measurement of items arising fiom ambiguous 

rules. Methodological error arises from inconsistencies in how the transect 

tape is deployed and the perspective from which readings are taken and can 

be difficult to distinguish from measurement error. Because the remaining 

sources of error (reading. measurement. methodological), may be difficult to 

distinguish from one another. they are lumped as mensuration error, except 

where a more specific designation seems reasonable. 

2.4. CONTROLLING EXTRANEOUS VARIATION 

To limit data differences within and between both observers and protocols to 

mensuration differences. the sources of specification error were controlled by 

careful standardization of both the life-forms identified, and the procedure 

for measuring them. requirements for consistent accuracy specified by 

Canfield (1 94 1). To control the effects of identification errors, which Mundy 



(1991) identified as a major source of variation, targets were restricted to 

hard corals, for which a relatively unambiguous life-forms classification was 

used (simplified from DeVantier el al., 1985). A second major source of 

variation, measurement inconsistency (Mueller- Walker, 1970; Dombois and 

Ellenberg, 1974), was controlled by ignoringgaps in live coral cover within 

single colonies, such as those normally present between branches of digitate 

or shrubby growth forms (i.e., canopy cover, rather than actual cover was 

estimated (Greig-Smith, 1983)). Larger gaps, such as caused by irregular 

colony growth or mortality, were recorded. The perceived average density of 

branches and interbranch spaces was used as the criterion for deciding 

whether or not to measure a gap, as suggested for terrestrial vegetation by 

Hormay (1949). The life-forms used were: acropora-branching (ACB), 

acropora-digitate (ACD). acropora-shrubby (ACS), acropora-tabulate 

(ACT), coral-branching (CB), coral-digitate (CD), coral-shrubby (CS), 

coral-tabulate (CT), coral-encrusting (CE), coral-foliose (CF), coral-paddle 

(CP), coral-massive (CM). and coral-columnar (CC). Since the only corals 

present with paddle-like branches were broad-bladed Pocillopora spp., 'CP 

uniquely identified them taxonomically to genus as well as to growth form. 

Massive life-forms were predominantly Porites sp. and faviids and encrusting 

life-forms were either Paww sp. or juveniles of any of the above types since 

all corals assume an encrusting life-form early in their settled existence. Only 

life-forms visible in vertical projection (planar view) were recorded and 

measured. Variability due to natural variation, in this case small-scale spatial 

heterogeneity and mortality. was controlled by the use of repeat surveys of 

the same transects with only a short time interval between surveys. 

Three types of data pertaining to sessile benthic organisms are available fiom 

the line-intercept transect method, these being intercepted distances (chord 

lengths), frequency of occurrence, mean intercepted distance (mean chord 

length, derived fiom the first two), and spacing data. The former can be used 



as it is (raw data) or transformed to percentage cover data at several levels 

(individual colony, life-form, total coral). In this study most of the analyses 

were performed on raw intercepted distance data, at the three levels of 

analysis listed. Frequency of occurrence and mean intercepted distance data 

were also used in some instances. 

For all ANOVAs, homogeneity of variance of the data sets was assessed 

using residual analysis and normality of the data was assessed with a normal 

probability plot. If departures from either assumption appeared serious, the 

data was transformed to rank data and the rank transformed data set was re- 

analyzed. This usually was necessary with individual colony data, and was 

sometimes required for data aggregated by life-forms. It was not usually 

necessary for total coral cover data. In all cases where transformations were 

used the conclusions of the analyses using raw and ranked data were the 

same, but the probabilities were somewhat altered. 

2.5. INSTRUCTIONS FOR TRANSECTORS 

These instructions were written on underwater paper and taped to the back 

of the clipboard on which the recording sheet was mounted. 

1 .  The relief-influenced protocol will always be run first, without a plumb- 

line. 

2. Record: your name, type of transect, site, date, date, start and finish - 

times, conditions. 

3. Begin recording at the 10 m mark and stop at 20 m. 

4. Always take measurements along the border of the tape with the tick- 

marks at the tape edge. 

5. Grasp the plumb-line above and close to the transect tape and do not 

attempt to take readings unless the line is being held. 

6. Make no attempt to duplicate the results of one trial on a subsequent trial. 

7. Focus on recording the distance of transition points and not on colony 

size. 



8. Round observations to the nearest centimeter. 

9. If you cannot use the plumb-bob tip or attached line and must use the 

wide basal portion of the plumb-bob, adjust the measurement by the 0.5 

cm radius of the plumb-bob. 

10. Record only corals and use the life-forms categories (these were itemized 

at this point). 

11. Ignore small gaps in coral cover, such as those between fingers or 

branches, but measure gaps exceeding the average size, such as those 

between portions of a colony. 

12. Make a schematic sketch of colonies barely on or off of a transect to 

show the relative positions of tape and colony. 

If you are in doubt about something, ask, I'll be right behind you. 

2. 6. DEFINITIONS 

The following definitions are used throughout this thesis. 

Intercepted Chord Length or Intercepted Distance. The distance between 

two interception points. 

Interception Points. These are points along the transect tape at which the 

tape intersects boundaries delimiting members of the sessile benthic 

community. These were rounded to the nearest centimeter. 

Life-form Definitions and Life-form Codes. The life-form names used 

herein were chosen to be descriptive of the different coral colony 

morphologies encountered and are a simplification of the AIMS life- 

forms classification (English el al., 1994). On real sites, acroporans 

("AC") are distinguished from non-acroporans ('C") but in the 

simulation based on the fictitious reef in the questionnaire, and to 

simplify the identification task for neophytes participating in surveys, the 



distinction was dropped. Common examples are indicated in 

parentheses. 

ACB = Acropora-branching (A cropora formosa) 

ACD = Acropora-digitate (A. digitifera, A. humilzs) 

ACS = Acropora-shrubby (A. tenuis) 

ACT = Acropora-tabulate (A. cytherea, A. hyacinlhus) 

CB = Coral-branching (usually ACB) 

C C = Coral-columnar (Favia stelizgera, Psammacora diglafa) 

CD = Coral-digitate (Porites nigrescens or ACD) 

CE = Coral-encrusting (Psamrnacora profirndacella, Pavona sp.) 

CF = Coral-foliose (Echinopora lamellata) 

CM = Coral-massive (Porites iutea, Goniastrea ret~ormiis) 

CP = Coral-paddle-like (Pocillopora verrucosa) 

CS = Coral-shrubby (usually ACS) 

CT = Coral-tabulate (usually ACT) 

M = fire "coral" (Millepora sp.) 

Additional Codes Used. 

ACRO = Total acroporans 

COR = Total non-acroporans 

TOT = All corals, including MiNepora sp. 

n.d. = no data, because no coral intercepted 

ud. = undefined 

na. = not applicable 

Planar View. View vertically down on the substratum (which is not 

necessarily horizontal or flat). It is also called plan view, map view, or 

vertically projected view, and produces a vertically projected estimate of 

percentage cover. 



Protocol TLNPL = Taut, Level, No Plumb-Line. In this protocol the 

transect tape deployment is taut and level, and perceived vertically 

projected intercepted distances are recorded without the assistance of a 

plumb-line. Data obtained using both this protocol and RMPL seems to 

be reported in the literature and compared without indication of their . . 

differences. 

Protocol TLPL = Taut, Level, Plumb-Line. In this protocol, the tape was 

deployed taut and as level as possible, between stakes 2.5 to 5 meters 

apart (Figure 2 .44B;  2.5B). The stakes were the only attachment points 

for the tape, which allowed a high degree of fidelity among deployments. 

The major source of variability when this deployment is used is the 

subjectivity admitted by the distance from the transect line to the 

substratum. To limit this, a plumb-line was moved along the tape from 

start to finish (Figure 2.4B), much like the sliding arm of a caliper. It is 

important to maintain contact between plumb-line and transect tape for 

the entire length of the transect. If the plumb-line is only used for cases 

which are judged uncertain with the unaided eye, the plumb-line's 

purpose, objectivity, will be foiled. The plumb-line was grasped at a 

point immediately above the transect tape, since this affords greater 

control, exposes the least length of line to current and wave influence, 

and prevents readings being affected by float movements as would 

happen if the line were grasped below the point at which it intercepts the 

transect tape. Where either the plumb-bob tip or the plumb-line 

contacted a substrate transition under the tape, the point at which the 

plumb-line intercepted the tape was recorded to the nearest centimeter. 

If the structural context prevented measurement using either the plumb- 

bob tip or the line, and the wide basal area of the plumb-bob was used, 

the half centimeter involved was taken into account in the rounding 

procedure during data recording. During data recording, the plumb-bob 







was left on the substratum at the last recorded point, thus reducing 

recording errors (e.g., omitted sections, double counting). A small 

Styrofoam float tied with a bright ribbon buoyed the line up, which 

facilitated its retrieval to continue sampling. The float and ribbon also 

served as a conspicuous referent, assisting the observer to hold position 

while recording. At the beginning of a transect the plumb-line was 

unwound to a convenient working length and tied off with the ribbon. 

For storage, the line was wound up and tied off and the plumb-bob stuck 

into a hole in the center of the float. (Figure 2.6). This protocol was 

developed by the author in reef surveys in Maldives in 1990, and has 

since been used in Maldives, Indonesia and Zanzibar. 

Protocol RlNPL = Relief-Influenced, No Plumb-Line. In this protocol the 

transect tape deployment is influenced to varying degrees by the 

topographic relief over which it is placed (Figure 2.5A). Vertically 

projected intercepts were recorded without the assistance of a plumb- 

line. This protocol is an interpretation of that prescribed by the 

Australian Institute of Marine Science (AIMS) and the United Nations 

Environmental Project (UNEP). It has been advocated in numerous 

workshops and monitoring programmes throughout the Indo-Pacific, 

and is the dominant method used in these regions. Wilkinson et a/. 

(1993) show 39 AlhlSlASEAN reef study sites using this protocol in the 

ASEAN region alone. as of June. 1992. The protocol used in the present 

tests was implemented according to the following instructions, taken 

verbatim from the manuals cited). 





The tape must remain close to the substratum (0-15 cm) at all times 

and should be securely attached to prevent excessive movement. Thls 

can be achieved by using the coral as a natural hook. e.g.. by pushing 

the tape between branches. Do not wrap the tape around coral 

headslbranches or other lifeforms as this will affect intercept 

measurements. Care should be taken to minimize areas where the tape 

is suspended morc than 50 cm above the substratum, i.e. the water 

category. .. .(UNEP. 1993. p. 32: English et al., 1994, p. 43) 

The instructions were followed each time the tape was re-deployed for a 

transect sample, but they could not be consistently operationalized, 

which allowed considerable vertical and lateral variation of the path 

followed. In order to comply with this protocol, since a reef is seldom 

(never?) level, the tape deployment must follow the topographic relief to 

some extent (Figure 2.3, option 'b*). In each case the transect tape was 

attached to the top of the stakes. as well as being hooked under suitable 

corals and rock projections. which varied from deployment to 

deployment. The projection which is to be used for the intercepts is not 

specified in the manuals and available information, such as photographs, 

suggest that no particular projection is consistently adhered to. To . 

constrain this source of variability. a vertical, or perceived vertical. 

projection was used in the tests described herein. 

Reef Descriptors. Test sites in this thesis were located either on level 

ground on a reef top. known as the 'keef flat", or on the slope from the 

reef top to the lagoon bottom. known as the "reef slope7'. 

Repeats. Trials completely re-sampling the same transect(s). 



Replicates. Independent samples, in this case transect surveys, of an area 

being investigated. 

Transect. A specific location, the path of which is defined in two- 

dimensional space by the specific stakes to which the line is secured. In 

the case of the present study, the same stakes were used for repeat 

transect tape deployments. 

Trial. A sample of an entire transect, done as one of a set of trials in a test 

situation. 



3. NATURE AND SCOPE OF THE PROBLEM 

3. 1 INTRODUCTION 

Stoddard, at the Mandapan Camp coral reef congress in 1969, appealed for 

the development of quantitative reef survey methods because the lack of 

standardization of methods produced a situation in which ':..the results of 

many studies cannot be compared on a regional or even local basis." 

(Stoddart, 1 972). He considered the then prevalent qualitative and semi- 

quantitative plot methods problematic enough to warrant a moratorium on 

intensive quadrat-based reef surveys, pending resolution of problems 

associated with scale, recording units, and deployment on irregular substrata, 

especially reef slopes. He asserted that the quantitative problems were most 

acute at the level of the sampling unit and the field recording procedure 

because of the diversity of approaches used at these levels. His agenda was 

not implemented, rather, plot methods were rapidly succeeded by a new 

method. the line-intercept transect method, which seemed to promise a 

solution. 

Not long after the congress. researchers on Red Sea (Loya and Slobodkin, 

197 1 ; Loya, 1972), Hawaiian (Littler, 197 I), and Atlantic-Panamanian coral 

reefs (Porter, 1 972) published studies employing line-intercept transects. Of 

these, Loya (Loya and Slobodkin, 197 1 ; Loya, 1972) is usually cited as the 

innovator who brought the line-intercept transect method to coral reef 

ecology. The method was championed first by Loya (Loya and Slobodkin, 

1971; Loya, 1972; Loya, 1975; Loya, 1976a; Loya, 1976b; Benayahu and 

Loya, 1977; Loya, 1978; Bradbury and Loya, 1978; Benayahu and Loya, 

198 1 ; Bradbury el a!. , 1 986: Reichelt et al., l986), and latterly by AIMS and 

UNESCO. It has now been adopted by many reef researchers, and versions 

of the method now constitute central components of regional reef monitoring 



programmes in the Caribbean and the Indo-Pacific. It is now probably the 

most widely used method in coral reef survey and monitoring programmes. 

Despite this, and in contrast to terrestrial plant ecology, the method has been 

tested only sporadically and relatively ineffectively in the coral reef survey 

context. A comparative history of the line-intercept method in terrestrial 

plant ecology and coral reef ecology reveals two striking features. First, in 

contrast to the cautious approach of the terrestrial ecologists, who tested 

their methods in each new context, and whom, it seems, were reluctant to 

adopt the line-intercept transect method (Bauer, 1943), reef ecologists 

adopted the method without rigorous testing in the new application context. 

Second, they apparently did so without detailed review of the considerable 

documented experience. both evaluating and applying the method, of 

terrestrial plant ecologists. Loya (1 972), for example, chose the line-intercept 

transect From among the methods described in Greig-Smith (1964), as the 

most appropriate for surveying the reef slope. Arguably coral reef 
-, 

researchers assumed too much about the suitability of the method for coral 

reef survey work, an assumption apparently based upon text-book assertions 

that the method was widely used in terrestrial plant ecology. This approach 

missed the ongoing controversy about the line-intercept transect in terrestrial 

vegetation ecology journals, and the related performance evaluations which 

have continued into the 1990s (Table 3.1). 

Littler (1971) has the distinction of being the first to conduct a comparative 

evaluation of the method in a reef survey context (against a circular plot 

method). His results, although not clear-cut by the canons of inferential 

statistics. did not endorse the line-intercept method as either accurate or 

efficient. Although Littler's (1971) contrary findings did nothing to dispel1 

Stoddart's (1972) admonitions, both the findings and the admonitions 

apparently were forgotten or ignored, as Littler (1971) is not cited in the 

line-intercept evaluation literature, and the method was not tested again until 



the early 1980s. Weinberg (198 1) then concluded it was mediocre at best, 

whereas Bouchon (1981a) and Dodge el a!. (1982) found line-intercept 

results could not be distinguished from those of the other methods tested. 

Three computer simulations were also performed: a) Kinzie and Snider 

(1978) who found line-intercept results inaccurate; b) Marsh et al. (1984) 

who found them accurate; c) Ohlhorst el al. (1988) who found them accurate 

and efficient; but there were no more substantive field assessments of the 

line-intercept method until Mundy (1991). He concluded, after an intensive 

assessment of the dominant AIMS line-intercept protocol, that the 

reproducibility of results was low and recommended that the method be 

avoided in monitoring programs. 

Evidently the line-intercept transect method is not the panacea it first 

appeared to be. The controversy in terrestrial vegetation ecology was 

primarily about the kinds of mosaics that the method was best suited for 

measuring. While this is a relevant issue for coral reef survey work, the 

highly variable, three-dimensional nature of a coral reef is perhaps more 

significant. This introduces the phenomenon reef ecologists call "parallax 

error". something which is seldom mentioned in the terrestrial vegetation 

literature. except with respect to forest surveys and grassland point-intercept 

surveys. The phenomenon and various attempts to cope with it create 

problems with both physical and psychological roots. As a result of these, 

and despite the line-intercept transect method's quantitative mien, the 

subjectivity of coral reef survey methods, which Stoddart (1 972) identified as 

problematic, still persists albeit in cryptic guise. Elucidating the context and 

nature of the method's problems, prior to empirical investigation, is the aim 

of this chapter. 

3.2. APPROACHES 

Modes of line-intercept transect usage and potential problems were assessed 

by means of 



a) an investigation of the relevant psychology considerations 

b) a review of the terrestrial vegetation and coral reef survey literatures; 

c) a questionnaire survey of researchers authoring papers based upon line- 

intercept transect surveys of coral reefs; 

d) two line-intercept transect simulations. . 

The research aim of these inquiries was to consolidate research findings and 

usage experience, especially under conditions of variable topographic relief. 

3.2.1. LITERATURE REVIEW 

The literature review focused on the literature pertaining to line-intercept 

transect surveys in terrestrial vegetation studies and aquatic ecology - 
principally coral reef studies. The terrestrial review included most of the 

published papers evaluating the line-intercept transect method, and a 

representative selection of instruction manuals. Several application papers 

were included, but this aspect of the terrestrial literature was not 

exhaustively reviewed. The coral reef literature review included key 

published instruction manuals and papers, all survey method evaluation 

publications. and many publications of research in which the method was 

applied. For all publications the description of the protocol used was 

examined to see if it was detailed enough to allow replication of the method. 

In particular, information about line deployment and the projection used to 

read the intercepted distances was sought. Because methods evaluation 

publications had the most direct bearing on this thesis, this literature was 

closely examined in this chapter and others. A small comer of the 

psychological literature pertaining to underwater vision and spatial 

orientation was also investigated, with the intent of obtaining a general 

understanding of the relevant considerations. 



3.2.2. QUESTIONNAIRE 

The questionnaire (Appendix I) was short and of limited scope, to encourage 

a high response rate. It comprised a short covering letter, a one page survey 

with a number of multiple-choice type questions based on Figure 2.3, and 

some space for qualifying comments. The information of greatest interest 

was description of how line-intercept transects are deployed on reefs. 

Opinions were also solicited about the limitations of the method. It was sent 

primarily to authors of coral reef publications in which the line-intercept 

transect was employed in one or more of the capacities indicated above. Key 

individuals surveyed included all authors of papers evaluating the method, all 

authors of manuals promoting the method, and the first person to use the 

method for coral reef surveys. Individuals applying the method in research or 

implementing field programmes under the guidance of the literature and 

workshops, etc. were also included as a check on field usage. 

3.2.3. SIMULATIONS 

Two simulations were conducted. The purpose of the first was to investigate 

the effects of vertical variations in transect line deployment on the data 

obtained. The deployments depicted in the questionnaire were used (Figure 

2.3) in the simulation. The second simulation was part of an investigation of 

the lackluster performance of the line-intercept transect in Weinberg's (1 98 1) 

study, and consisted of line-intercept transect simulations on the site map 

which he used as the standard for comparison. 

3. 2.3. I .  Deplryments Sin1 ulation 

This simulation involved measuring the intercepted chord lengths of coral 

colonies lying beneath five transect line deployments for which the lateral 

position of the line was invariant. Three of the deployments are portrayed in 

Figure 2.3. and another two followed the topographic relief as closely as 

possible (i.e., they lay along the lines representing both coral and substrate 



surface in Figure 2.3). For the first four transects, only exposed colonies or 

portions of colonies lying vertically beneath the line were measured. 

Although measurement of only vertically exposed coral surface is seldom, if 

ever, used with a deployment closely following the topographic relief, it was 

simulated here to control the effects of perspective. All surfaces under the 

line in the fifth transect were measured, and these measures represented the 

best estimate of the "true" or "actual" coral cover present. This deployment 

represents an idealized chain transect. 

3. 2.3.2. Wein berg Simulation 

This simulation was conducted by simulating line-intercept transects on 

Weinberg's site map (Weinberg, 198 1, Annex 1). The map of the 10 m by 10 

m site was enlarged to 1 m' by photocopying, which provided a linear scale 

of 1: 10 (map:survey site). This facilitated the simulation because 1 rnm on 

the map = 1 cm actual and simulation values were rounded to the nearest 

millimeter, comparable to rounding to the nearest centimeter as in 

Weinberg's study. 

In gross, the corals on the site were distributed in four uniformly spaced, 

parallel barrows of high colony density, separated by narrow sand channels. 

In the simulation, random numbers were used to select starting points for 

two sets of four transects that were oriented across the barrows of high coral 

density. The transects were oriented across the barrows rather than along 

them to reduce sample variability among transects. To ensure that the 

compositions of transect surveys were independent of one another, a 

minimum distance of 30 mm (30 cm actual) between transects was set, since 

the majority of coral colonies depicted in the map were less than 30 cm in 

diameter. Gaps in live coral tissue within colonies were recorded as such, 

producing several chords per colony in some cases, and data was analyzed 

both with and without the gaps. Intercepted distances were recorded for all 



corals lying under the transect line, using the external edge of the line-drawn 

images as the colony boundaries. This procedure produced both the highest 

possible number of colony contacts and the longest chords, and hence the 

highest estimate of percentage coral cover, thus providing the most 

conservative data for comparison with Weinberg's (1 98 1 ) line-intercept 

transect results, which were high relative to his "true" cover estimate. Data 

from the two sets of four 10 m long transects were reduced to conventional 

descriptive statistics and, for purposes of comparison with Weinberg's study, 

data were also aggregated into two forty meter transects (as was done in the 

original study). Parameters calculated were the number of species and 

colonies intercepted, mean chord length and percentage cover by species. 

Special attention was given to the dornin.int species on the site, Monlashea 

annularzs, to allow comparison with another simulation based on the same 

map (Marsh et al., 1984), which focused on this species, and which also 

used two randomly located sets of four parallel, uniformly spaced (1 m 

intervals), 1 0 m long line-intercept transects. 

Additional information required for analysis and comparison was derived 

fiom information supplied in the paper. The number of chords intercepted by 

Weinberg's 40.49 m of transect (145 total; 53 M. unnularzs) was derived 

fiom the fi y r e s  for population density, (Weinberg, 1981, Table l), and the - 

equation used to calculate these figures fiom the number of chords (re- 

arranged, this is N = PD(TLh.2 1); where N = number of chords, PD = 

population density, TL = total transect length, 8.21 = value derived from 

mean chord length). Marsh et al. (1984) pointed out an error in this 

formulation, but the consequences are not great. For comparative purposes, 

error values for percentage cover estimates were presented as percentage 

difference scores after the manner of Weinberg (1981): 

[Error = 1 00 x 1 estimate of cover - "real" value1 /"real" value]. 



Mean chord lengths were calculated as total chord length per transect 

divided by number of chords per transect. 

3. 3. DISCUSSION 

3.3.1. PSYCHOLOGICAL CONSIDERATIONS 

When contemplating the move from a terrestrial to an aquatic, coral reef, 

survey context, there are two main interacting factors to be considered. First, 

on the scale of a survey such as a 50 m line-intercept transect, the three- 

dimensional topographic relief of a coral reef is much more variable than it is 

in the terrestrial systems in which the method was tested. The terrestrial 

equivalent might be vegetation surveys on mountain ledges. This difference 

creates three sorts of problems: a) what to measure; b) how to measure it; 

and c) how to interpret the results. Normally, in terrestrial vegetation 

ecology, vertically projected cover is the measure of choice for routine 

sampling, because it provides a uniform metric by which all species can be 

measured and because it is believed to reflect productive area, biomass, and 

dominance. The coral reef is similar in that coral productivity is strongly 

influenced by the exposed surface area of live coral tissue carrying 

zooxanthellae, but coral colonies assume many different growth forms and 

grow on most available surfaces, horizontal to vertical. Under these 

circumstances there are two reasons for questioning the validity and 

usefidness of vertically projected cover. On the one hand it will 

underestimate the amount of productive surface, especially for coral life- 

forms which expose most of their surface vertically (e.g., columnar colonies, 

or encrusting colonies growing on a vertical wall). On the other hand, the 

vertical space between a transect line (or a quadrat frame) and the substrate 

introduces error and subjectivity due to what is commonly called "parallax 

error." This, it is alleged, will be largely eliminated if the transect tape is set 

close to the substrate. This contentious point, and the rubric of "parallax 



error" both need closer examination, and are intimately related to the second 

point, discussed next. 

Parallax was indicated as a source of error in several papers. Littler (1971) 

asserted that parallax appeared to be a major source of error in intercept 

measurements even though the substrate to transect line distance was never 

more than 10 cm. He later generalized this to all visually based in-situ 

techniques (Littler and Littler, 1985) and has found that gaps of only a few 

centimeters between line and substrate can be problematic (pers. corn.). 

Porter (1972), apparently using a taut, level chain, reported measurement 

difficulties due to parallax, especially in shallow, rough conditions. Jaap et al. 

(1 989, p. 13) elaborated on this, stating, 

... replicative accuracy is a problem because it is extremely difficult to 

reposition a line or tape in exactly the same place to resample an area. In reef 

habitat with high relief andlor dense coral cover, the line or tape may often be 

stretched a considerable distance above the bottom, thus making it difficult to 

judge which organisms are under or over the transect line. Wave surge will 

cause the transect line to oscillate. again making it difficult to determine 

which organisms to include in the census. 

Although Weinberg (198 1) did not specifically discuss parallax as a source of 

error for the line-intercept transect method, it was discussed for both of the 

point-intercept methods he tested. Since interception points must also be 

estimated for intercepted distance measures, and usage conditions were 

similar for both point- and line-interception methods, it seems reasonable to 

infer that parallax was problematic for the line-intercept results too, even if 

not recognized as such. Reducing errors associated with parallax is the prime 

reason for controlling the transect line-to-substrate distance in the AIMS 

protocol (English et al., 1994), and is an important reason for using the 



substrate-conforming chain transect method (Rogers et al., 1994). 

Exploratory surveys prior to the present study showed that results were 

highly variable where topographic variation was substantial and a more or 

less level line was surveyed with the unaided eye. This was particularly 

noticeable among observers and on the reef slope. Because of this common 

experience with "parallax error", and limitations of time and money, this 

particular set of circumstances for surveying line-intercept transects was not 

investigated hrther empirically. However, because "parallax error" has 

assumed so important a role in structuring the most common line-intercept 

protocols for coral reef survey work, the relevant literature was explored in 

more detail (below). Websters Third New International Dictionary defines 

parallax as: 

Parallax n. The apparent displacement or the difference in apparent direction 

of an object as seen from two different points not on a straight line with the 

object (e.g.. our eyes arc about 2.25 inches apart and the small parallax 

caused by the slightly diffcrcnt angles of vision produce a 3 - 4  plastic image). 

Parallax error presumably refers to counting and measurement errors made 

as a result of this phenomenon. That is, when the benthos is surveyed with 

the unaided eye and there is a gap between the transect line (or any other 

survey apparatus. such as a quadrat Frame) and the underlying substrate, the 

apparent position of a point on the substrate projected onto an imaginary 

level plane above the point will depend upon the relative positions of the 

observer's eye, the tape and the point on the substrate. Thus a point on the 

substrate may or may not appear to be under the tape, and if it is, it may be 

lined up with any number of interception points on the tape. Both the chain 

transect and the AIMS protocol are intended to minimize this subjectivity by 

eliminating or reducing the gap between the transect line and substrate. 

Superficially, the chain protocol seems to succeed best at this since the chain, 



in principle, is molded closely to the substrate, allowing no gap between the 

item being measured and the measuring instrument. However the chain is 

dropped into place from, and kept aligned with, a taut horizontal guideline 

strung along the tops of the highest benthic features on the transect (Rogers 

el a/., 1994). In this process, parallax error is simply shifted from the 

measurement stage to the line deployment stage, a fact which is implicit in 

the instructions to keep the taut guideline within several feet of the substrate 

if possible (Rogers e/ a/.. 1994). Problems do not stop at this point however. 

The chain seldom molds itself to the substrate in an appropriate manner when 

it falls. Water motion and gravity tend to move the chain off of surfaces 

slanting across the path of the chain (as may be found on colonies which are 

hemispherical. columnar. encrusting or plating), and to hang it up on 

branching colonies. To correct for these tendencies, the chain is actively 

placed and molded to the substrate by the observer, a process in which many 

subjective decisions must be taken. Since the chain must be in contact with 

substrate for its whole length. the undersurfaces of substrate components 

must also be included. which requires that the observer actively lay and hold 

the chain against these surfaces As Rogers el a/. (1983, p. 297) point out, 

"Different observers may measure holes. crevices and coral branches (or 

layers) in various wavs " For all of these reasons, many of which involve 

subjective decisions. "... it is impossible to position the chain exactly the 

same each time" (Rogers cl d.. 1994) Furthermore, since the positions of 

both the observer and the chain vary. the method is prone to recording 

errors. The observer must resume counting links after releasing and moving 

away from the chain to record data. or afier being moved off the chain by 

water motion. Usually the chain is held in place while links are counted, then 

dropped for recording. then repositioned, all in dynamic, distracting 

circumstances. The logical conclusion is that not only is the location of the 

chain highly variable between repeated transect samples, but that inter- and 

intra-observer variability must also be high. Although the data to test this 



conjecture have existed for some time (c.f, Porter and Meier, 1992). they 

have not yet been published. However it is consistent with exploratory work 

1 have conducted with the method and with unpublished results obtained by 

others. 

In addition, the observer must work very close to the substrate in order to 

position and manipulate the chain. This requires a great deal of diving skill, is 

very time consuming, and can be very difficult to do without the diver or 

equipment making contact with and damaging colonies (Rogers et a!. , 1994). 

Therefore for both logistical reasons and to avoid damage to the coral 

community, the method should not be used in areas where topographic relief 

exceeds about 50 cm or where branching corals are common (Rogers el al., 

1994). Although it is generally implied that the chain transect is the only 

method producing a measure of "rugosity" or an "index of spatial 

complexity" (CARICOMP, 199 1 ; Rogers el al., 1994) this claim overlooks 

the fact that a rugosity measure can be more efficiently obtained using a taut, 

level transect line supplemented by distance measures taken with a chain (c.f. 

Risk. 1972). Of course. any attempt to measure spatial complexity by such 

methods can be foiled by high cover of closely-spaced and overlapping coral 

colonies which do not allow introduction of a measuring device, such as a 

chain, between or under colonies. This situation is very common on Indo- 

Pacific coral reefs. 

To avoid the problems produced by parallax and to reduce the possibility of 

damage to the reef community inherent in the chain method, the Australian 

Institute for Marine Science (AIMS) and UNESCO have cooperated in the 

development and promotion of another version of the line-intercept method, 

closely based on Loya's ( 1  972) version. Subjectivity enters the scene in 

several ways. a) Branching colonies are likely to provide the best and most 

frequent hooks when the line is set. b) Although parallax is mitigated to the 



extent that the gap between line and the item being measured is reduced, it is 

not eliminated even with gaps of only a few cm (pers. obs.; Chapter 5 herein; 

Mark Littler, questionnaire response). (3) The projection used to measure 

the intercepted distances is not described and could range fi-om vertical, to 

. perpendicular to the tape, to perpendicular to the substrate, all of which are 

problematic. (4) The manner in which the line is deployed makes individual 

transect deployments inherently unrepeatable and subject to the same sort of 

problems Rogers et a/. (1983) describe for the chain transect (Chapter 4 

herein). (5) Because the transect line deployment is itself influenced by 

rugosity, simply supplementing it with a chain distance measurement will not 

suffice to provide a rugosity measure. 

Thus, neither the chain transect method nor the AIMS-UNESCO protocol 

successfblly control the potential for measurement and counting errors 

induced by parallax effects. Rather, parallax effects are admitted at an earlier 

point in the process, and many additional subjective decisions are required. 

The psychological bases of the problems, the human factors mentioned by 

Ohlhorst (1 988), are examined next. 

Overcoming parallax effects. whether at the time the transect line is deployed 

or when measurements are taken, depends vitally on the observer's ability to 

orient to the vertical. While this may not be an issue on land, at the scale 

most terrestrial surveys are conducted, complacency is not warranted for 

underwater work. Human beings are adapted to a terrestrial existence, so our 

perceptual system does not function very well under water, even with 

technological assistance such as a face mask. When estimating vertically 

projected reef cover, whether deploying a transect line close to the substrate, 

or reading interception points off of a transect tape suspended above the 

substrate, a good sense of the vertical is required. On land, we normally use 

vision and gravity detection senses such as proprioceptors and the vestibular 



apparatus, to determine the vertical. Vision seems to be more important than 

gravity, even when visual cues are few and dimly illuminated (Howard and 

Templeton, 1 966). Both information sources are problematic in the water 

where the effects of gravity are reduced and vision, although relied upon 

more, is less reliable than it is on land. Because of the primacy of vision in 

the water, it will be explored in some detail next. 

Visual perception of the vertical is influenced by body tilt, eye torsion and 

visible fiame. Considering the various factors influencing our perception of 

the vertical on land, and therefore holding gravity constant, Howard and 

Templeton (1 966; p. 1 78 and p. 200 respectively) concluded that: a) ". . . the 

total set of stimulus-response combinations is very great and the possibilities 

for interactions almost infinite." and b) "...judgment of vertical may involve 

several sensory modalities acting alone or in various combinations. Even 

within one modality any one of a number of criteria may be used to judge the 

vertical." (p. 200). One of the more important visual means of determining 

the vertical, especially underwater, is by using external referents as visual 

fiames. 

We live and evolved in an environment of visual frames, and although they 

usually provide a constant relationship to gravity, they may be tilted. The 

illusions produced by such tilting explains the so-called "magnetic hill" in 

New Brunswick, Canada. Similarly, SCUBA divers swimming along a depth 

contour on a reef slope of moderate to steep incline, tend to list such that 

their ventral surface is oriented somewhat towards the substrate rather than 

vertically down, and divers working beside a sunken ship resting at a list tend 

to perceive the side of the ship as vertical. Howard and Templeton (1966) 

describe an experience in which trees which seemed to be growing at an 

angle to gravity were seen from a train window when the observer was going 

up a steep slope in a railway train. Such optical illusions routinely occur 



unnoticed on the reef unless a true vertical referent such as a plumb-line 

directs attention to it. The explanation offered was that if two visual frames, 

one vertical and one tilted, were present, the one which occupied the greater 

proportion of the field of view would appear (Howard and Templeton, 

1966). The larger, more influential cue was called "fbll-space", and the 

smaller one "part-space". Subject responses to such stimuli were very 

variable, even when conditions were constant, and part-space influenced full- 

space to some extent, an interaction which called induction. The reef slope is 

a similar but more complex and variable context, in which the general incline 

of the reef is "full-space" and a plumb-line or smaller scale benthic objects 

and topographic relief are "part-space." Both f i l l -  and part-space referents, 

and therefore an observer's perception of vertical can change dramatically 

and haphazardly along the length of a transect. Howard and Templeton 

(1966, p. 207) concluded that there is, "... abundant evidence that the extent 

to which a tilted visual frame affects the apparent vertical depends on the 

complexity and size of the visual frame and also on the extent to which the 

labyrinthine and kinaesthetic modalities are stimulated." Since gravity 

perception is attenuated in the water, presumably the role of visual frame is 

more pronounced. To further complicate an already complicated situation, 

head-tilt can produce an apparent vertical in the opposite or the same 

direction of tilt [this reads correctly] and the effect varies with the degree of 

tilt and among subjects (Howard and Templeton, 1966, p. 191). In summary, 

humans working undenvater, especially on the reef slope, are very likely to 

make erroneous judgments about what is vertical and unfortunately, these 

errors are not consistent either within or between individuals. Therefore both 

parallax effects and attempts to control them by bringing the line close to the 

substrate are likely to produce very variable and possibly biased results when 

permanent transects are repeated. 



Reading a line-intercept transect with the unaided eye is a sighting exercise 

and there are several lines of evidence indicating how perceptual error may 

be introduced in this process. Usehl concepts and findings to be aware of 

when interpreting and designing reef surveys include the "egocentre", 

"straight ahead", "eye level", and visual acuity. The egocentre is a construct 

proposed by Roelofs (1959), as "... that centre, fixed with reference to the 

body, from which absolute directions are judged, such as straight ahead, to 

the left, to the right, upwards and downwards." (in Howard and Templeton, 

1966, p. 274). To identify the egocentre, a 20 cm long by 0.5 cm diameter 

rod is held with its front end a specified distance from the bridge of the 

subject's nose. The subject sights along the rod using binocular vision while 

the rod is rotated in a horizontal plane about the front end until the it is 

judged to be pointing directly towards the subject. If one eye is habitually 

used for sighting. then that eye will appear to be the direct egocentre. Most 

people sighting binocularly make compromise sightings, " ... usually more 

towards one eye than the other. and people are not necessarily consistent." 

(Howard and Templeton. 1966. p. 275). 

Similar to the egocentre. localization of "straight ahead" is affected by 

eyedness. producing consistent and constant errors. If, when both eyes are 

open, the sighting eye is used to align an object to the median plane, an 

apparent rotation of the apparent median plane to that side will occur. For 

about 71 % of North Americans the right eye is the dominant sighting eye 

(Porac and Coran, 198 1 ) but there is evidence that outcomes of particular 

tests to assess eyedness can be influenced by the hand used as a sight 

(Howard and Templeton. 1966). 

"Eye level" is the point at which the individual thinks that they are looking 

ahead on a level plane. There is considerable evidence that "eye level" is 

consistently misjudged, with apparent eye level being somewhat above true 



for men, and somewhat below if for women (Howard and Templeton, 1966). 

There is no reason to suspect that any of these perceptual inaccuracies would 

not occur underwater, and considerable reason to believe they would be 

more pronounced, if only for physical reasons (refraction) which are 

explained below. 

Visual acuity can affect the orientation of both stimulus and observer. 

Meridianal astigmatism is used to describe the phenomenon in which visual 

acuity is highest for vertical and horizontal lines, lower for lines at 45 degree 

angles, and lowest for lines at intermediate angles (Howard and Templeton, 

1966, p. 30). Related to diving, visual acuity has been observed to be 

reduced by 6% during short periods of weightlessness (Howard and 

Templeton, 1966). The fact that components of the sessile benthos are often 

of irregular outline and pattern. and seldom display straight lines could 

predispose the observer to miss organisms. 

Boff and Lincoln (1988) in a compendium of engineering data, report that 

when diving. there is some lack of visual position constancy, that is, a lack of 

stability of the visual world during head and eye movements. This could 

make it hard to relocate a spot along a transect if a device providing a 

referent (such as a plumb-line) was not used. Furthermore, Porac and Coren 

( 1  98 1. p. 134) report that when movement is both passive and unexpected, 

correction is poor and the flow-patterns of the retinal stimulus can be very 

confusing. These circumstances are routine when working in conditions of 

even moderate wave or surge action. and the observer is experiencing pitch, 

yaw, and roll. 

In  addition to these threats to objectivity, Kinney (1 985) summarizes 

information about the inability of divers, when underwater, to correctly 

judge: the actual distance between two objects; the distance of an object 



from the viewer; and the actual size of an object. Refraction at the mask lens 

explains the latter two and she speculated that the factors involved in the first 

probably included: loss of peripheral stimulation; increased accommodation; 

and accommodation inappropriate to the viewing distance of the object being 

judged. Also of relevance to reef survey design, she reported that the objects 

in the field of view may be indistinct; objects closer to the diver are of higher 

contrast and exert a disproportionate effect on eye accommodation; field of 

view is restricted by the facemask and even its rim may influence the state of 

accommodation, inducing a type of "instrument myopia", all of which would 

conjoin to reduce the salience of items which are vertically farther from the 

transect line. 

Optical distortion due to refraction has two main consequences for survey 

work. Because light rays at the edges of the visual field strike the mask face 

plate more obliquely than do central rays, they are refracted more than the 

central rays. The result is the "pincushion effect" when a square is viewed. 

since its sides seem bowed toward the observer and its centre away from the 

observer. Simultaneously. the lines seem to bow out from the centre towards 

the comers of the square. so the width of the square appears to be greatest at 

the comers and least midway between two comers (Boft and Lincoln, 1980, 

p. 1230; Kinney, 1985. p. 84). This effect could make accurate diameter 

estimation difficult for corals of a certain size and shape. Refraction also 

affects the apparent direction of objects "The apparent direction of objects is 

also distorted when they are viewed obliquely: points on the left of the face- 

mask are displaced to the left. and those on the right to the right, the degree 

of displacement increasing in the periphery." (Porac and Coren, 198 1, p. 56). 

This phenomenon would exaggerate the effects of dominant sighting eye, eye 

level bias, and head-tilt when surveying a transect line viewed through a face 

mask. It seems that experience and training cannot remedy these distortions 

as: "Attempts to train divers to respond more appropriately to objects 



underwater have met with only moderate success and it is concluded that 

complete adaptation is very difficult and achieved only with very extensive 

diving experience [i.e., professional divers]." (Kinney, 1985). 

3.3.2. TERRESTRIAL LITERATURE REVIEW 

Twenty-seven selections From the terrestrial literature document the results 

of evaluations of the line-intercept transect method and significant 

developments such as innovations (Table 3.1). The nine papers written in the 

period 194 1 to 1949, favoured the line-intercept transect method over the 

then predominant plot methods. Six of the tests were in grassland and three 

were in shrubland habitat. Following this period, shrubland tests continued, 

but there were fewer grassland tests, more forest overstory tests, and 

additional methods were involved in comparative tests. Overall (Table 3.2), 

the line-intercept transect method fared poorly against point-quadrat 

methods in grassland tests in which fine-scale resolution was required (e.g., 

habitat with substantial plant cover with fine interdigitating foliage). In 

habitat in which shrubs predominated, the line-intercept transect method 

consistently out-performed plot methods, but was in turn out-performed by 

point-quadrats. With the exception of one shrubland paper (Floyd and 

Anderson, 1987), sighting devices were not used for grasses or shrubs, no 

doubt because the items measured in both were small enough that observers 

felt reasonably confident estimating a vertical projection. Sighting devices 

were used for forest overstory and for point-quadrat surveys however. 

Topographic relief was seldom mentioned in the papers, but the context 

suggests that it was seldom an issue (i-e., surveys were generally conducted 

on terrain which was flat relative to the scale of the survey). 

In summary, although the line-intercept transect has now been used in 

terrestrial vegetation studies for fifty years, it has been and still is the subject 

of performance tests, especially when used in a new habitat. With the 



Table 3.1. Summaw of terrestrial venetation Geld tests of the line-intercent transect method (LIT). 
No. Author(s) Habitat Focus Conclusions Sishting dcvicc 

quantitative objectivc 
method appraisal accurate statistical eflicient 

simple 
vs. mapping as accurate. much faster 

vs. permanent much faster than charting 
quadrats quadrats 

Can field. 194 1 rangeland 

shrubland none 

Anderson, 1942 tall-grass prairie nonc 

impenetrable chaparral 
& simulation 

sand-dunc sagebrush 
and grass 
rangeland 

pasture land 
steppe vegetation. open 

grassland 
bunch-grass 

as accurate and much 
vs. quadrat 

faster 
Bauer. 1943 none 

Purkcr & Savagc. 
1944 

Canfield. 1 9 4  
Roe. 1947 

Crocker & Tiver. 
1948 

Hormay. 1949 
Bucll & Cantlon, 

1950 
Evans & Cain. 

Whitrnan & 
Siggcirsson. 1954 

Lindsey. 1955 
Johnston. 1957 

Cain. 1959 

within and between with quaLITy control. 
observer repeats accurotc and fast 

extension eflicient 
permanent good re-occupation 

none 

nonc 
none 

literature review rapid and reliable nonc 

recording unit issues highly adaptable. eficient none 

cover sight 
quadrat unreliable for 

vs. quadrat 
cover of trees and opcn 

pine barrens 

old-field grassland vs. quadrat data comparable nonc 
vs. inclined point 

vaguely favour point 
frame 

grassland none 

forest overstory 
grassland 

forest undcrs to~  

cover estimation with strip transect 
vs. point transect. loop least efiicicnt and precise 

vs. quadrat data cornparablc 

sighting level 
nonc 
none 

plumb line for 
point samples 

only 

as reliable. faster than 
os. charting, line point 

charting 
Heady et al.. 1959 shrubland. gentle hills 

Kinsinger et al.. 
shrubland 

vs. variable plot. loop LIT most accurate, all 3 
1960 

nonc 
and census variable 

problematic. inefficient 
I8 Winkworth et al.. vs. point. ocular. 

1962 
arid grassland due to intermingled fine none 

charting 
vegetation 

Stephenson & 
Buell. 1965 

within and between no detectable differences 
shrublnnd none 

obscnler variability but power of test very low 
vs. point wheel. LIT recommended and 

20 Walker. 1970 grassland quadrat, & four more used as the standard, but wheel for point 
methods 

snmplcs only 
must be flexible 

2 1 
Jackson & Pctq, 

1973 
forest overston. new device assessment application cover sight 

Mueller-Dom bois. 
woody vcgctation general thin 3m long 

22 Ellenberg. 1974 
efficient 

pole 
Wein & Rencz. high Arctic deserts to 

23 vs. photoquadrat, point least efficient due to 
1976 none rncndows intermingled fine 

24 Hanley. 1978 shrubland vs. plot cover estimate LIT achieved target 
none 

precision most efficiently 
25 Runklc. 1985 forest treefall gaps vs. point quarter similar none 

26 
Floyd & Anderson. sagebrush-steppe plumb-linc. 

1987 
vs. quadrat, point point most efficient 

vegetation sighting frame 
Friedel & woody vegetation. arid 

27 Cheaings. 1988 
vs. variable plot, point LIT less efficient none 

rangeland 

Fox & Raskob. 
LIT more efficient than 

28 
pinyon-juniper vs. plot. variable 

1992 
plot, less eEcient than none 

woodland radius 
variable radius 



Table 3.2. Summary of terrestrial vegetation line-intercept tmnsect literature review findings. 

As Or Less ~ o t  
As or 

Less Not 
Sighting No 

No. more more 
effective stated 

device sighting 
efficient stated 

effective efficient wed dewce 

Grass- rangeland 
vs. Plot 5 2 2 1 2 2 1 0 5 
Vs. Point 5 1 4 0 1 4 0 0 5 
Other 5 4 0 1 4 0 1 0 5 
No. Papers 13 
No. Comparisons 15 

Shrub-understory 
Vs. Plot 6 6 0 0 6 0 0 1 5 
vs. Point 3 0 3 0 0 3 0 1 & ? 

Other 4 2 1 1 1 1 3 0 4 
No. Papers 9 
No. Comparisons 13 

Tree-overstory 
vs. Plot 2 2 0 0 2 0 0 1 1 
vs.  Point 
Other 5 3 1 1 3 1 1 3 2 
No. Papers 6 
No. Comparisons 7 

Grand totals 
Total papers 28 
Total comparisons 35 

Notes: 
Some papers compared several methods. therefore the grand total exceeds the number of papers. - - 
Other means other methods or purposes. E.g. Trees were often surveved with cruising methods. 
Unstated means that no conclusion was stated. 



exception of comparisons with plots in shrub and tree surveys, the results of 

these evaluations have been mixed. Performance ratings of the line-intercept 

transect method seem to depend upon the scale and complexity of the 

community surveyed. Line-intercept transect surveys of fine-scale mosaics, 

such as dense aggregations of plants with a substantial proportion of ground 

cover comprising interdigitating foliage components less than a few 

centimeters in mean intercepted width, are too tedious and time-consuming 

to undertake for routine monitoring purposes. These are better surveyed 

using point-quadrat methods. Communities of larger plants, such as shrubs 

and trees, are difficult to survey with plots, but line-intercept transects work 

well. For large areas of timber forest. alternatives such as variable radius plot 

met hods seem to be more efficacious, largely because they are faster. 

3.3.3. C O W L  REEF SURVEY LITERATURE 

The literature review included: a) four instruction manuals in common use, b) 

all studies evaluating the line-intercept method (five field studies and three 

simulations with this specific purpose. and four application and one desk 

study with a bearing on method performance); c) twenty-one application 

papers; and d)  four papers in which line-intercept transect results were used 

as the standard by which other methods were assessed (Table 3.3). 

Apart from the reference to Greig-Smith (l964), terrestrial antecedents have 

received little attention in the coral reef literature, and citations are quite 

often incorrect when they do occur. For example, in the scanty field 

assessment literature. the only two papers using journal articles to document 

widespread use of the line-intercept transect method in terrestrial vegetation 

ecology inappropriately cite Waters (1955) and Moore et al. (1970). The 

former deals with a heuristic stopping rule, sequential sampling, for line 

transect insect sampling. which has at best only a poetic relationship to line- 

intercept transect sampling. The latter assesses the data-processing time 



Table 3.3. Summaq of the coral reef survey literature involving line- and point-intercept 
transect methods (nd = no data. na = not a~~licable) .  . 

Deployment Orientation w. Projection Habitat (reef 
First author 

descriptors slope descriptors Slope or Flat) 

Applications 
Loya & Slobodkin. 197 1 
Porter. 1972 
Loya. 1972 
Loya. 1975 
Loya. 1976a 
Loya. 1976b 
Done. 1977 
Benayahu & Loya. 1977 
Ditlev. 1978 
Bradbury & Loya. 1978 
Benayahu & Loya. 198 1 
Pichon & Morrissey. 198 1 
Rylaarsdam. 1983 
Johnson et al.. 1986 
Dustan & Halas. 1987 
Ohlhorst ct al.. 1988 
Jaap. et al.. 1989 
Brown ct al.. 1990 
Goh & Chou. 1992 
Ohman & Rajasuriya. 1993 

Field evaluations 
Littler. 197 1 
Bouchon. 198 1 
Wcinberg. 198 1 
Dodge ct al.. 1982 
Mundy. 199 1 
Chiappone & Sullivan. 199 1 
Uychiaoco et al.. 1992 

Manuals 
DcVantier el al.. 1985 
UNEP. 1993 
Rogers et al.. 199 J 
English et al.. 1994 

Simulations 
Kinzie & Snider. 1978 
Marsh et al.. 1984 
Ohlhorst et al., 1988 

contour 
contour 

taut 
Lo y a 
Loya 
Loya 
Loya 
Loya 
Loya 
taut 
nd 
nd 

level 
nd 

taut 
conformed 

nd 
nd 

AIMS 
lcvcl 

nd 
tau1 
nd 

ovcrla~ 
contour 

nd 
Imcl 

nd 
AIMS 
gcncral 
AIMS 

planar 
level 

planar 

nd 
parallel 

parallel 
nd 
nd 

parallel 
parallel 

nd 
parallel 
parallel 
parallel 
parallel 
parallel 
parallel 

nd 
parallel 
parallel 
parallel 

pcrpendicular 

perpendicular 
parallel 

nd 
flat 

parallel 
nd 

parallel 

nd 
parallel 

na 
parallel 

Line-intercept transect used as a standard 
Ott, 1975 placed perpendicular 
Carleton & Done. 1985 nd nd 
Bainbridge & Rcichelt. 1988 nd para1 lel 

nd 
nd 

projection 
nd 
nd 
nd 

Loya 
projection 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

vertical 

nd 
nd 

planar 
planar 

nd 
nd 

vertical 

nd 
nd 
na 
nd 

vertical 
vertical 
vertical 

nd 
nd 

Loya 
nd 



requirements rather than the field aspects of the methods tested, and these do 

not include the'line-intercept transect. 

3. 3.3.1. Protocol Descriptions 

In general, the protocol descriptions provided were insufficient for method 

reproduction (Table 3.4). For example, a line described only as taut is not 

necessarily level, and a line following a depth contour may do so with 

varying degrees of fidelity. Loya (1 972; 1 W8), who is often cited for the 

method, provided no details, refemng the reader to Greig-Smith (1964), 

where no additional detail is found (in fact, Loya used a relief-influenced 

deployment (questionnaire response)). The only attempt to describe (and 

prescribe) transect deployment in detail was the AIMS protocol (UNEP, 

1993 ; English et a]., 1994), about which much more will be said later. The 

only sources in which the protocol used may be unambiguously inferred are 

the simulations, in which it is clear that a vertical projection was taken from a 

horizontal two-dimensional surface. 

3. 3.3.2. Evaluation Literature 

3. 3.3.2.1. Field Tests 

Littler (1971) estimated the percentage cover of crustose coralline algae 

using line-intercept transects (280 m long, n = 3) and photographic plots (30 

cm diameter circles. n = 121). The three line-intercept transects were nylon 

surveyor's tapes set perpendicular to shore and parallel to one another, about 

50 m apart. The lines were taut and the line to substrate distance ranged from 

zero to 10 cm (questionnaire response). The substrate surveyed was nearly 

horizontal and of low topographic relief All measures were vertical 

projections of the substrate (questionnaire response). The photographic plots 

were dispersed haphazardly within stratified blocks defined inside the 



Table 3.4. Surnmarv of literature descriptions of line deployment and substrate proiection used (as percentages). 

Application Field Instruction Simulation Transect used 
paper evaluation manual evaluation as a standard 

(n=22) (n=9)  (n = 4) (n = 3) (n = 4) 

Deployment description 
AIMS/UNEP 4.5 50.0 
"Conforming or loose" 9.1 
"Along depth contour" 4.5 11.1 
"Level" 9.1 11.1 
After Loya (1 972, 1978) 27.3 
"Overlay the substrate" 11.1 
"Placed on the substrate" 
"Taut line" 13.6 11.1 
No description provided 40.9 55.6 50.0 75 .O 
Total 100.0 100.0 100.0 100.0 100.0 

Substrate projection 
AAer Loya ( 1  972, 1978) 4.5 
"Pro-iected distance" 9.1 
"Vertical projection" 13.6 33.0 
No description provided 8 1.8 67.0 100.0 
Total 100.0 1 00.0 100.0 100.0 100.0 



transect lines. The mean percentage cover values were 31.9% for 

photographic plots and 45.6% for line-intercept transects. Measures of 

dispersion around the mean were not reported. Although more field time was 

required for the line-intercept transects, the photographic method incurred 

higher capital and materials costs, and substantially greater lab time. 

Presumably the more comfortable and controlled environment of the lab 

reduced operator error. The two methods also trade-off the relative merits of 

field and photographic identification. The substantial difference between 

estimates was attributed to: a) parallax effects exacerbated by working 

conditions made difficult by wave and current action, which affected 

intercepted distance measures; and b) failure of the photographic plots to 

display very small thalli which were recorded in the line-intercept measures. 

With the available information, there is no way of determining if the 

differences between the estimates produced by the two methods were 

produced by sampling error, measurement error, or methodological 

differences. Suffice it to say that a mediocre performance by the line- 

intercept transect under these conditions would not be surprising, given the 

terrestrial survey method consensus that the line-intercept transect method is 

unsuitable for small-scale mosaics (Section 3.1 above). Assuming that small 

gaps in the mosaic are ignored in the interest of efficiency, one would expect 

overestimation as a consequence. Recording errors also seem likely given the 

fairly homogeneous appearance, relatively small size and high frequency of 

the items being measured. This is especially true under working conditions in 

which "...the observer encountered extreme difficulty in maintaining a fixed 

position relative to the transect line ...." (Littler, 1971). In sum, this early 

study provides exploratory information about the usefulness and limitations 

of the line-intercept transect method in a particular coral reef habitat. The 

findings are consistent with those of terrestrial plant ecologists surveying 

small-scale mosaics (e.g., Johnston, 1957), who concluded from grassland 



tests that line-intercept transects required more time and had higher variance 

than point-intercept methods. 

3. 3.3.2.1.2. Bouchon (7 98 la) 

Bouchon (1981a), reported on the coral reef community structure of the 

reefs of Reunion using results obtained from both line-intercept and quadrat 

surveys. Line deployment was relief-influenced (questionnaire response). 

Neither the research design nor results useful for comparing the two methods 

were reported in the paper and the reader was referred to an earlier 

publication for them (Bouchon, 1978). This publication was difficult to 

access, so the work could not be evaluated, but Bouchon (1981a; 1981 b) 

asserted that a Spearman test showed no statistical difference between the 

results obtained by the two methods. 

3. 3.3.2. I .  3. Weinberg ( 1  98 1) 

Weinberg (1 98 I), compared the results of a number of reef survey methods, 

including point- and line-intercept transects, with an putative "reality" which 

he constructed from photographs and sketches. He concluded that the line- 

intercept transect method (with estimated total coral percentage cover = 

168.5% of the "real" estimate (Weinberg, 1981, p. 212)) was only 

moderately effective. 

The test site was a 10 m by 10 m area of reef on which the coral colonies 

were clumped in three parallel bands about three meters wide separated by 

sand channels of about 5 0 cm width. Conventional descriptive statistics were 

not reported and inferential statistics were not used in the comparisons. 

Ninety minutes working time was allocated to each method. Assuming five 

minutes to deploy a transect and five line deployments to measure the 40.49 

m of line-intercept transect surveyed, 65 minutes remained for recording 

data. This is about 16 to 17 minutes per 10 m transect, or one record every 

13.5 seconds, which is very fast. Mean chord length was 10.5 cm. 



The line-intercept transects (discussed in detail in Section 3.3.5.2 of this 

paper) utilized a relief-influenced deployment (questionnaire response) and 

were uniformly dispersed parallel to one another at one meter intervals. Only 

a small portion of the site was sampled and the scale of dispersion of the 

samples was considerably smaller than the scale of aggregation of the 

population sampled. It is therefore possible that: a) the portion of the site 

sampled was not representative of the whole; and b) application of a uniform 

sampling design to a larger scale uniform clumped pattern, overestimated the 

amount of coral present, especially if the transects were oriented parallel to 

the bands of high coral density. As a result, reliable conclusions about the 

performance of the different methods and their relationship to "reality", are 

not possible, therefore the conclusions of this study should be regarded with 

circumspection. 

3. 3.3.2. ?.#.Dodge etal. (1982) 

Dodge et a!. (1982). compared the line-intercept method with three other 

methods (point-quarter. point-intercept. and belt quadrat). Methods were 

replicated on three sites of roughly 300 to 400 m' each. Line deployment was 

level and all methods were intended to produce estimates of vertically 

projected cover (questionnaire response). Mean chord length for line- 

intercept transect measures was 12.7 cm, and average time required to 

record a interception point was 30 seconds (number of colonies surveyed 

calculated from estimates of mean chord length and total chord length, time 

per survey estimated as 30 minutes (given) less five minutes set-up time). 

Total percentage coral cover differences were analyzed using one-way 

ANOVA (Dodge ct a/.. 1982, p. 753, Table 4). They concluded that 

although significant differences among methods were found at one site, no 

consistent differences were apparent among methods overall. Further 

analysis of the same data shows that although the null hypothesis was 

rejected at only one site (Three Hills), the power of the tests at the other 



sites was low (0.00 and 0.45; Table 3.5). The descriptive statistics for the 

investigation (Table 3.6) are consistent with these findings, in that: a) the site 

for which the null was rejected had the most precise data and the greatest 

spread between extreme values of the means; and b) estimates for the other 

two sites were appreciably less precise, and the range of the means was 

smaller. Thus variation due to sampling error and several sources of 

measurement error was so high that very large sample numbers would have 

been required to detect differences between methods. Potential sources of 

measurement error in this study were inter-observer variability, which was 

not mentioned except in the context of belt-transect data reduction, and 

interaction between method and site spatial heterogeneity, which was cited as 

the probable reason 

for the one significant result (Dodge c? a/., 1982, p. 752). It seems probable 

that the belt-transect data. which were obtained photographically and derived 

by estimating the percentage cover of corals in small squares laid on top of 

photographic prints, provide the most accurate and the most precise 

estimates. Of the three other methods. line-intercept transect estimates seem 

to be closest to belt-transect data in terms of relative accuracy and precision. 

This observation should only be regarded as suggestive however, because it 

is not clear that the same sampling effon was expended on each method. 

This early attempt to evaluate coral reef survey methods is one of a handhl 

with a sound research design. but effective discrimination among methods 

seems to have been foiled by the high spatial variability of the system. 

3. 3.3.2.7.5.Mundy (7997) 

The specific aim of Mundy's (1991) thesis was to evaluate the field 

characteristics of the AIMS line-intercept transect protocol, as it is routinely 

used. In fact the AIMS method comprises two distinct components, each of 

which can contribute significantly to result variability: a) the line-intercept 

protocol per se; b) the life-forms system of identifying benthic organisms. 



Tablc 3.5.  summa^?; one-way ANOVA test of differences in total coral percentage cover 
among methods by site. Modified from Dodge et al. (1982, p. 753) 

North Rock South Shore Three Hills 
SS df MS SS df MS SS df MS 

Mcthods 356.73 3 118.9 139.21 3 46.4 293.28 3 97.76 
Error 04675.55 21 4508.4 546.67 17 32.16 250.99 21 11.95 
Total 95032.28 24 685.88 20 544.27 24 
F 0.0263 1.4428 8.1808 

P 0.9940 0.2587 0.0008 
Esplaincd 

0.0038 0.2030 0.5389 
variance 
Powcr 0.0000 0.3523 0.7650 



Fable. 3.6. Descriptive statistics (total coral percentage cover) by method and site. 
Modified from Dodge ef al .  (1982, pp 750-753). 

Method Range 
Point-quarter Point-intercept Line-intercept Belt-transect of Mean 

S~tc  Mean Var n Mean Var n Mean Var n Mean Var n Means Var 
North Rock 30.7 106.1 G 28.4 8.4 5 22.2 30.3 10 22.2 2.3 4 8.5 33.4 
South Shore 14.8 60.8 6 14.8 49.0 5 13.9 9.0 6 8.0 0.5 4 6.8 25.4 
Three Hill Shoals 13.7 10.9 8 23.1 20.3 5 16.1 7.8 8 18.9 13.0 4 9.4 11.6 
Mean variance 59.3 25.9 15.7 5.2 



Despite the method's long history and widespread use, this was the first 

study to examine the reproducibility of its results. Using repeated surveys by 

observers with extensive experience using the method, Mundy assessed intra- 

and inter-observer variability and the implications of variability for minimum 

sample size. Measurement error was assessed using two repeat surveys by 

four observers of a transect for which the tape measure had been left in 

place. Variability was very high, and consequently the power of ANOVA to 

distinguish among sample results was low. Therefore the cost of obtaining 

enough samples to detect reasonable minimum changes would have been 

very high. Mundy concluded that a significant amount of variance was 

caused by inconsistent identification of organisms, but did not test this 

reasonable conjecture. Apparently in response to the low power of the 

ANOVA tests, Mundy employed an unorthodox index, the percentage 

difference score, for many of his comparisons (Weinberg, 198 1, did the same 

thing but did not name it or use it in quite the same way). He concluded that 

the AIMS protocol was unsuitable for reef monitoring work but that 

variability could be reduced by standardizing the life-forms approach. This 

important work is discussed fbrther in Chapter 4. 

3. 3.3.2.2.Tangential Assessments 

Ditlev (1978), in what is primarily an application paper, reported that Loya's 

(1972) method was inadequate for his reef flat study because: a) it could not 

describe understory; b) the 10 m long transects Loya used were too short 

with respect to the large size of colonies encountered; and c) longer transects 

would not have described clumping. The last comment suggests the author 

was not recording spatial information, as might occur when tallying chord 

lengths rather than recording interception points. Only the first objection 

reflects a real limitation of the method. Objections 'b" and 'k"can readily be 

overcome by using a longer transect tape and recording interception points 



along the tape. The short-comings reported in this paper have little bearing 

on the method's inherent effectiveness in general. 

3. 3.3.2.2.2. Chiappone and Sullivan ( 7  99 1) 

Chiappone and Sullivan (1 99 l), in a semi-quantitative study, concluded that 

"The linear percentage sampling technique* was found to be too 

conservative in assessing community structure and species patterning in the 

patch reef system." [*i. e., line-intercept transect method with substrate 

conforming deployment, "c" in questionnaire response]. Although 

quantitative data were recorded using both line-intercept transects and 

quadrats (the latter arrayed at one-meter intervals along transect lines and 

called "line transects using 1 x 1 m grids"), comparisons between the 

methods were qualitative. Overall comprehensibility of the paper, and 

especially explanation of the research design and data analysis, was defeated 

by imprecise terminology and incorrect English usage. Bearing in mind that 

considerable interpretation was therefore required, it appears that: a) few 

sites were sampled with both methods (3 out of 13); and b) the alignment of 

transects along and across depth gradients varied haphazardly. Such a 

research design does not seem to support very strong conclusions, but 

regardless of the accuracy of these inferences, the ambiguous presentation of 

the research design, the analysis and the conclusions (line-intercept transect 

results were "conservative") does not inspire confidence in either the results 

or the conclusions of this study. 

3. 3.3.2.2.3. Uychiaoco et al. (7992) 

Uychiaoco e? al. (1992), documents an exploratory study comparing a line- 

intercept transect, a 50 cm wide video-belt transect, and a 1 m wide in-situ 

mapping of a belt transect. The video and line-intercept transects were 

conducted on April 13, 1992, whereas the in-situ mapping belt transect was 

conducted on May 2, 1990. All three transects were 20 m long and surveyed 

the same guide-line located along the 6 m contour of a reef slope. Line 



deployment for both the line-intercept and video-transect was relief- 

influenced (questionnaire response). The 20 m of line-intercept transect was 

surveyed in about 45 minutes. The research design allows no conclusions 

about the relative accuracy or precision of the methods (sample size for each 

method = 1). Despite this the authors concluded (p. 38) that the line- 

intercept transect ". ..is the least accurate and the least appropriate for fixed- 

spot monitoring [i.e., for permanent sampling stations]." This conclusion 

rested on two considerations (p. 38): a) the author's intuition that a line- 

intercept transect would be the most difficult to replace in the same location; 

buttressed by; b) Weinberg's (1 98 1) negative assessment of the line-intercept 

transect method. However appealing the intuitive assessment might be, these 

conclusions are not sustained by the empirical evidence of this study (or by 

Weinberg's (1  98 1 ) study). 

3. 3.3.2.2.4. Montebon (1993) 
The aims of this study were to assess the ability of the line-intercept transect 

to discern spatial differences and temporal changes in coral cover. In the 

brief literature review. methodological evaluations to date were 

dichotomized as "always" favouring either: a) quadrat methods, as judged by 

effectiveness criteria (citing Weinberg. 198 1 ; Chiappone and Sullivan, 199 1); 

or b) line-intercept transect met hods, as judged by efficiency criteria (citing 

Loya, 1978; Marsh cv a/.. 1984). The first generalization misleads because 

three well-known studies conclude that the methods are equally effective for 

percentage cover estimation (Bouchon, 198 1 b; Dodge et al., 1982; Ohlhorst 

rf a/., 1988); and b) the two studies cited are flawed and cannot support the 

conclusions drawn. 

The results analysed by Montebon were based upon a research design 

utilizing five sites with one transect at each of 6 m and 12 m depth per site. 

Six surveys of each transect. conducted at intervals over 22 months, were 

analysed for differences among sites and between depths. Each 100 m long 



transect was marked with only a starting stake, deployed along a depth 

contour using a depth gause and surveyed by three to six observers using a 

life-forms identification approach. There were 28 life-forms aggregated 

under six main categories. To reduce the very high variation at the life-forms 

level of classification, data were aggregated at the level of the six main 

general categories (including two coral groups. Acropora and non- 

Acropora). Total coral cover data was not analysed. Data were square-root 

transformed and reported in this form, making interpretation difficult and 

verification of the stated minimum detectable percentage point differences in 

benthic cover impossible. No justification for the transformation was given. 

History effects were ignored. and these in addition to observer error could 

easily have overwhelmed the putative main effects. From the material 

presented, it cannot be said what the original intent of the sampling program 

was. but the sampling design was poorly suited for either spatial or temporal 

monitoring. as Montebon recognizes. As a result, no conclusions may be 

drawn about either the effectiveness or the efficiency of the line-intercept 

transect method 

3. 3.3.2.2.5. Naseer (1993) 

Naseer (1993) performed an extensive desk study of the line-intercept 

transect data collected during an International Centre for Ocean 

Development (ICOD) funded training program at the Marine Research 

Section of the Ministry of Fisheries and Agriculture, Republic of Maldives. 

Data consisted of repeat line-intercept transect surveys of three transects at 

each of six sites. conducted at various intervals over a two year period by 

several observers. I t  was stored both as handwritten transcriptions in log 

books, and on a computer database. Based upon spreadsheet extractions 

from the database. he concluded that the repeatability of results was very low 

(e.g., poor matches even within-observer on different survey dates, and 

between observers on the same date). Although the survey protocol had been 



changed fiom W L  to TLPL in the first year of the project, and this and 

inter-observer differences should have produced some differences, some of 

the discrepancies reported were much greater than expected. In a preliminary 

investigation of the matter, I compared the spreadsheet versions used by 

Naseer with their hand-transcribed logbook counterparts. Such matches 

should have been identical, record for record, but for several entire surveys, 

no correspondence at all existed. It seems therefore, that either errors were 

made when the data was extracted from relational database to spreadsheet, 

or the computer database was corrupted in some manner. In either case. 

Naseer's negative conclusions about the validity and usefulness of the line- 

intercept method (and the data) should be tempered by knowledge of these 

possibilities and re-assessed using the hand-transcribed records of the 

original data. 

Simulations have been reported in a number of terrestrial vegetation studies 

( e g .  Hasel, 1941; Bauer. 1943; Fischer and Graves, 1982; Friedel and 

Chewing, 1988), and have been used to evaluate coral reef survey methods 

in three studies. The studies used computer simulations and one study also 

used simulated transects drawn on Weinberg's (1981) map. The virtue of 

such studies is that they allow manipulation of community parameters such 

as colony dispersion patterns. size. density (and in principle, shape and life- 

form. but the latter two have not been attempted) at modest cost compared 

to field work. Such investigations can cast light on optimal sample unit-size 

and shape under different circumstances, and may be useful for posl-hoc 

investigation of field survey outcomes where suitable information was 

collected. They also allow assessment of accuracy because estimates can be 

compared with the known "realities" of the simulation. A limitation of such 

investigations is that they exclude the effects of vertical variation in transect 



deployment. and random and systematic operator error, factors which can be 

extremely important in the field. 

3. 3.3.2.3.7.Khzie and Snider (1978) 

Kinzie and Snider (1 978) simulated surveys of computer generated reefs 12 

m by 12 m in size. The reefs were populated by four to six species of corals 

represented by circles. Communities comprising various combinations of 

colony diameters (up to 1.3 m), abundance, and relative cover were 

simulated. Each reef was surveyed using four plotless methods situated along 

1 0 transect lines. These 1 0 replicates were randomly established three times 

at random. The four methods simulated (ordered according to the authors' 

assessment of decreasing effort required) were: a) line-intercept transect; b) 

point-intercept plot. in which three quadrats were arrayed systematically 

along the transect lines. Each quadrat was 1 m by 1 m to a side and had 25 

points arrayed at regular intervals in a grid.; c) point-intercept transect with 

points at 20 cm intervals: d) point-intercept transect with points at 40 cm 

intervals. The accuracy of each survey was assessed as the number of times 

out of ten replicates that cover estimates were within plus or minus 5, 10, 

and 20 percent of the known cover value for each species. Based on these 

criteria, the authors' concluded that ". . . all four methods simulated are 

almost equally bad ..." (p. 247). and recommended using less labour- 

intensive methods to take more surveys as the most cost-effective sampling - 

strategy. They also observed that accuracy declined with decreasing colony 

abundance even when cover was high and coral heads were large. No 

descriptive statistics were reported. 

The approach used to assess accuracy assumes that one sample can be 

expected to represent a population. This is an unrealistic assumption, rather 

like measuring the length of 10 fish out of a population and evaluating the 

accuracy of the sampling method by how closely the measured length of each 



individual conforms to the actual population mean length (supposing it were 

known). The observation that accuracy declines with declining abundance is 

an artifact of this approach to assessing accuracy. It arises because the 

probability of encountering a colony decreases as abundance decreases. 

therefore particular sample results are unlikely to be accurate, a tendency 

which will be more pronounced when the colonies are both large and rare. 

Related to this, colonies such as those in the simulation which were close to 

or exceeding 1 m diameter, violate a basic assumption of the line-intercept 

transect method, namely that the items sampled be small relative to the 

length of the transect line (Lucas and Seber, 1977). Consider for example, a 

square colony occupying one quarter of the area of a square site and lying 

with its sides parallel to the site boundaries. Of random transects set across 

the site, only one in two will intercept the colony. Those intercepting the 

colony will produce an estimate of 50% cover while the others will estimate 

0%. and all estimates will differ fkom the actual percentage coral cover by 

100%. It is therefore not surprising that the accuracy scores are low. Overall, 

the analysis would have been improved and comparisons with other study 

results facilitated. if conventional measures of central tendency and 

dispersion ( e g ,  mean and standard error of the mean) had been calculated 

and used to assess the methods. 

3. 3.3.2.3.2.Marsh ef al. (7984) 

Marsh et a/. (1984; AIMS publication no. 222) performed simulations based 

on two sets of computer-generated samples, and two samples of four line- 

intercept transects derived from Weinberg's (1 98 1 ) map using transects ". . . 

laid across the map using Weinberg's (1 98 1) procedure" Marsh et ol., 1984, 

p. 177). The aim was to investigate the potential of line-intercept transects to 

produce demographic, as well as percentage cover data, using only 

intercepted chord lengths. In their discussion they put a wisf i l  spin on the 

negative conclusions drawn by Weinberg (1981) and Kinzie and Snider 



(1978), stating that these investigators showed "... that not only is the 

method fast and simple but also that the error in the results is within 

acceptable limits compared with other methods ...." (Marsh el a]., 1984, p. 

178). They concluded that their approach worked very well, and " ... has 

wide application wherever line transects are used . . . ." 

The simulations employed a probabilistic model relating distribution and 

density functions of both chords and colony diameters, assuming circular 

coral colonies. Estimated parameter values were compared with calculated 

"actual" values. In the case of the map simulation, Weinberg's imputed 

"reality" was used, and results were also compared with the percentage 

cover estimates reported for Weinberg's field trials for seven methods. With 

reference to the latter, which included a conventionally calculated estimate 

derived from intercepted chord data (Table 3.7), they concluded that their 

method "...did as well or better ..." than the methods tested by Weinberg. The 

implication that their method is a superior means of estimating percentage 

cover is misleading for two reasons: a) The two types of estimates are 

qualitatively different. The simulations and Weinberg's "actual" estimates 

were derived from the map, whereas all of the other estimates were based on 

field measurements with their attendant errors; b) Furthermore, if Marsh el 

a/. (1  984) did follow Weinberg's ( 198 1 ) transect placement procedure, then 

uniformly spaced transects which sampled only a portion of the map were 

used in the simulation. and resemblance between the sample estimates and 

the "reality" may therefore be serendipitous. 

Comparison of model estimates with "actual" values indicated a close 

correspondence (Table 3.7). but. with the exception of the estimated mean 

diameters in the second computer simulation, estimate variability was not 

reported, and 

and variances 

there is reason to 

(Table 3.7) using 

suspect it would be high. I estimated means 

two samples of four line-intercept transects 



Tablc 3.7. Various cstinlates of .\lonmsrrea annularis percentage cover on Weinberg's (198 1) test reef. 
bascd on nmsurcnlcnts obtaincd in thc ficld and from Weinberg's site man - 

Wcinbcrg, 198 1 Marsh et a/. . 1984 Allison 
"Actual" Ficld cstimate Simulated on map Simulated on map 

Statistic from nlap LIT LIT A LIT B LIT A LIT B 
Mcan pcrccntagc c o w  12.9 18.4 14.2 10.1 10.2 14.9 
Variancc n.a. n.a. n.a. n.a. 23.06 36.5 



randomly located across Weinberg's map. The means were similar to those 

of Marsh et a!. (1984), but the variances would presumably have been even 

larger when calculated for their model, for which the variances of both 

number and size of intercepted chords would be multiplicatively pooled. A 

practical problem is encountered when measuring colonies with gaps 

between live coral portions (dead portions, lobate colonies, interdigitating or 

partially overlapping colonies), because only a small proportion of such 

relatively small chord lengths can produce serious overestimates of colony 

density estimates (McIntyre, 1953). Overall, the sampling design of the 

simulation, like that of Weinberg's (1981) original tests, makes the 

conclusions drawn about the model suspect. Even if it was demonstrated 

more convincingly through simulations that the model was usefir1 in principle, 

hrther investigation, focused on the magnitude and control of field 

mensuration errors. and effective control of gaps, would be required before 

recommendations could be made about the utility of the information 

produced. 

3. 3.3.2.3.3.0hlhorst et a/. (7988) 

Ohlhorst et a/. (1988). evaluated four benthic sampling techniques using: a) 

computer models to assess accuracy and precision; and b) field trials to 

obtain implementation time data and qualitative observations. Methods 

assessed were line- and point-intercept transects, plot point-intercept and 

plot grid-mapping. Three 5 m by 5 m computer-simulated reef communities 

were produced, modeling three colony dispersion patterns, relatively 

uniform, random, and clumped. Each community comprised unspecified 

densities of 10 coral species in which each colony was circular with diameter 

20 cm. Computer-simulated transects were situated parallel to one another at 

one meter intervals from the randomly located first transect. The average 

time required for one 5 m long line-intercept transect was 33 minutes. The 

estimated mean percentage coral cover for all of the methods, except the plot 



point-intercept method, were close to the "actual" values. The variance of all 

of the estimates except those for clumped community quadrat sampling 

(Table 3.8) was quite small compared to random replicate transects on real 

reefs (Table 4.25). Based on this evidence and evidence From one-hour 

sampling efforts, the authors concluded that in terms of decreasing efficiency 

the methods ranked: line-point transect > line-intercept transect > plot point- 

intercept > quadrat. They went on to suggest that because more samples 

would be required as spatial heterogeneity increased, the intercepted distance 

methods, especially the point-intercept transects would be even more 

efficient. Several further qualifications to these findings are: a) The field 

survey transect deployment method was most similar to "c" in the 

questionnaire (questionnaire response), and this type of transect takes much 

longer to survey than either the taut-level or the relief-influenced line 

deployment. Assuming similar accuracy and precision (Since the simulation 

results were planar projections, this requirement is met .), then the latter two 

deployments will be substantially more efficient than the substrate- 

conforming deployment. b) The authors state that all of the methods " ... 

particularly those utilizing rigid frames . . ." were ". . . directed towards 

censusing [sampling] the horizontal plane of the reef surface." (p. 323). This 

cannot be the case, except for the computer simulations, because relief- 

conforming field transect line deployments were used. This poses problems . 

for extrapolation of the computer-simulation conclusions to field studies, and 

for comparisons among the results of field surveys employing different 

methods, some using planar projections and others using non-planar 

projections (e.g., Liddell and Ohlhorst, 1993). How serious this 

inconsistency is depends on the three-dimensional complexity and scale of 

reef topographic relief (Ohlhorst considered the range of topographic relief 

small and the discrepancy unimportant (questionnaire response)). 



Table 3.8. Comparison of four sunrey method percentage cover estimates with "actual" values. 
Data from Ohlhorst et al. (1988) computer simulations allowing 30 minutes sampling time. 
Variance estimated from mean and coeficient of variation estimates. Means are approximations 
estimated from the reported range of data values reported (means were not reported). 
LIT = Line-lntercept Transect; PIT = Point-Intercept Transect; PPI = Plot Point Intercept. 

"Actual" LIT (n = 4) PIT (n = 30) PPI (n = 32) Quadrat (n = 16) 
Dispersion pattern %cover Mean Var Mean Var Mean Var Mean Var 
Uniform 48.1 51 5.6 50 1.1 40 0.4 50 2.1 
Random 48.7 54 0.1 52 1.8 40 0.7 47 5.6 
Clumped 49.0 49 3.0 51 0.3 42 3.8 51 45.3 



3. 3.3.2.4.Summary Discussion 

Apart from very general statements and methods descriptions found in 

textbooks such as Greig-Smith (1 964), the findings of terrestrial testing have 

been little used in reef survey studies. A search for terrestrial studies cited in 

studies evaluating the line-intercept transect method for coral reef survey use 

revealed that out of 11 reef papers only six cited the terrestrial literature. 

Five of the citations were of textbooks, especially Greig-Smith (1964). Two 

articles citing texts also cited journals, and one article cited a journal only. 

Out of the three studies citing journal support, two cited articles which had 

no bearing on the issue. An in-depth review of the terrestrial literature 

evaluations of the line-intercept method would have revealed its generic 

strengths and weaknesses and how to deal with them (e.g., Bauer, 1943; 

Hormay, 1949; Johnston, 1957). Evaluation of the testing circumstances and 

conclusions might have suggested the circumstances over which the 

terrestrial findings could be generalized and identified specific contexts 

requiring testing to adapt the method to coral reef survey work (e.g., the 

topographic relief and parallax issues). 

In contrast to terrestrial methods, very little testing of coral reef survey 

methods has been performed, possibly because of the cost of underwater 

work and possibly because there seemed to be no need to reinvent the wheel. 

Much of the testing which was done did not support firm conclusions, either 

because the research design or analysis was flawed or because the statistical 

tests were of very low power. Despite these findings, there can be little doubt 

of the adequacy of the line-intercept method in theory, and any simulation 

which does not violate the kndamental assumptions of the method should 

also perform well. Genuine problems are encountered when the method is 

employed in the field. Claims made to date that the line-intercept transect 

method is relatively inaccurate, whether based on field research (Weinberg, 



1981) or computer simulation (Kinzie and Snider, 1978) can be dismissed as 

consequences of either defective research design or analysis respectively. On 

the other hand, evidence that the method is as accurate as any other 

commonly used reef survey method (Dodge ei al., 1982) is weak because the 

power of the tests was low. The conclusion that point- and line-intercept . . 

transects methods are accurate and relatively efficient (Ohlhorst et al., 1988) 

are based upon total coral cover estimations using computer simulations in 

which coral colonies were abundant and of constant size, coral cover was 

high, the scale of the transect was large relative to the scale of clumps 

(whether colonies or aggregates of colonies) and mensuration error was 

trivial. These conditions are conducive to low variability estimates and high 

power statistical tests, so it is not surprising that differences were found, 

whereas the field tests of Dodge el al. (1 982) revealed none. The low power 

of the statistical tests comparing field results arises from the high variability 

of those results, as demonstrated for the methods tested by Dodge et al 

(1982) and specifically for the AIMS-protocol line-intercept transect by 

Mundy (1991). This variability seems be a joint product of the inherent 

variability of reef communities, and variability introduced by the survey 

process. The studies conducted to date, although suggestive, do not allow 

these two contributing factors to be disentangled. 

The effects of reef community variability may be reduced by increasing the 

sample size, as stated by Mundy (1991) and as the contrasting approaches 

and conclusions of Kinzie and Snider (1978) and Ohlhorst ei al. (1988) 

suggest. Mundy (1991) found 10 m long transects highly variable and 

therefore used a minimum length of 20 m in his tests. He also found that 

precision was only within acceptable levels when data were aggregated at 

higher classification levels such as all acroporans, all massive corals, or total 

coral. Kinzie and Snider (1 978) analyzed a simulated community by species 

and seemed to get high variability, whereas Ohlhorst ei a/. (1988) used total 



coral cover and got low variability. Unfortunately neither team cast their 

results in a form that could be easily compared with the other, so that it can 

only be concluded that their results are not inconsistent with the conjecture. 

The role of method in creating variability can't be determined fiom existing 

studies, although they are suggestive. Mundy (1 99 I), running repeat surveys 

of the same transects, found that sample variability remained high. 

Unfortunately the ambiguities of the AIMS life-forms categories, to which 

Mundy attributed most of the variability, confounded mensurations errors of 

the survey protocol. Of the field evaluations, only that of Dodge et al. (1 982) 

conducted all surveys in a manner consistent with planar areal projections, 

but they did not repeat surveys of the same transects, so the relative 

contributions of spatial heterogeneity and method to sample variability could 

not be assessed. 

3.3.4. QUESTIONNAIRE 

Of the 37 surveys despatched, there were 27 usable returns, four 

undeliverables, and six non-responses (Table 3.9). The response rate was 

85% From tape-transect users. and 67% fiom chain-transect users. Since the 

non-response rate was low and non-respondents were generally members of 

the same working groups from which several responses were received, non- 

response bias was judged insignificant. In general the high response rate, the 

heterogeneity of the answers. and the clear opinions and preferences 

expressed suggest that current "standards" are controversial at best. 

Considering only the tape-transect version of the method, which is the main 

concern of this study. the responses include most of the authors of studies 

evaluating the line-intercept method (Bouchon, 198 1 ; Weinberg, 198 1 ; 

Dodge ct a/., 1982; Marsh rf al., 1984; Ohlhorst et aL, 1988), 

representatives of the main institutions advocating its use in one form or 



Table 3.9. Questionnaire response ratc. 
Tape-Transect C hain-Transect Total 
No. To  No. Yo No. 

Responses 23 85.2 4 66.7 27 
Non-response 4 14.8 2 33.3 6 
Denominator in % calculation 27 6 
Undeliverable 4 4 
Number despatched 3 1 6 37 



another (AIMS, UNEP), scientists administering monitoring programmes, 

and researchers operationalizing monitoring programmes. Responses to the 

first three questions consistently show that: a) a variety of deployments are 

used; and that b) a form of relief-influenced deployment is most popular; 

followed by c) the taut, level deployment; and d) the relief-conforming 

deployment (Table 3.10). Expressed as percentage of total responses, the 

taut, level deployment was most often indicated as the ideal (30.4%), 

followed by the relief-conforming deployment (13.0%). The category 

'practical?", which summarizes qualifying comments made by respondents, 

indicates that deployments somewhere between the two ideals are considered 

the most practical (total 3 3.4%). Of the practical considerations limiting 

realization of the ideals (Table 3.1 l), scarce resources (money, time, trained 

personnel) were mentioned most frequently (41.9%), followed by 

subjectivity associated primarily with parallax effects and aggravated by 

topographic complexity (3 9.5%). 



Table 3.10. Questionnaire response, line-intercept transect tape deployment (n = 22, data expressed as percent). 

A.1. A.2. A.3. B. C. 
Used in most Most often Respondent 

Tape deployment 
Most 

survevs seen used usually uses Idea' practical 
a. Taut, level 17.4 8.7 30.4 30.4 4.3 

T 
lost 

* ctical 
a. Taut, level 17.4 8.7 30.4 30.4 4.3 
Between a & b 
b Relie f-mfluenced 
Hctwm b & c 
c. Kel~efconforming 
None of the above 
Botha&b 
All of a, b, c 
Rothc&d 
Both b & c  
Don't know 
No data 
Dcpnds on research aim 
Other than line transcct 0 0 0 8.7 8.7 
Total 100 100 100 100 1 00 



Table 3.1  1 .  Factors limiting realization of the ideal line-intercept transect deployment. 
(Several questionnaires indicated more than one factor.) 
Factor Number Percent 
Money (time, personnel) 7 16.3 
Availability of trained personnel 1 1  25.6 
Subjectivity (especially parallax effects) 12 27.9 
Topographic relief 5 11.6 
Water movement 1 2.3 
Damage to reef 1 2.3 
No data 6 14.0 
Total 37 100.0 



3.3.5. SIMULATIONS 

3. 3.5.1.Deployments Simulation 

Several protocols which are intended to reduce parallax effects, may in fact 

produce additional error because transect deployments cannot be 

reproduced, or because parallax effects are merely shifted to another level in 

the survey process, or both. Relief-influenced transects, deployed following 

the AIMS-UNEP protocol (in which the transect line is hooked on benthic 

features to supplement stakes) cannot be reproduced because particular 

benthic "hooks" cannot be identified for re-use in subsequent surveys. Also, 

even the 10 to 15 cm gaps between the line and substrate prescribed as the 

upper limit in the AIMS-UNEP protocol can produce appreciable parallax 

effects (Littler, 197 1 ; 1 985; questionnaire response), especially on the reef 

slope (pers. obs.). These were probably important, but undescribed, sources 

of the variability reported by Mundy (1991) for repeated transects. The 

variability of intercepted distances when this protocol is used makes it very 

difficult to match colonies on repeated transects. 

Relief-conforming chain transects. when not otherwise constrained, tend to 

gravitate to the lowest path, sliding off of the tops of columns and mounds, 

whether these are whole colonies or colony components (branches, fingers, 

lamellae). This tendency is aggravated by wave action. To implement such a 

transect, the operator must actively counteract the chain's tendency to seek 

the low ground, and deliberately apply it to vertical sections and the 

undersides of substrate components. This requires decisions about whether 

or not particular items. colonies, or colony portions lie on the transect. Thus 

this tendency not only affects the measured size of items, but it re-introduces 

subjectivity to the survey. For both protocols, the linear distance surveyed 

changes as deployments change, so that some items near the end of a 



permanently staked transect of fixed transect tape length will appear on some 

surveys and not on others. Changes in a coral community which S e c t  

topographic relief, such as the physical loss or collapse of a colony, will also 

affect percentage cover estimates for the rest of the transect components. 

. The variable nature of the deployment also makes it difficult to match 

recurring benthic features on repeated transects, and in some coral 

communities (delicate colonies) the chain and the close proximity which an 

observer has to assume to the substrate inflicts more damage to the reef than 

other methods do. 

Instead of bringing the line close to the benthos being surveyed, as do the 

relief-influenced and chain protocols, another approach is to use the transect 

line as a guide-line and to measure items judged to be beneath it with a ruler. 

Only one explicitly documented case of this approach was found 

(Phongsuwan and Chansang, 1993), but other workers, who used rope 

transect lines rather than tapes (e.g., Loya, 1971), must have done something 

similar. Although this approach, like a substrate-conforming chain transect, 

may reduce the influence of parallax on chord length measurements per se 

for smaller colonies, it also, like the chain transect, neglects the fact that the 

colonies to be measured and the projection of the line on the colonies, must 

be selected from above the guide-line while parallax is still a factor, after - 

which the observer must drop down beneath the line to effect the 

measurement or lay the chain. This approach also seems to forfeit colony 

location information. 

The simulation data illustrate a number of differences in the data obtained 

using different deployments. The chord lengths of individual colonies and the 

mean chord length for each transect varied among deployments (Table 3.12), 

as did, of logical necessity, colony chord lengths aggregated by life-form 

(Table 3.13), and the distance of interception points along the transect lines. 



Table 3.12. Comparison of results obtained using different transcct deployment protocols. 
"Actual" = intercepted chord length irregardless of exposure or orientation. 
A. Intercepted chord length values (cm). 

Exposed in vertical projection 

CF 200 219 875 1796 9.0 1796 9.0 
Total coral (cm) 7274 8334 10900 14683 2.0 21013 2.9 
Substrate 2333.4 2556.5 4372.8 3352.0 1.4 8495.0 3.6 
Coral + substrate 9607.4 10890.5 15272.8 18035.0 1.9 29508.0 3.1 

B. Percentage cover values. 

Exposed in ~ l a n  view 

Life-form Relief- Conformed: "Actual": 
Level influenced Draped Conformed Level "Actual" Level 

CM 20.14 19.70 17.14 16.11 0.8 12.16 0.6 
CT 25.59 26.42 18.67 14.33 0.6 19.07 0.7 
CB 16.34 16.05 16.3 1 22.70 1.4 15.08 0.9 
CC 4.65 4.70 5.86 8.48 1.8 5.19 1.1 
CE 1.85 1.97 2.29 2.73 1.5 2.96 1.6 
CD + CP 5.05 5.67 5.37 7.10 1.4 10.68 2.1 
CF 2.08 2.0 1 5.73 9.96 4.8 6.09 2.9 
Total coral cover 75.7 76.5 71.4 81.4 1.1 7 1.2 0.9 



Table 3.13. Intercepted distances for each colony using different transect line deploymer~ts and projections. 
(a - d = vertically exposed surfaces, "Actual" = all surfaces) 
i .  Raw data (cm) Coral colony.life-form 

Protocol a.cc b.ct c.cb d.cm e.ce f.cd g.cf h.cm i.cm j.cm k.ct I.cp m-ct n.ce o.cb p.ct q.ce r.cm s.ct t.ct u.cm Total Mean 
a. Lcvcl 447 565 1270 287 53 349 200 9 199 168 190 136 698 86 300 230 39 1008 151 625 264 7274 346.4 
b. Influenced 512 600 1412 402 77 364 219 11 215 174 466 254 760 94 336 251 44 1059 155 645 284 8334 396.9 
c. Draped 895 597 2155 388 80 489 875 52 288 202 398 331 775 189 336 254 81 1329 173 654 359 10900 519.0 
d. Conformed 1530 603 3758 450 190 844 1796 55 342 330 201 437 718 216 336 246 87 1436 162 654 292 14683 699.2 
e. "Actual" 1530 1534 3758 534 293 1165 1796 181 342 290 510 1985 1450 327 691 492 253 1785 273 1367 457 21013 1000.6 
f. dla 3.4 1.1 3.0 1.6 3.6 2.4 9.0 6.1 1.7 2.0 1.1 3.2 1.0 2.5 1.1 1.1 2.2 1.4 1.1 1.0 1.1 2.0 
E. "Actualw1a 3.4 2.7 3.0 1.9 5.5 3.3 9.0 20.1 1.7 1.7 2.7 14.6 2.1 3.8 2.3 2.1 6.5 1.8 1.8 2.2 1.7 2.9 

ii. Percent Cover Coral colony.life-form 
Protocol a.cc b.ct c.cb d.cm e.ce f.cd g.cf h.cm i.cm j.cm k.ct I.cp m.ct n.ce o.cb p.ct q.ce r.cm s.ct t.ct u.cm Total 

a. Lcvel 4.7 5.9 13.2 3.0 0.6 3.6 2.1 0.1 2.1 1.7 2.0 1.4 7.3 0.9 3.1 2.4 0.4 10.5 1.6 6.5 2.7 75.7 
b. Influenced 4.7 5.5 13.0 3.7 0.7 3.3 2.0 0.1 2.0 1.6 4.3 2.3 7.0 0.9 3.1 2.3 0.4 9.7 1.4 5.9 2.6 76.5 
c. Draped 5.9 3.9 14.1 2.5 0.5 3.2 5.7 0.3 1.9 1.3 2.6 2.2 5.1 1.2 2.2 1.7 0.5 8.7 1.1 4.3 2.4 71.4 
d. Conformed 8.5 3.3 20.8 2.5 1.1 4.7 10.0 0.3 1.9 1.8 1.1 2.4 4.0 1.2 1.9 1.4 0.5 8.0 0.9 3.6 1.6 81.4 
e. "Actual" 5.2 5.2 12.7 1.8 1.0 3.9 6.1 0.6 1.2 1.0 1.7 6.7 4.9 1.1 2.3 1.7 0.9 6.0 0.9 4.6 1.5 71.2 
f. d/a 1.8 0.6 1.6 0.8 1.9 1.3 4.8 3.3 0.9 1.0 0.6 1.7 0.5 1.3 0.6 0.6 1.2 0.8 0.6 0.6 0.6 1.1 
n. "Actual"/a 1.1 0.9 1.0 0.6 1.8 1.1 2.9 6.5 0.6 0.6 0.9 4.8 0.7 1.2 0.7 0.7 2.1 0.6 0.6 0.7 0.6 0.9 



In general, measured chord length increased as the transect line deployment 

deviated farther from level, as can be seen by reading down the first five 

rows in any column of Table 3.12 or across the columns of Table 3.13. 

These variations are due to interactions between properties of the survey 

protocols and properties of the coral community. Some of the interactions 

illustrated by the simulation include those between survey protocol and: a) 

colony morphology, orientation and location; and b) benthic topographic 

relief. These aspects are discussed below with respect to Table 3.12 in which 

data is summarized by life-form, and Table 3.13 and Figure 2.3 in which 

colonies are identified by letter code. Examples of coral species illustrating 

particular features are given where relevant, and the implications of these 

features for reef survey work are examined. 

The orientation of a colony can affect the proportion of a colony which is 

projected vertically, thus the area of colonies "e.ce9' and "g.cfY (Table 3.13, 

Figure 3.1 ) are underestimated with a level transect and vertical projection. 

Colony location will determine whether a colony is partially or entirely 

occluded by another colony or benthic feature, and therefore partially or 

wholly excluded from a survey which measures only vertically exposed 

surface ( e g  . 1 .cp. h.cm). Colony morphology is a somewhat more complex 

property, which interacts with line deployment and measurement projection 

at several different scales Considering only gross morphology, a massive 

(e.g . , Porifes irirea) or an encrusting (e. g., Leptastrea Iransversa) colony will 

have a lower surface area per unit volume than will the other life-forms, and 

will hence have a relatively smaller level to "actual" intercepted distance 

measure ratio (Table 3.12). Examined at a smaller scale, the surface area of a 

two-sided table coral (e.g.. A cropom irregularis) or bracket coral (e.g., A. 

hyacinhrrs) may be more than compensated for by the villiform nature of a 

digitate colony such as A.  hrrmilis or Porites nigrescens (Table 3.13 : Ecd vs 

b.ct, rn-ct, t.ct). This effect may in turn be exceeded by the multiple surfaces 



of a foliose coral' s lamellae (e. g., Echinopora lamelosa) a branching 

colony's latticework (e.g., A. formosa), or the branching lamellae of a form 

such as Leptoseris gardineri (note: only the gross outline of branching forms 

was measured in the simulation and the effect of the lamellae in the foliose 

form "g.cf' was exaggerated by the colony's orientation). All of these 

properties that increase surface area exist at different scales. For example, 

many so-called table acroporas are revealed as digitate or branching forms 

when inspected at higher magnification ( e g  , A. hyacinthus, A. cylherea) . 

Similarly, surface area is increased at several scales by colony surface 

features, such as ridges ( e g  . Pavorza sp. and Pachyserzs sp.), vermcae (e.g . , 

Pociilopora sp. ) and tuberculae (e.g., Montipora sp.), individual coral cups, 

and even structures inside coral cups such as the prominent costal spines of 

Acarzihastrea echirtata and most hngiids. Coral cups, for example, in terms 

of diameter and vertical relief, can vary in scale through two orders of 

magnitude in species commonly encountered in reef surveys (e.g., Synarea 

r z ~ ~  < 1 mm; Dipioas~rea heliopora ca. 5 - 1 0 mm; LobophyNa sp. ca. 5 0 - 
80 cm diameter). 

How this variation across scales is manifest in intercepted distance data 

depends on the transect protocol followed and is analogous to Richardson's 

(1961) description of measuring the coastline of England using constant 

length intervals of various sizes. He found that as the interval length used 

declined, the total length measured increased. apparently without bound. In 

the case of a transect line set on a reef to measure intercepted distances, the 

taut, level deployment represents one extreme in which the interval length 

corresponds to the length of the transect. A chain deployed closely 

conformed to the substrate all along a transect (e.g., Rogers et al., 1983) lies 

towards the other extreme, in which the interval corresponds to the length of 

the chain links. How closely the measure approximates the "actual" 

proportionate cover of various sessile benthic components will depend on the 



relationship between their conformations and the scale of the measurement 

interval used. 1t seems probable that this would be problematic, especially 

for Indo-Pacific corals, since, for example, the 1.3 cm long links commonly 

used in chain transect surveys (Rogers el a!., 1994), could, in principle, 

follow the relief of digitate colonies with larger "digits", such as A. 

morihdosa (ACD) but would lie across the upper surface of colonies with 

smaller, more closely spaced "digits", such as A. hyacinthus (ACT). 

Similarly, such a link size could fairly closely follow the gross relief of a 

forearm-sized branching coral such as A. palifea, but could not smoothly 

follow the contours of the much more gracile A. nobilus. The relief- 

influenced and substrate-conforming deployments illustrated in Figure 2.3B 

have a similar problem, except the variability in scale is inherent in the 

transect line deployment as well as in the objects measured. Thus, while a 

chain of a given link (interval) size, closely conformed to the substrate may 

inappropriately use one interval scale to measure and compare colonies with 

different scale properties, the intermediate, relief-influenced deployments use 

haphazardly varying interval scales to measure colonies with various scale 

properties. The inaccuracy this produces in individual measurements 

contributes to sample data imprecision. Taut, level transects apply one 

measurement scale at the whole colony scale, and are blind to smaller scale 

variation. While this biases the method against certain growth forms, 

orientations and locations. it is: a) no worse than the chain transect method 

in this regard; b) makes no pretense of measuring an elusive "actual" coral 

cover: and c) provided certain precautions are taken, produces highly 

reproducible results, as will be demonstrated in succeeding chapters. 

3. 3.5.2. Wein berg Simulation 

Weinberg's ( 1  98 1 ) line-intercept transect estimates for both total coral cover 

and M. ar~rurlaris (number and size of intercepts, percentage cover) were 

high by comparison with his "reality" construction (percentage cover error, 



calculated as a percentage difference score = +52.1% for total coral, 

+42.1% for M. artmlaris). These inflated values could be explained by the 

location of the transects (if they were situated where corals were more 

abundant, or larger, or both), or positive observer bias (more colonies 

. recorded on the line, or measurements exaggerated, or both), or a 

combination of these factors. It is also probable, since the transect line was 

not level (questionnaire response), that the metric used was not consistent 

throughout the transects, as discussed above (Section 3.3.5. I), and was 

inconsistent with the purported planar projection used to construct the map. 

It seems unlikely that the photographs and sketches were true vertical 

projections, because they were made while the observer was hovering over 

the site and estimating the vertical. The absence of precise information about 

the sampling and recording protocols used makes it impossible to positively 

decompose the contributing factors. Despite this, some inferences are 

possible from information in the paper, used in comparisons with simulation 

transect data obtained from Weinberg's excellent site map. 

Beginning with the contents of the paper, the map shows that coral colonies 

on the 10m by 10m site were concentrated in three low barrows running 

roughly parallel to one another and two sides of the map, and separated by 

uniformly spaced, sandy troughs. The central barrow split in two about . 

halfway across the map, after which in general the density of corals seemed 

to decline. On this site, transects were uniformly distributed at one meter 

intervals beginning at an unstated starting point chosen in an unspecified 

manner. In a photograph exhibiting at least five meters of transect undulating 

gently up and down and disappearing over a rise (Weinberg, 1981, Fig. 7), 

the transect seems to be situated along the side of one of the barrows, since 

the sandy troughs which should be visible if the line ran across the barrows 

cannot be seen. Species and vertically projected intercepted lengths were 

recorded for each colony, then the tape was moved one meter sideways and 



recording was resumed. All intercepted lengths for each species were then 

added up and divided by total length of transect observed (Weinberg, 198 1 ). 

If location information was preserved, or if data was recorded separately by 

transect, this was not apparent in the data presentation. 

Under these circumstances (e.g., a small sample of uniformly dispersed 

clusters of corals, taken using a uniform sampling routine, with both sample 

units and clusters potentially oriented in the same direction), it is possible 

that areas of disproportionately high coral concentration and cover were 

surveyed. This would increase the number of colonies intercepted, but not 

necessarily the average size of the intercepted chords. It is also possible that 

operator bias and methodological error contributed to the results. There is a 

gap between the line and the substrate, and although Weinberg did not 

discuss parallax as a problem for the line-intercept method, it was mentioned 

as the probable cause of substantial positive bias for both point-intercept 

methods, which overestimated the "actual" total coral cover by 69.0% and 

84.5%. Since the line-intercept method requires identification of two point 

interception points for each coral colony and since there was a gap between 

the line and colony for many readings. it seems just as likely that parallax- 

induced subjectivity was present with the line-intercept method as with the 

point method. This subjectivity which Weinberg explains as a positive bias 

for the point methods. could have biased both the number and size of 

colonies perceived to be on the line-intercept transects. Examination of the 

line-intercept transect data show that Weinberg's estimates of the number of 

intercepted colonies substantially exceeded the numbers counted by Marsh el 

a!. (1984) for M. anmlaris (53 vs. 38 and 43), and Allison for all species 

(145 vs. 109 - 116 and 99 - 101), and M. annularis (53 vs. 42 - 45 and 47 - 
48), in simulations also based upon Weinberg's map (Table 3.14). Further 

examination of this data, focused on the five most important coral species 

(these species accounted for about 80% of coral cover and colony numbers), 



Table 3.14. Comparative statistics for the five coral species with "real" cover > 1 %, in Weinberg (1 98 1). 
Error calculated as percentage di fKerence from "real ". 

Pcrcen t cover Number of chords Chord length (cm) 
Weinberp Allison Marsh Wein- Allison Marsh Wein- Allison Marsh 

Species "Real" LIT 1 2 1 2 berg la Ib 2a 2b 1 2 bcrg la lb  2a 2b 1 2 

Montastrea 
mtularis 

12.9 18.4 10.2 14.9 14.2 12.0 53 45 42 48 47 43 38 14.0 9.0 9.7 12.4 12.6 13.2 12.6 

Error (%) 42.1 21.3 14.8 10.1 7.0 
lllontartreo 

2.7 5.3 3.1 3.7 
caventosa 

17 11 11 14 14 12.7 11.2 11.2 10.6 10.6 

Error (%) 94.5 12.2 35.0 
,4garicia 

1.9 3.2 2.9 1.1 
agaricites 

19 15 15 7 7 6.8 7.7 7.7 6.4 6.4 

Error (%) 70.7 54.3 40.2 
Porites 

1.4 2.2 1.1 1.2 
mtreoides 

1 3 6 6 6 6  6.7 7.0 7.0 8.0 8.0 

Error (%) 51.7 26.6 16.1 
Sidermtrea 

1.0 2.3 0.3 1.2 
siderea 

9 4 4 7 6  10.5 3.3 3.3 6.9 8.0 

Error (%) 134.3 67.2 21.2 

Sum 5 spp. 20.0 31.4 17.5 22.1 111 81 78 82 80 10.2 7.6 7.8 8.8 9.1 

As % of all 3 1 
S~ecies 

81.1 83.8 75.0 84.5 

All 31 spp. 24.6 37.5 23.4 26.1 145 116 109 101 99 10.5 8.1 8.6 10.0 10.7 
Error (%) 52.1 5.1 6.1 
No. Species 3 1 21 19 16 
Notes: 
Allison 1 and 2 = two Allison simulations; Marsh = two Marsh et al. (1 984) simulations. 
For chord length, discontinuous portions of one colony may be counted separately (a), or as one colony (b). 
Number of chords for Weinberg (W) fiom formula (p. 209) and density data (Table 1, p. 206), Weinberg (1 98 1 ). 
Weinberg "real" percentage cover data fiom Weinberg, 198 1 : Table 1, p. 206. 



shows that for Weinberg's transects the number of intercepted colonies 

consistently exceeded those in the Allison simulations (mean fi y r e s  of 1 1 1 

vs. 78 - 81 and 80 - 82). More importantly, the mean lengths of intercepted 

M. anmdaris chords in Weinberg's transects exceeded all of the Allison and 

Marsh el a/., values (14.0 vs. 9.0 - 9.7 and. 12.4 - 12.6; 12.6 - 13.2 cm), and 

the mean for the five most important species exceeded all of the Allison 

simulation values for these species (10.2 vs. 7.6 - 7.8 and 8.8 - 9.1 cm). 

Unless Weinberg's transects were not only placed where colonies were more 

abundant, but also where they were larger, these data imply a positive bias of 

the measurements. 

In summary, Weinberg's ( 1 98 1 ) aim of comparing the results obtained fi-om 

seven coral reef survey methods with each other and a putative "reality" was 

seriously compromised by the research design used. Samples were neither 

replicated. nor were they randomly allocated, and several of the methods 

tested (photographic. charting. plots) were not independent of the methods 

used to constmct the map from which the "real" data were derived. Even 

relative comparisons among methods cannot be made with confidence 

because it is not clear if the results obtained using different methods came 

from comparable portions of the site. It also seems probable that the chord 

lengths in Weinberg's transect data had an upward, operational bias, 

independent of and in addition to. any sampling design bias. 

3.4. SUMMARY 

In summary. the simulation. literature review and questionnaire results 

clearly show that the line-intercept transect method, as it is used in coral reef 

survey work, is not the standard. objective methodology it superficially 

appears to be. Rather it embraces a range of line-intercept transect protocols, 

which, insofar as the meaning of data is determined by methodological 

operationalization (Bridgman, 1936). produces a corresponding range of 

qualitatively different data. The reality of the problem is amply illustrated by: 



a) the terrestrial plant ecology primary literature, in which mixed results were 

obtained from extensive testing of the line-intercept transect method under 

various circumstances; b) the mixed conclusions of coral reef method 

evaluations; c) and the simulation analyses of Section 3.4 above. The 

problem seems to have several origins. First, the method was borrowed from 

the terrestrial methods inventory: a) without due attention to its established 

strengths and weaknesses; and b) without adequate testing to expose 

potential threats to operational validity posed by operational changes made 

to adapt the method to the new context (Bridgman, 1959). Second, protocol 

diversity seems to have evolved incrementally as workers adapted the 

method to their particular working contexts and research objectives, without 

the correctives of detailed methodological repofling and testing. 

Field identification is an obstacle to such testing and a problem regardless of 

the sampling method because of the diversity of organisms inhabiting a coral 

reef, the presence of many phenotypically very similar and very variable 

species. and the difficulty canying identification materials underwater, let 

alone finding the time to use them. The usual solution is to classify the 

benthos by life-form. another approach imported from terrestrial plant 

ecology (e.3.. Cain. 1932. Adamson. 1939. Webb et al., 1976). Thus corals 

may be classified as tabular. digit ate. branching, massive, foliose, encrusting, 

etc. The problem with this approach is that many life-forms also merge 

imperceptibly into one another (a colony which is tabulate in gross, may, up 

close, comprise small fingers or branches). and all forms are encrusting in the 

early stages of their settled development. In consequence, there is a tendency 

for considerable within- and between-observer variation in classification and 

identification. which in turn contributes to variation among samples and 

studies. There is a need to evaluate the extent and nature of mensuration 

errors with specification error controlled, and to test an alternative to the 



RINPL protocol as a means of controlling the errors induced by parallax 

effects. 



4. INVESTIGATION OF TWO PARALLAX 

CONTROL OPTIONS 

4.1. INTRODUCTION 

The aim of this portion of the study was to empirically compare two 

approaches to mitigating the subjectivity and variability caused by parallax 

effects. As established in the preceding chapter, the conventional approach is 

to deploy the transect line close to the substrate (protocol: Relief-Influenced, 

No Plumb-Line = RINPL). The proposed alternative employs a taut, level 

transect line and a plumb-line to control parallax effects (protocol: Taut, 

Level, Plumb-Line = TLPL). This chapter comprises accounts of three field 

studies and a comparison with the only published account of a 

methodological investigation using both replicate and repeat transects, and is 

organized as follows: 

a) Study One focused on repeat surveys at one site in the Maldives, using 

both protocols and two observers. The test design was: one transect, two 

protocols, two observers, each protocol repeated three times by each 

observer. The transect was set along a depth contour. 

b) Study Two used only the TLPL protocol and one observer for both repeat 

and replicate surveys at several sites on each of two Maldivian reefs. On each 

of the two reefs. three replicate transects were surveyed by one observer. 

One of the transects in each location was surveyed a second time to give, 

overall, three replicates and two repeat surveys on each reef The transects 

were set along depth contours. 

c) Study Three used both protocols for replicate and repeat surveys using a 

number of observers at a reef site in Zanzibar. The transects were set along 

depth contours. 



d) The results of these studies were compared with those of Mundy (1991), 

who conducted replicate and repeat surveys of RINPL transects using a 

number of observers at several Great Barrier Reef locations. 

4.2. METHODS 

4.2.1. STUDY ONE 

The study site was at 8 m depth on a reef slope with an incline of 

approximately 50 degrees, on the south side of Villingili Island (Figure 2.1). 

For each survey, a 30 m long transect tape was set anew (a total of three sets 

for each protocol) along the 8 m isopleth by one of the team members. The 

length of a 75 cm long length of cord tied to the start of the tape measure 

was haphazardly altered to vary the relative locations of the interception 

points for each new line deployment (and more generally, to reduce the 

possibility of local bias due to starting point selection). For all repeats and 

protocols in this set of tests, the tape was secured to the same set of stakes, 

spaced approximately three to five meters apart. The stakes were large 

wrought-iron spikes with a 1.5 cm wide head and a 25 cm long, gradually 

tapering shaft which was square in cross-section. The stakes were hammered 

into coral rock judged strong enough to take the impacts, rather than into 

live coral colonies. Potential selection bias was minimized because staking 

points were selected along an isopleth, but the availability of suitable 

substrate strongly influenced the distance between stakes. The transect tape 

was secured to stakes by light cord which was tied around the shaft just 

below the head and looped over the head and transect tape to secure the tape 

flat atop the head with a bow for quick release. This allowed relocation of 

the line to within a few millimeters laterally and kept the line flat and nearly 

level over its entire length. The central portion of the line, between the third 

and sixth stakes (approximately 10 m and 20 m marks on the tape), was 

surveyed, but variation of the starting point and line deployment, especially 

vertical variation of RINPL, changed the absolute location of the 10 m and 



20 m marks on the tape between deployments. Only eight meters of the 

sections thus surveyed overlapped completely and were comparable across 

all surveys. At half meter horizontal intervals along the first deployment of 

TLPL, the vertical distance from line to substrate was measured using an 

Aladdin dive computer with a digital display of 10 cm precision. This served 

as an indication of the vertical line-to-substratum distance encountered using 

this protocol, and the vertical variation of the transect tape itself in protocol 

RINPL. At the time of the surveys there was negligible current action and a 

variable, slight surge intermittently moved the plumb-line up to three 

centimeters laterally on the deeper intercepts. When wave action did swing 

the plumb-line, readings were taken when the plumb-bob momentarily 

stopped moving, or at the estimated centre of the range of movement. 

Two observers participated, each doing three repeat surveys using each of 

the two protocols over a three-day period. Observer A, the author, has had 

extensive experience using all reef survey methods. Observer B (an engineer 

and commercial diver), was an excellent working diver, who therefore could 

concentrate on the work at hand, but who had no reef survey experience. He 

was familiarized with the environment over a -half-dozen dive sessions, in two 

of which 10 m long line-intercept transects were sampled and subsequently 

analyzed and discussed, both in the water and in debriefing sessions, to 

standardize coral recognition and measurement rules. On each of three days, 

a pair of trials was executed; each pair comprising one RINPL survey and 

one TLPL survey per observer. For each trial the tape was deployed and 

sampled using the RINPL protocol, then re-deployed and sampled using the 

TLPL protocol. Observer B began sampling first, and observer A followed 

about three meters behind to avoid physical and judgmental interference. For 

both protocols, coralhot-coral transitions (interception points) were 

recorded as vertical projections onto the transect tape. Observers 

concentrated on recording the intercepts and did not attempt to estimate 



colony size: a) because diver estimates of size underwater are notoriously 

unreliable (Knney, 1985); b) to control guessing; and c) to reduce the 

number of cues which might be used to remember particular colonies (details 

in Chapter 2). Alteration of the length of line used to secure the transect tape 

to the first stake was intended to inhibit learning by changing the distance to 

benthic features for each deployment. This increased the complexity of the 

task and the amount of information to be retained, thereby minimizing recall 

of information from previous trials. 

Data were organized in a database with column headers designating samples, 

and row headers listing sampled colonies specified using a life-forms 

terminology. Items sampled repeatedly on sequential trials were, insofar as it 

was possible, matched and placed in one row. The location of a datum is 

referred to as a cell and that of a row of data as a record. These data were 

analyzed for differences among means and variance. Analysis of variance or I 

tests were used to test for differences of means among samples. Of particular 

interest was the difference in variance obtained with the two protocols and 

its implications for precision and sampling costs. This was evaluated using 

both the F-ratio test and the non-parametric sign test. Records comprising 

only zeros (i.e.. records in which an item did not occur for one of the groups 

being compared) were excluded from tests. As is conventionally done when 

reporting reef survey data. data from both protocols were aggregated and 

analyzed at the whole transect (total coral chord lengths) and life-form 

(colony chord lengths aggregated by life-form) levels. An attempt was made 

to analyse data from both protocols at the colony level (individual chord 

lengths), but this was only possible for TLPL data, which, at the colony 

level, was readily matched among repeat surveys and between observers. 

Tests of differences between the means obtained using the two protocols 

require special interpretation because the measurement units of TIPL and 



RINPL are incommensurate with one another (Chapter 3). These 

comparisons were conducted, despite the fact the measurements are 

qualitatively different, because the literature does not report methods in 

sufficient detail to allow identification of results obtained with different 

protocols. Since various protocols are routinely used, it therefore seems 

likely that this sort of comparison is often performed, especially when 

different datasets are compared (e.g., Liddell and Ohlhorst, 1 993 ; comparing 

data obtained from loosely draped transect lines with vertically projected 

cover data derived from photographs). 

Differences between means were tested within protocols, but even these tests 

should be interpreted cautiously for RINPL for two reasons: a) the 

deployment of a RINPL transect does not provide a consistent metric over 

its length; b) the three-dimensional variability of the deployment and 

consequently of the results. makes identification and matching of the same 

items on repeat trials problematic. therefore repeat transect surveys may 

consist of quite different components. Consequently, the relative 

contributions of real temporal change (or, less obviously, spatial variation) 

and mensuration error. to discrepancies between repeat surveys, cannot be 

disentangled. This is true for repeat RINPL surveys and especially for 

matches attempted between RINPL and TLPL data. Since repeat transects 

using the W L  deployment were all of different lengths, the data were 

converted to percentage data for some analyses. The transformation had 

negligible effect on the analytical outcomes. 

The records tested for equality of variance were a subset of all of the records 

because in some cases variance was zero, either because all measurements 

were the same. or there were no measurements because a colony did not 

appear under the line. Records with measurements exceeding zero but with 

zero variance were included in both F-ratio evaluation and sign tests, and 



records with zero variance because a colony was not included were 

excluded. ~ e s t s  were conducted at the colony, life-forms, and total coral 

levels of aggregation. Caveats similar to those indicated for comparisons of 

means applied. In each case the following procedure was followed: 

a) Within protocols, the variance within records was tested for equality 

between observers. If Ho (no difference) was not rejected, the observer data 

were combined for a comparison of equality of variances between protocols. 

b) A sign test was conducted on record-by-record comparisons. 

4. 2.2. STUDY TWO 

The aim of this study was to extend tests of the TLPL protocol to include 

additional venues, longer transects, and replicate transects. The study sites 

were located on the northwest slope of the Villingili reef and the northeast 

slope of Galifaru reef (Figure 2.1). At both locations, three replicate 20 m 

long transects were situated at haphazardly chosen intervals along the 10 m 

depth contour. Two repeat surveys were conducted on one of these transects 

at each reef, at intervals of 12 days (Villingili) and 6 weeks (Galifaru). 

Transect stakes were emplaced at five to seven meter intervals with the 

intention of having a clear line of sight between stakes. This aim was not 

completely met because loose substrate or high coral cover limited staking 

opportunities. As a result, some sections of the transect tape could not be 

repositioned as accurately as in the first study. On the other hand, the slight 

effects of wave action in these locations reduced error due to plumb-line 

movement and the need for shorter staking distances to ameliorate transect 

tape movement. Although the long interval between repeat surveys 

eliminated learning as a factor contributing to similarity of repeat results, 

natural changes undoubtedly did occur, increasing dissimilarity. Slope incline 

with respect to the horizontal was 50-60 degrees at Villingili, and 60-70 

degrees at Galifaru, which is reflected in the transect tape to substrate 

distances taken at 50 cm intervals at these sites (Villingili mean = 43 cm; 



variance = 897; range = 0-125 cm; n = 40; Galifaru mean = 96 cm; variance 

= 5971; range = 0-250 cm; n = 40). Each transect was analyzed as a 20 m 

transect and as two 10 m transects in order to: a) investigate the effects of 

different transect lengths on estimate variability; and b) facilitate comparisons 

. with the results of study one (transect length 8 m), and Mundy's (1 991) 

results (transect lengths 20 m to 40 m). Means, variances, and percentage 

difference scores were calculated for both repeat and replicate transects, at 

life-forms and total coral levels of data aggregation. 

4. 2.3, STUDY THREE 

The aim of this study was to extend tests of the TLPL protocol to another 

location and more observers. The observers had training and moderate 

experience with the RINPL protocol, but were inexperienced with the TLPL 

protocol. Tests of both protocols were conducted on three 10 m and two 20 

m transects situated on a patch reef at Chapwani Island off Zanzibar Town, 

Zanzibar (Figure 2.2). The 10 m transects were confined to the relatively flat, 

level relief on top of the patch reef (maximum tape to substrate distance 75 

cm), but the 20 m transects extended beyond the reef onto sand and 

occasional corals, with a vertical variation of up to 150 cm. Two observers 

each surveyed the two 20 m transects using the RMPL protocol. Four 

observers, including the author (observer D), each surveyed all of three 10 m 

transects using the TLPL protocol, deploying the transect tape anew each 

time. Observer D surveyed two of the 10 m transects three times on three 

occasions, re-deploying the transect tape each time. The results of a 

preliminary set of surveys with four observers were also included to illustrate 

some possible consequences of using a plumb-line inappropriately. 

Participants could identify coral as such, but were just learning to identify 

life-forms. The coral colonies on this reef quite often formed small-scale 

mosaics with filamentous algae, and many also graded from digitate to 



columnar. Under these conditions, only total coral cover was reported to 

avoid confounding mensuration errors with specification errors. 

4.2.4. LITERATURE COMPARISON 

The only published account examining the precision and utility of repeat line- 

intercept transects for coral reef surveys is Mundy (1991). The data were 

evaluated using analysis of variance, percentage difference scores, and 

precision (defined by Mundy as 100xSE/mean). Except for some random 

surveys on Davies and Heron reefs (Mundy, 1991; Appendix 2), 

conventional measures of central tendency and dispersion required for 

statistical comparisons with other studies were not accessible in Mundy's 

(1991) thesis. Therefore, in addition to means and variance estimates, 

percentage difference scores and precision estimates were calculated in the 

present study. The percentage difference scores were calculated for both 

RINPL and TLPL results, based on life-form and total coral percentage 

cover. Citing Cochran and Cox (1957), Mundy (1991, p. 31) calculated 

percentage differences for each taxonomic category of interest using the 

formula [(el - e2 ) /el x 100; where e = estimate]. The formula was 

interpreted to mean [I00 x I el - ez I /el], but this could not be verified 

because a description of the approach could not be located in Cochran and 

Cox (1957), or in a selection of bio-statistics texts (Sokal and Rohlf, 1981; 

Krebs, 1989; Snedecor and Cochran, 1989; Zar, 1984). The estimates 

obtained were used to calculate means and confidence limits for the 

percentage difference scores for each data set. The use of this method as an 

index of variation is not totally satisfactory because the scores obtained are 

not necessarily stable, depending as they do on the relative magnitude of the 

denominator in the equation. For example, if el is the smaller of two 

estimates, the percentage difference score is inflated, while if el is the larger 

of two estimates, the score is deflated. Naive comparisons of such scores 

could produce erroneous conclusions. Knowledge of the specific input data, 



in this case percentage coral cover, and how it was used, is required to 

interpret the results of such calculations, but this information was not 

supplied in Mundy's (1 991) thesis. This problem was addressed in the 

present study by stating input estimates, and by calculating percentage 

differences using the mean of both data points of any pair as the denominator 

in the equation (i.e., [I00 x I el - e2 I /(el + e2)/2]). Fourteen sets of the means 

of these scores, from both repeat and replicate transects, were regressed on 

their corresponding standard deviations to determine the nature of the 

relationship between them and to generate approximate standard deviations 

amenable to standard comparative techniques so that the economic 

implications of sample variability could be investigated. 

Two approaches were used to estimate the number of samples required to 

achieve a desired level of sampling precision. First, the standard deviation 

(SD) was substituted into the formula for calculating precision (P = 

SEImean), and the formula rearranged to get N = (SD/(P x mean))'. 

Although this approach may be useful for some studies, it is misleading when 

comparing the relative precision of two methods when the means are 

unequal, because inclusion of the mean in the calculation distorts the values 

produced. In study one, in which the means were similar, this approach was 

used to compare protocols by calculating the ratio of the sample sizes 

required. The formula used was NI/N2 = (SDllmeanl)'l(S~ J r n e ~ ) ~ ,  in which 

P has canceled out. A second approach, described by Zar (1984, p. 135), 

uses only the measure of dispersion around the mean and desired alpha and 

beta probability levels to calculate the minimum sample size required to 

detect a desired level of change (expressed in percentage points in this case). 

This approach is preferred when means are unequal and the intent is to 

compare the precision of two methods. Using this approach, variance 

estimates from all samples in the present study and from random replicates 

on Davies and Heron reefs (Mundy, 1991, Appendix 2) were used to 



calculate the minimum number of transects required to achieve a desired 

minimum detectable difference between two samples at alpha = 0.05 and beta 

= 0.10 probability levels. 

4.3. RESULTS AND DISCUSSION 

4.3.1. STUDY ONE 

The vertical distance fiom transect tape to substrate varied considerably in 

protocol TLPL (mean 25.6 cm, s.d. 22.5 cm, range 0 - 70 cm), however the 

interception points (adjusted to a common zero) and chord lengths of 

particular items (stakes, coral colonies) varied little (Tables 4.1, 4.3, 4.4). In 

contrast, the tape in RINPL was always less than 10 cm above the substrate, 

but the intercepts of items along the line varied a great deal (Tables 4.2,4.3), 

a feature of the data which no amount of standardization could correct. This 

variation is a consequence of the vertical and lateral variation inherent in the 

W L  line deployment. Another source of variation, which I have 

frequently experienced and have had reported to me by a number of 

observers using a plumb-line to survey reef slopes, is perceptual distortion 

induced by the tendency of the observer to orient towards the general incline 

of the slope as a horizontal substrate and to cue on this for the perceived 

vertical. Because of this phenomenon, even colonies which are within the 

transect tape-to-substrate distance prescribed by the AIMS protocol and 

which clearly appear to be on the transect to the naked eye may prove to be 

completely clear of the transect when a plumb-line is used. So strong is this 

influence, that the plumb-line appears to stand out fiom the slope as though 

repelled by it, causing the observer to check for possible explanations, such 

as currents, for this apparent gravity-defying behaviour. This phenomenon is 

consistent with evidence fiom the psychology of spatial orientation, which 

shows how a dominant visual feature ("full-space") may be used to define the 

vertical (e.g., Howard and Templeton, 1966; Howard, 1982). All of these 

factors made it difficult to identify recurring colonies and chord 



Table 4.1. Raw daia from protocol TLPL. Observer 1, three trials, to illustrate the 
predictable pattern of repeated TLPL survey data (contrast to Table 4.2 - RINPL data). 

Trial 1 Trial 2 Trial 3 

Coral Intercept. Chord Intercept. Chord Intercept. Chord 
colony point (cm) length (cm) point (cm) length (om) point Icm) length (om) 

Start 700 699 700 
Chi 
nd 
CE 
nd 
CM 
CP 
nd 
CM 
ACD 
nd 
CE 
nd 
CP 
nd 
CM 
ACS 
ACS 
nd 
CE 
nd 
ACS 
nd 
CE 
nd 
CE 
nd 
CE 
nd 
CM 
nd 
CM 
ACT 
CM 
nd 
CM 
ACS 
nd 
A f f  
nd 
CE 
nd 
CM 
CP 
nd 
CE 
nd 
CE 
nd 
CE 
ACD 
nd 
CE 
nd 
CP 
nd 
ACS 
nd 
ACT 
End 

73 3 

780 
795 
821 
82.3 
825 
827 
834 
835 
860 
866 
88 1 
886 
919 
93 1 
943 

948 
957 
959 
972 
980 
993 
994 
1036 
1037 
1042 
1051 
1067 
1074 
ion 
1089 
1117 
1126 
1 I36 

1153 
1218 
1246 
1269 
1294 
1303 
1309 
1310 
1312 
1314 
1316 
1330 
1336 

1405 
1493 
1 500 



Table 4.2. Raw data from protocol RINPL, Observer I ,  three trials, to illustrate the 
unpredictable pattern of repeated R N P L  survey data (contrast to Table 4.1 -TLPL data). 

Trial 1 Trial 2 Trial 3 
Intercept. Chord Intercept. Chord 

Coral 
Intercept. Chord 

point length Cora' point length 
Coral 

colony colony point length 
(cm) (cm) (cm) Icm) 

colony 
Icm) (cm) 

Start 755 76 1 Start 
CM 
nd 
CM 
CP 
nd 
ACD 
nd 
CP 
nd 
CM 
ACS 
ACS 
nd 
ACS 
nd 
CE 
nd 
CE 
nd 
CM 
nd 
ACT 
CM 
CM 
nd 
CM 
ACS 
nd 
ACT 
CE 
nd 
CM 
CE 
ACD 
CC 
nd 
CM 
CP 
nd 
CM 
nd 
CE 
nd 
CE 
ACD 
nd 
CE 
nd 
CE 
CP 
ACS 
nd 
ACT 

CM 
nd 
CE 
nd 
CM 
nd 
CP 
nd 
ACD 
nd 
CE 
nd 
CE 
nd 
CM 
nd 
ACB 
nd 
ACS 
CP 
ACS 
nd 
CE 
nd 
CE 
nd 
CM 
nd 
ACT 
CM 
nd 
CM 
ACS 
CE 
nd 
ACS 
nd 
CM 
nd 
CM* 
CM 
CP 
nd 
CM 
nd 
CE 
CE 
ACD 
nd 
ACT 
end 

Start 
37 CM 

nd 
2 CE 

nd 
25 CM 

nd 
11 ACD 

nd 
16 ACS 

ACS 
2 ACS 

nd 
1 CE 

nd 
13 CM 

ACT 
2 CM 

nd 
1 CM 
1 ACS 
10 nd 

ACT 
7 CE 

nd 
8 CE 

nd 
16 ACD 

nd 
16 CM 
8 CM 

nd 
15 CP 
50 nd 
30 CE 

nd 
7 ACD 

nd 
37 CE 

nd 
6 ACT 
10 end 
15 

9 

I 
5 
2 

88 

end 1623 



Table 4.3. Whole transect summary statistics for protocols RINPL and TLPL. 

Obsenfer A Observer B 
Protocol Trial 1 Trial 2 Trial 3 Mean Var C.I. Trial 1 Trial 2 Trial 3 Mean Var C.I. 

Meanchord RINPL 14.8 15.7 20.9 17.1 10.84 3.73 16.7 17.4 18.6 17.6 0.89 1.07 
length (cm) TLPL 14.8 13.1 13.5 13.8 0.78 1.00 16.6 15.7 16.1 16.1 0.20 0.51 

Percent RINPL 58.1 50.4 56.2 54.9 16.09 4.54 57.7 48.3 47.9 51.3 30.86 6.29 
cover TLPL 51.8 52.5 50.8 51.7 0.78 1.00 49.8 51.0 50.3 50.4 0.36 0.68 

Number of RINPL 34 39 24 32.3 58.33 8.64 30 25 23 26.0 13.00 4.08 
colonies TLPL 28 32 30 30.0 4.00 2.26 24 26 25 25.0 1.00 1.13 

Transect RINPL 868 900 892 886.7 277.33 18.85 868 900 892 886.7 277.33 18.85 
length (cm) TLPL 800 800 800 800.0 0.00 0.00 800 800 800 800.0 0.00 0.00 

Total chord RMPL 504 454 501 486.3 786.33 31.73 501 435 427 454.3 1649.33 45.96 
length (cm) TLPL 414 420 406 413.3 49.33 7.95 398 408 402 402.7 25.33 5.70 



Table 4.4. Pcrccntage covcr data fiom repeat RINPI, and 'I'LPI, sunluys. Prec = precision = l00x s.e./mean. 
A. Protocol RINPL. observer A: B. Protocol RINPL. ohsencr B: C. Protocol IZPL. obsenrer A: I). Protvcol TLPL. observer B. 

A. Percent covcr data for nrotocol RINPI,. observer A. 
Repeats Din'erence % DiKercnce scores 

Lifc-Forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3)/1 (1-3)/3 (2-3)/2 (2-3)/3 Mean C.I. 
TOT 58.07 50.44 56.17 54.59 14.65 4.20 7.63 1.90 5.72 13.13 15.12 3.28 3.39 11.35 10.19 9.41 3.79 
ACRO 26.50 21.33 30.38 26.07 20.62 10.06 5.17 3.88 9.05 19.50 24.23 14.66 12.78 42.43 29.79 23.90 10.04 
COR 31.57 29.1 1 25.78 28.59 6.68 5.86 2.46 5.79 3.33 7.79 8.45 18.33 22.44 11.43 12.90 13.55 5.37 
ACB 0 0.22 0 0.22 0.00 0.22 u.d. 100.00 u.d. u.d. 100.00 u.d. 100.00 43.76 
ACD 2.76 2.00 3.70 2.82 0.72 17.42 0.76 0.93 1.70 27.67 38.25 33.80 25.26 84.98 45.94 42.65 21.68 
ACS 10.60 7.56 12.67 10.27 6.61 14.45 3.04 2.07 5.1 1 28.71 40.28 19.52 16.33 67.67 40.36 35.48 17.47 
ACT 13.13 11.56 14.01 12.90 1.55 5.57 1.58 0.88 2.46 12.02 13.66 6.70 6.28 21.27 17.54 12.91 5.87 
CC 0.69 0.00 0.00 0.69 0.69 0.00 100.00 u.d. 100.00 u.d. u.d. u.d. 100.00 43.63 
CE 7.26 6.22 6.05 6.51 0.43 5.78 1.04 1.20 0.17 14.27 16.65 16.59 19.89 2.71 2.78 12.15 6.57 
CM 15.90 19.78 17.83 17.83 3.76 6.28 3.88 1.93 1.95 24.40 19.61 12.12 10.81 9.87 10.95 14.63 6.13 
CP 7.72 3.11 1.91 4.25 9.41 41.72 4.61 5.81 1.21 59.69 148.11 75.31 305.01 38.74 63.24 115.02 77.50 

A. Percent cover data for protocol RINPL. observer B. 
Repeats Difference % Dilference scores 

Life-Forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3)/1 (1 -3)/3 (2-3)/2 (2-3)/3 Mean C.1. 
TOT 57.72 48.33 47.87 51.31 30.88 12.44 9.39 9.85 0.46 16.26 19.42 17.06 20.57 0.96 0.97 12.54 7.28 
ACRO 29.15 21.44 25.34 25.31 14.83 8.79 7.70 3.81 3.89 26.43 35.92 13.08 15.04 18.15 15.36 20.66 8.40 
COR 28.57 26.89 22.53 26.00 9.71 6.92 1.68 6.04 4.36 5.89 6.26 21.13 26.79 16.20 19.33 15.93 7.18 

- - - - - - -- - - 

ACB 
ACD 5.41 1.89 2.02 3.11 4.00 37.15 3.53 3.40 0.13 65.12 186.66 62.73 168.33 6.83 6.40 82.68 58.90 
ACS 9.22 8.00 11.43 9.55 3.03 10.53 1.22 2.22 3.43 13.20 15.21 24.07 19.40 42.94 30.04 24.14 11.20 
ACT 14.52 11.56 11.88 12.65 2.63 7.41 2.96 2.63 0.33 20.40 25.62 18.14 22.15 2.84 2.76 15.32 8.30 
CC 
CE 4.03 8.33 7.06 6.48 4.R8 19.70 4.30 3.03 1.27 106.67 51.61 75.16 42.91 15.25 17.99 51.60 29.49 
CM 21.54 16.67 14.01 17.41 14.59 12.67 4.88 7.53 2.65 22.64 29.26 34.95 53.74 15.92 18.93 29.24 13.10 
CP 3.00 1.89 1.46 2.1 1 0.63 21.67 1.1  1 1.54 0.43 36.94 58.58 51.35 105.53 22.84 29.61 50.81 27.48 



Table 4.4. Continued 
C. Percent cover data for protocol TLPL, observer A. 

Repeats Difference % Difference Scores 
Life-Forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3)/1 (1-3)/3 (2-3)/2 (2-3)/3 Mean C.I. 
TOT 51.75 52.50 50.75 51.67 0.77 0.98 0.75 1.00 1.75 1.45 1.43 1.93 1.97 3.33 3.45 2.26 0.75 
ACRO 25.50 25.13 21.50 25.04 0.26 1.16 0.38 1.00 0.63 1.47 1.49 3.92 4.08 2.49 2.55 2.67 1.08 
COR 26.25 27.38 26.25 26.63 0.42 1.41 1.13 0.00 1.13 4.29 4.1 1 0.00 0.00 4.11 4.29 2.80 1.62 
ACD 1.38 0.88 0.50 0.92 0.19 27.65 0.50 0.88 0.38 36.36 57.14 63.64 175.00 42.86 75.00 75.00 43.87 
ACS 10.25 9.88 9.75 9.96 0.07 1.51 0.38 0.50 0.13 3.66 3.80 4.88 5.13 1.27 1.28 3.34 1.61 
ACT 13.88 14.38 14.25 14.17 0.07 1.06 0.50 0.38 0.13 3.60 3.48 2.70 2.63 0.87 0.88 2.36 1.12 

D. Percent cover data for ~rotocol TLPL. observer B. 
Repeats Difference % Difference scores 

Life-Forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3)/1 (1-3)/3 (2-3)/2 (2-3)/3 Mean C.I. 
TOT 49.75 51.00 50.25 50.33 0.40 0.72 1.25 0.50 0.75 2.51 2.45 1.01 1.00 1.47 1.49 1.65 0.56 
ACRO 25.63 25.00 24.13 24.92 0.57 1.75 0.63 1.50 0.88 2.44 2.50 5.85 6.22 3.50 3.63 4.02 1.60 
COR 24.13 26.00 26.13 25.42 1.26 2.54 1.88 2.00 0.13 7.77 7.21 8.29 7.66 0.48 0.48 5.31 2.89 
ACD 1.63 0.63 0.38 0.88 0.44 43.64 1.00 1.25 0.25 61.54 160.00 76.92 333.33 40.00 66.67 123.08 85.56 
ACS 10.25 9.88 9.63 9.92 0.10 1.83 0.38 0.63 0.25 3.66 3.80 6.10 6.49 2.53 2.60 4.20 1.86 
ACT 13.75 14.50 14.13 14.13 0.14 1.53 0.75 0.38 0.38 5.45 5.17 2.73 2.65 2.59 2.65 3.54 1.50 
CE 4.50 5.00 5.38 4.96 0.19 5.11 0.50 0.88 0.38 11.11 10.00 19.44 16.28 7.50 6.98 11.89 5.51 
CM 13.00 13.75 13.88 13.54 0.22 2.02 0.75 0.88 0.13 5.77 5.45 6.73 6 0.91 0.90 4.35 2.28 
CP 6.63 7.25 6.88 6.92 0.10 2.63 0.63 0.25 0.38 9.43 8.62 3.77 3.64 5.17 5.45 6.02 2.73 



measurements on repeat transects. In a few cases, transect stakes and salient 

coral colonies could be used as referents to obtain a positive match. Some of 

the larger colonies were close to stakes, and were crossed centrally by a level 

section of the transect tape with little or no vertical distance from line to 

colony, which produced conditions and results resembling those of the TLPL 

deployment for chord length measurements (e.g., the first and last colonies 

on the transects, Tables 4.1; 4.2). These particular colonies accounted for 

approximately one quarter of the total coral cover on the transect in this 

study, which reduced the contrast between results obtained using the two 

protocols. 

4. 3.1.1. Whole-transect Level Analysis 

4. 3. I. 1. I .Equality of Variance 

Percentage cover and its components, mean chord length and number of 

colonies, varied much more for RTNPL than for TLPL surveys. Two-tailed 

F-tests of homogeneity of variance showed no between-observer, within- 

protocol differences for total chord length at the 5% level (Table 4 . 9 ,  

therefore observer data were pooled within protocols. Using the pooled data, 

F-tests of homogeneity of variance between protocols did not support the 

one-tailed F-test null hypothesis (variance of RMPL <= TLPL variance) at 

the 5% level. 

The ratio of the number of samples required to attain a desired level of 

precision, was calculated using the formula NI/N2 = 

(~~~/mean~)'l(SD~mean~)'. into which values from Table 4.3 were 

substituted (1  = RINPL and 2 = TLPL). Rounded up to the nearest integer, 

this ratio was 18: 1 for observer A data, 82: 1 for observer B data and 22: 1 

for pooled data, demonstrating the smaller sampling effort required for the 

TLPL protocol because of its superior control of mensuration error. 



Table 4.5. Homogeneity of variance F-tests for total coral chord length per transect 
(Table 4.3). Between-obscmcr variances combined for 3. 

Variance A 
Protocol Obsenvcr A Observer B F-ratio Fo.05 (2) df F o . ~ ~  (1 ) 

2 2  df 5.5 
1. Between-obsenper RINPL 786.33 1649.33 2.097 0.323 
2. Between-observcr TLPL 49.33 25.33 1.947 0.339 
3. Betwecn-obs. RINPL 8: TLPL 128 1 -46 64.00 20.023 0.005 



4. 3. I .I .2.Equality of Means 

Although estimates of mean chord length and number of colonies were 

consistently higher for RINPL data than for TLPL data, estimates of coral 

cover for the two protocols were quite similar (Tables 4.3, 4.4). This is 

partly explained by the fact that with RMPL, increased transect length 

(denominator) compensated for increased total chord length of live coral 

(numerator). T tests comparing between-observer, within-method results for 

total chord length, percentage cover, number of observations and mean 

chord length, reject only the null hypotheses for TLPL (no differences 

between observers for mean chord length and number of corals measured; 

Table 4.6). In both protocols, the less experienced observer (B) recorded 

fewer colonies than did the more experienced observer (A). This discrepancy 

between the results of experienced and inexperienced reef survey workers is 

not uncommon (pers. obs.). Differences between observer estimates of mean 

chord length and number of colonies are largely explained by different 

judgments about how to classify the components of a mosaic consisting of 

coral colonies and the gaps within and between colonies. Such discrepancies 

differentially affect both chord length measurements and number of chords, 

without necessarily affecting percentage cover very much. This was 

especially evident for TLPL. in which the percentage cover estimates were 

indistinguishable at the 5% level despite the high precision of the estimates, 

yet the null hypothesis of no difference for mean chord length and number of 

colonies was not supponed. The significant test results are attributed to the 

greater accuracy of individual readings, and hence the higher precision of the 

aggregate data and greater statistical power of the t test for TLPL, compared 

to RMPL data. The gain in precision of percentage cover estimates is 

important, because it means fewer samples are needed to achieve a target 

level of discrimination using the TLPL protocol, than using the RINPL 

protocol. 



Table 4.6. Independent samples t test of Ho: no difference between observer measures of: total intercepted 
distance per transect; percent cover; number of observations; mean chord length. 
A. RINPL protocol; B. TLPL protocol. 

-- 

A. W L  protocol 
Variable (n = 3) Total distance (cm) Percent cover No. observations Mean chord (cm) 
Obsenrer Mean Sd Mean Sd Mean Sd Mean Sd 
A 486.3 28.04 54.9 3.98 29.0 5.00 17.1 3.28 
B 446.7 49.54 50.4 6.48 25.7 4.04 17.5 0.84 
Pooled variance T 1.207 1.015 0.898 -0.189 
P value (df = 4) 0.294 0.368 0.420 0.859 

B. TLPL protocol 
Vanable (n = 3) Total distance (cm) Percent cover No. observations Mean chord (cm) 
Observer Mean Sd Mean Sd Mean Sd Mean Sd 
A 410.0 12.49 51.3 1.57 30.0 2.00 13.7 0.95 
B 402.7 5.03 50.4 0.60 25.0 1 .OO 16.1 0.45 
Pooled variance T 0.943 0.927 3.873 -3.994 
P value (df = 4) 0.399 0.406 0.01 8 0.0 16 



4. 3.1.2. Life- Forms Level Analysis 

4. 3. I -2. I. Equality of Variance 

Of the eight paired life-form data sets tested for inter-observer differences in 

magnitude of variance, six F-ratios were insignificant for both RINPL and 
- TLPL protocols, so the null hypothesis (no difference in variance between 

observers) was not rejected (Table 4.7). Two of the eight life-forms (ACB, 

CC), were ignored because representatives of each of these forms appeared 

only once, in one observer's data in the RINPL deployment. Observer data 

were pooled within protocols and tested with a one-way F-test. For all six 

life-forms, the F-value for RINPL-varimce1TLPL-variance was significant, 

therefore Ho (RINPL <= TLPL variance) was rejected. In general, variance 

for all RINPL life-form measurements exceeded that for TLPL 

measurements by an order of magnitude. The ratio of the sample numbers 

(NRINPL:NTLPL) needed to attain a desired level of precision for the two 

protocols was calculated using data pooled across observers, and was found 

to be ACD (1); ACS (59); ACT (20); CE (9); CM (27); CP (69). 

4. 3.1.2.2. Equality of Means 

RMPL. Considering only observers and trials as factors (Table 4.8), there 

was little difference between ANOVA results using raw, ranked, and 

percentage transformed data. The analysis was also run with life-forms 

included as a factor (Table 4.9). This had little effect on the outcomes for 

observers and trials as factors, using raw or ranked data. Although the 

direction of the outcomes for ranked data was unaffected, the probabilities of 

not rejecting the null hypotheses for observers and trials dropped 

substantially when forms was included as a factor. The Ho: (no difference 

among life forms), was rejected, as expected, with a relatively high 

coefficient of determination. 



Tahlc 4.7. F-tests of equality of  variance fijr lik-form data (5Ob significance levcl, dl' 5.5) 
A Between ohsenpers RINPl. B. Bctween observers. TLPL C. Between orotocols RlNPL and TLPL 

A Between-ohserver quality of variance for prohcol RINPL. two-sided F-rest. 
Life- Observer A repeats Observer H repeats F- Y- 
f m  1 2 3 Mean Var 1 2 3 Mean Var ratio value 

ACB 0 2 0 0.7 1.33 0 0 0 na 
ACD 24 18 33 25.0 57.00 47 17 18 27.3 290.33 5.09 0.164 
ACS 92 68 1 13 91.0 507.00 80 72 102 84.7 241.33 0.48 0.678 
ACT 114 104 125 114.3 110.33 I26 104 106 112.0 148.00 1.34 0.427 
CC 6 0 0 2.0 12.00 0 0 0 na 
CE 63 56 54 57.7 22.33 35 75 63 57.7 421.33 18.87 0.050 
CM 138 178 159 158.3 400.33 187 150 125 154.0 973.00 2.43 0.292 
CP 67 28 17 37.3 690.33 26 17 13 18.7 44.33 15.57 0.060 

9 

B. Bdwecn observers caualitv of variance for arotocol TLPL two-side F-test. 
Life- Obsmrer A repeats Observer B repeats F- P- 
form 1 2 3 Mean Var 1 2 3 Mean Var ratio value 

ACB 
ACD 1 1  7 4 7.3 12.33 13 5 3 7.0 28.00 2.27 0.306 
ACS 82 79 78 79.7 4.33 82 79 77 79.3 6.33 1.46 0.406 
ACT 1 1 1  115 114 113.3 4.33 110. 116 113 113.0 9.00 2.08 0.325 
CC 
CE 43 40 45 42.7 6.33 36 40 43 39.7 12.33 1.95 0.339 
CM 1 1 1  113 112 112.0 1.00 104 110 1 1 1  108.3 14.33 14.33 0.065 
CP 56 66 53 58.3 46.33 53 58 55 55.3 6.33 7.32 0.120 

> 

C. Between protocols equality of variance for RINPL and TLPL, one-sided F-test. 
RINPL TLPL 

Life- Obs. A repeats Obs. B repeats Oh .  A repeats Obs. B repeats F- P- 
form 1 2 3 1 2 3 Mean Var 1 2 3 1 2 3 Mean Var ratio value 

ACB 0 2 0 0 0 0 0.3 0.67 0.0 na 
ACD 24 18 33 47 17 18 26.2 140.57 1 1  7 4 13 5 3 7.2 16.17 8.69 0.017 
ACS 92 68 113 80 72 102 87.8 31 1.37 82 79 78 82 79 77 79.5 4.30 72.41 0.000 
ACT 114 104 125 126 104 106 113.2 104.97 1 1  1 115 114 110 116 113 113.2 5.37 19.56 0.003 
CC 6 0 0 0 0 0 1.0 6.00 na 
CE 63 56 54 35 75 63 57.7 177.47 43 40 45 36 40 43 41.2 10.17 17.46 0.003 
CM 138 178 159 187 150 125 156.2 554.97 1 1 1  113 112 104 110 1 1 1  110.2 10.17 54.59 0.000 
CP 67 28 17 26 17 13 28.0 398.40 56 66 53 53 58 55 56.8 23-77 16.76 (l.004 



Table 4.8. ANOVA results of RINPL protocol at the life-forms level, main effects Observer 
and Trial (raw data non-normal therefore ranked data subjected to ANOVA); 
A. Raw data in model with main effects Observer and Trial plus interaction effect 
B. Raw data in model with only main effects 
C. Ranked data in model with main effects Observer and Trial plus interaction effect 
D. Ranked data in model with only main effects 
E. Data transformed to Percent cover in model as in A. 

A. Raw Data with main effects Observer and Trial plus interaction effect. 
Source Sum-of-squares df Mean-square F-ratio P 
Observer 192.000 1 192 .OOO 0.058 0.811 
Trial 435.542 2 217.771 0.065 0.937 
Trial *Obsenvcr 173.375 2 86.687 0.026 0.974 
Error 139989.000 42 3333.071 

B. Raw Data with main effects Observer and Trial. interaction effect removed. 
Source Sum-of-squares df Mean-square F-ratio P 
Obsenrer 192.000 1 192.000 0.060 0.807 
Trial 435.542 2 217.771 0.068 0.934 
Error 140162.375 44 3 185.509 

9 = 0.004 n = 48 

C. Ranked data with main effects Obscmcr and Trial plus interaction effect. 
Source Sum-of-squares df Mean-square F-ratio P 
Obscmcr 24.083 1 24.083 0.112 0.740 
Trial 4 1.625 2 20.8 13 0.097 0.908 
Trial *Obscn,cr 2.042 2 1.02 1 0.005 0.995 
Error 9057.750 42 215.661 

D. Ranked data with main eff'cts Observcr and Trial. interact& effect removed. 
Source Sum-of-squarcs df Mean-square F-ratio P 
Obsemr 24.083 I 24.083 0.117 0.734 
Trial 4 1.625 2 20.813 0.101 0.904 
Error 9059.792 44 205.904 

E. Data transformed to percent cover with main cffccts Observer, Trial plus interaction effect. 
Source Sum-of-squares df Mean-square F-ratio P 
Obsenler 2.475 1 2.475 0.058 0.810 
Trial 9.247 2 4.623 0.109 0.897 
Trial*Obsewer 2.122 2 1.06 1 0.025 0.975 
Error 1781.991 42 42.428 

f = 0.008 n=48  



Table 4.9. ANOVA results of RINPL protocol at the life-forms level, main effects Forms. 
Obsenler and Trial (interaction effect not significant in all cases. Pr. > 0.9, therefore omitted). 
A. Raw data in model with main effects Forms, Observer and Trial 
B. Ranked data in model with main effects Forms. Observer and Trial. 

A. Raw data in model with main effccts Form. Obsewer and Trial. 
Source Sum-of-squares df Mean-square F-ratio P 
Form 132317.917 7 18902.560 4.134 0.002 
Obsenw 192.000 1 192.000 0.042 0.839 
Trial 435.542 2 217.771 0.048 0.953 
Error 173755.542 38 3572.488 

i = 0 433 n = 48 
-- 

B. Ranked data in model with m a n  cffccts Form. Observer and Trial, 
Sourcc Sum-of-squarcs df Mean-square F-ratio P 
Form 8677.000 7 1239.571 119.815 0.000 
Obsenter 25.083 1 24.083 2.328 0.136 
Trial 4 1.625 2 20.813 2.012 0.148' 
Error 382.792 37 10.346 

6 = 0.958 n = 48 



TLPL. The only null hypotheses rejected was Ho: no difference among 

forms. No difference was detected between observers or trials, nor was there 

a significant interaction between these factors (Table 4.10). 

FUNPL-TLPL Comparisons. Forms was significant in all tests, as expected 

(Table 4.1 1). Interactions were insignificant and were therefore dropped. 

Protocol was significant for both raw and rank transformed data, but not for 

percentage transformed and arcsine transformed percentage data (not 

shown). The raw and rank data results for protocol were not unexpected, 

since the two protocols measure different aspects of the reef, and for three of 

the eight life-forms (ACD, CM, and CP), the means for the two protocols 

were quite different. The reasons for the different mean values in these life- 

forms could not be isolated from those contributing to the general differences 

between the two protocols. The lack of significant difference for the 

percentage data occurred because, on the one hand, the transformation 

compensated numerically for the disparity in scales used, and on the other, 

the imprecision of the W L  data diminished the power of the test. 

4. 3.1.3. Colony Level Analysis 

The analyses could not be performed with RINPL data because a reliable 

match of colonies surveyed in repeat trials could not be achieved. This was a 

tedious, time-consuming process of standardizing transect starting points, 

and using clues such as sketches and correspondences in colony spacing. 

Colonies which could be located with a high degree of confidence were used 

as referents to help locate additional colonies. This probabilistic approach 

stood in stark contrast to the ease with which TLPL colony data could be 

matched among transects. 

4. 3. I .3.1. Equality of Variance 

Tests of TLPL data showed no significant difference between observers. The 

null hypothesis (no difference between observers) was not rejected by the 



Table 4.10. ANOVA results of TLPL protocol at the life-forms level, two or three main effects. 
A. Raw data in model with main effects Observer and Trial, plus Interaction 
B. Raw data in model with main effects Observer and Trial 
C. Raw data in model with main effects Forms, Observer and Trial 
D. Ranked data in model with main effects Forms. Observer and Trial. 

A. Raw data with main effects Observer and Trial plus interaction term. 
Source Sum-of-squares df Mean-square F-ratio P 
Trial 37.556 2 18.778 0.003 0.997 
Observer 13.444 1 13.444 0.002 0.965 
Trial *Observer 22.889 2 1 1.444 0.002 0.998 
Error 2 16754.11 1 31 6992.068 

3 = 0.000 n = 3 6  

B. Raw data, with main effects Observer and Trial, interaction term removed 
Source Sum-of-squares df Mean-square F-ratio P 
Trial 37.556 2 18.778 0.003 0.997 
Observer 13.444 1 13 -444 0.002 0,964 
Error 2 16777.000 33 

C. Raw data with main effects Form, Observer, and Trial 
(Interactions non-sienificant. Pr > 0.9.and were omitted). 

'4 

Source Sum-of-squares df Mean-square F-ratio P 
Form 51211.556 5 10242.311 602.927 0.000 
Observer 
Trial 
Error 

D. Ranked data, main effects Form, Observer, and Trial 
(Interactions non-significant, Pr > 0.9,and were omitted). 
Source Sum-of-squares df Mean-square F-ratio P 
Form 3682.667 5 736.533 117.3 14 0.000 
Observer 13.444 1 13.444 2.141 0.155 
Trial 12.875 2 6.438 1.025 0.372 
Error 169.5 14 27 6.278 

3 = 0.956 n = 36 



Table 4.1 1. RINPL-TLPL protocol comparisons at the life-forms level. 
A. Raw data in model with main effects Form, Observers, Protocol and Trial. 
B. Ranked data in model with main effects Form, Observers, Protocol and Trial. 
C. Percentage data in model with main effects Form, Observer, Protocol and Trial. 
Notes: Interactions insigdicant, arcsine transformation of percentages had no effect. 

A. Raw data in model with main effects Fonn, Observers, Protocol and Trial. 
Source Sum-of-squares df Mean-square F-ratio P 
Form 215839.615 7 30834.23 1 145.774 0.000 
Obs 
Proto 
Trial 
Error 1 7767.780 84 21 1.521 

? = 0.924 n = 9 6  

B. Ranked data in model with main effects Form. Observers. Protocol and Trial. 
Source Sum-of-squares df Mean-square F-ratio P 
Form 68639.463 7 9805.638 217.453 0.000 
Observer 
Protocol 
Trial 
Error 3787.826 84 45.093 

? = 0.948 n = 96 

C. Percentage data in model with main effects Form, Observer. Protocol and Trial. 
Source Sum-of-squares df Mean-square F-ratio P 
Form 3028.249 7 432.607 163.583 0.000 
Observer 
Protocol 
Trial 
Error 222.144 84 2.645 

fi = 0.932 n = 9 6  



sign test (Table 4.12), and examination of Table 4.13 shows that of 29 F- 

tests, only four were significant, these four being instances in which all the 

values for observer A were the same (i.e., variance = 0, therefore the F-ratio 

was undefined). 

4. 3.1.3.2. Equality of Means 

Two-way ANOVA was used to test the null hypotheses: Ho (no difference 

between observers; no difference among trials; no interactions). In these 

analyses, the levels encountered during processing were observer (1, 2) and 

trial (1, 2, 3). Raw data were analyzed first, but because the normality of the 

data were suspect, rank-transformed data were also analyzed. None of the 

results were significant for either raw or ranked data, so the interaction term 

was dropped producing the results shown in Table 4.14. Although both 

analyses produced non-significant results, the probability of not rejecting the 

null hypotheses declined from 0.927 with raw data, to 0.486 when rank 

transformed data were used. These results showed that at the colony level of 

analysis, results obtained using the TLPL protocol were very reproducible. 

4. 3.1.4. General 

Variance was considerably higher for W L  than TLPL for both total coral 

cover and life-forms, and could not even be estimated at the colony level. 

This means that the sampling effort required for a desired level of precision 

also must be higher for RINPL than for TLPL. For both total coral and life- 

forms, sums of chord length were greater for RINPL than for TLPL, but 

when these data were converted to percentage values there were no 

significant differences. This was due in part to the way in which the RMPL 

percentage conversion scaled the data by the longer total transect length, and 

in part to the high variance of the RINPL results which reduced the statistical 

power of the tests. Perhaps had the transects been longer, the cumulative 

effects of the inherent biases of the two protocols would have been evident 

despite the low power of the tests. 



Table 4.12. Sign test of between-observer variance for TLPL protocol. 
Comparisons No. of cases 
Counts of obsenpcr A > obsenrer B 8 
Counts of observer B > obsenrer A 15 
Counts of obsewcr A = obsenver B 6 
Tolal 29 
Two-sided ~robabilitv 0.2 1 



Table 4.13. Homoneneitv of variance tests. between-observer colony measurements, TLPL protocol, 5% level. 2-tail. 
-- - 

Colony Life- Observer A repeats Observer B repeats 
no. form 1 2 3 Mean Var 1 2 3 Mean Var F P 

1 CM 32 32 33 32.33 0.33 33 32 32 32.33 0.33 1 0.500 
2 CE 0 1 0 0.333 0.33 0 0 0 
4 CM 17 16 15 16.00 1.00 13 16 15 14.67 2.33 2.33 0.300 
5 CP 23 25 26 24.67 2.33 27 27 26 26.67 0.33 7.00 0.125 
6 CM 0 2 2 1.33 1.33 0 5 2 2.33 6.33 4.75 0.174 
7 ACD 7 2 2 3.67 8.33 7 0 0 2.33 16.33 1.96 0.338 
8 CE 0 1 1 0.67 0.33 0 0 0 
10 CP 5 10 6 7.00 7.00 0 8 8 5.33 21.33 3.05 0.247 
1 1  CM 5 5 5 5.00 0.00 5 5 4 4.67 0.33 infin. Large 
13 ACS 37 33 33 34.33 5.33 38 33 32 34.33 10.33 1.94 0.340 
15 ACS 10 12 12 11.33 1.33 9 12 14 11.67 6.33 4.75 0.174 
16 CE 1 0 0 0.33 0.33 0 0 0 
17 ACS 8 4 5 5.67 4.33 7 6 4 5.67 2.33 1.86 0.350 
19 CE 2 1 1 1.33 0.33 1 1 2 1.33 0.33 1.00 0.500 
22 CE 3 9 8 6.67 10.33 6 9 6 7.00 3.00 3.44 0.225 
23 CE 1 1 1 1.00 0.00 0 1 0 0.33 0.33 infin Large 
24 CM 0 2 1 1.00 1 . 0  0 0 2 0.67 1.33 1.33 0.429 
29 CM 9 9 9 900 0.00 8 8 9 8.33 0.33 infin Large 
30 ACT 15 16 16 15.67 0.33 14 17 15 15.33 2.33 7.00 0.125 
32 CM 8 8 7 7.67 0.33 8 7 8 7.67 0.33 1.00 0.500 
34 CM 12 12 12 120(1 0.00 12 1 1  12 11.67 0.33 infin Large 
35 ACS 27 27 28 27.33 0.33 28 28 27 27.67 0.33 1.00 0.500 
36 ACT 8 9 1 0  9 (lo 1.00 8 9 9 8.67 0.33 3.00 '0.250 
37 CE 19 13 16 160() 9.00 14 15 18 15.67 4.33 2.08 0.325 
43 CM 28 27 28 27.67 0.33 25 26 27 26.00 1.00 3.00 0.250 
46 CP 21 23 21 2167 1.33 20 23 21 21.33 2.33 0.57 0.636 
48 CE 10 9 9 9.33 0.33 9 6 1 1  8.67 6.33 19.00 0.050 
51 CE 0 0 1 0.33 0.33 0 1 0 0.33 0.33 1.00 0.500 
52 CE 1 1 2 1.33 0.33 0 0 0 
53 ACD 4 5 2 3.67 2.33 6 5 3 4.67 2.33 1.00 0.500 
55 CE 6 4 6 5.33 1.33 6 7 6 6.33 0.33 4.00 0.200 
56 CP 7 8 0 5.00 19.00 6 0 0 2.00 12.00 1.58 0.387 
57 ACS 0 3 0 1.00 3.00 0 0 0 
58 ACT 88 90 88 88.67 1.33 88 90 89 89.00 1.00 1.33 0.429 



Table 4.14. TLPL ranked data in model with only main effects. 
Source Sum-of-squares df Mean-squares F P 
Obscncr 1706.373 1 1706.373 0.488 0.486 
Trial 607.169 2 303 .585 0.087 0.917 
E nor 698949.458 200 3494.747 

= 0.003 n = 204 



At the colony level for the TLPL protocol, Ho (no difference between 

observers) was rejected, although the differences were quite small compared 

to those of RINPL, which demonstrates the high precision of the TLPL 

method. Analysis of data at individual. through life-forms, to total coral 

levels of aggregation, confirms the greater accuracy of the TLPL protocol. 

4.3.2. STUDY TWO 

Summary information supporting the following conclusions is presented in 

Tables 4.15 to 4.18. Total hard coral at both sites averaged 27 to 28%, and 

conventional measures of dispersion (variance and precision) and percentage 

difference scores for more abundant life-forms were greater at Galifaru. 

Repeat transects were on average an order of magnitude more precise than 

random replicate transects (precision of total coral percentage cover 

estimates: 1.17 vs. 10.13; mean values calculated using 20 m long transect 

results). Twenty meter long transects were on average twice as precise as 10 

m long transects (precision of total coral percentage cover estimates: 10.13 

vs. 19.4 1 for replicates and 1.18 vs. 2.93 for repeats). At the colony level, 

there was a very high correspondence between colonies on repeat transects, 

as was illustrated for the TLPL protocol in study one (Table 4.1). In 

summary, under the circumstances of coral abundance and diversity 

encountered, permanent 20 m long transects seem to be more economical - 

than random or shorter transects, a topic which is explored in more detail in 

Section 4.3.4. 

4.3.3. STUDY THREE 

Comparison of total coral cover estimates obtained by two observers each 

surveying two 20 m long, RMPL protocol transects showed considerable 

inter-observer variation (Table 4.19). In contrast, the variability of total coral 

cover estimates obtained by four observers each surveying the same three 10 

m long TLPL transects (Table 4.20) was much lower than that for the longer 

RINPL transect results, and was only slightly higher than that for repeat 



Table 4.1 5. Replicate trmsect surveys, Gtilifaru Reef slope, 9m depth contour, TL,PI, protcxol. 
A and B. 10 m transects corresponding to the first and second 10 m intervals of C. C. 20 m transect comprising A and B. u.d. = undefined. 
A. 10 m long transect. 

Replicate transects (% cover) Differences % Difference scores 
Life-forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3)/1 (1-3)/3 (2-3)/2 (2-3)/3 Mean C.I. 
Total hard coral 32.80 29.15 25.70 29.22 12.61 7.02 3.65 7.10 3.45 11.13 12.52 21.65 27.63 11.84 13.42 16.36 5.38 
Total acroporans 9.80 7.05 13.50 10.12 10.48 18.47 2.75 3.70 6.45 28.06 39.01 37.76 27.41 91.49 47.78 45.25 19.12 
Totnl non-acroporans 23.00 22.10 12.20 19.10 35.91 18.1 1 0.90 10.80 9.90 3.91 4.07 46.96 88.52 44.80 81.15 44.90 29.00 
Total CE 14.20 13.10 6.90 11.40 15.49 19.93 1.10 7.30 6.20 7.75 8.40 51.41 105.80 47.33 89.86 51.76 32.42 
Total CF 1.20 0.30 0.70 0.73 0.20 35.50 0.90 0.50 0.40 75.00 300.00 41.67 71.43 133.33 57.14 113.10 77.38 
Total CM 3.40 8.70 4.60 5.57 7.72 28.82 5.30 1.20 4.10 155.88 60.92 35.29 26.09 47.13 89.13 69.07 38.33 
Total CP 4.20 0.00 0.00 1.40 5.88 100.00 4.20 4.20 0.00 100.00 u.d. 100.00 u.d. u.d. u.d. 100.00 0.00 

B. 10 m long transect. 
Replicate transects (% cover) Differences % Difference scores 

Life- forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/l (1-2)/2 (1-3)/1 (1-3Y3 (2-3)/2 (2-3)/3 Mean C.I. 
Total hard coral 24.10 35.80 15.00 24.97 108.72 12.44 11.70 9.10 20.80 48.55 32.68 37.76 60.67 58.10 138.67 62.74 31.03 
Total acroporans 2.60 20.80 6.50 9.97 91.82 55.51 18.20 3.90 14.30 700.00 87.50 150.00 60.00 68.75 220.00 214.37 196.37 
Total non-acroporans 21.50 15.00 8.50 15.00 42.25 25.02 6.50 13.00 6.50 30.23 43.33 60.47 152.94 43.33 76.47 67.80 35.76 
Total CD 0.00 0.00 1.10 0.37 0.40 100.00 0.00 1.10 1.10 u.d. u.d. u.d. 100.00 u.d. 100.00 100.00 0.00 
Total CE 12.30 7.00 5.00 8.10 14.23 26.89 5.30 7.30 2.00 43.09 75.71 59.35 146.00 28.57 40.00 65.45 34.21 
Total CF 0.00 0.10 0.50 0.20 0.07 76.38 0.10 0.50 0.40 u.d. 100.00 u.d. 100.00 400.00 80.00 ,170.00 122.92 
Total CM 8.10 2.90 1.90 4.30 11.08 44.69 5.20 6.20 1.00 64.20 179.31 76.54 326.32 34.48 52.63 122.25 89.75 
Total CP 1.10 5.00 0.00 2.03 6.90 74.60 3.90 1.10 5.00 354.55 78.00 100.00 u.d. 100.00 u.d; 158.14 105.10 

C. 20 m long transect. 
Replicate transects (% cover) Differences % Difference scores 

Life-forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3)/1 (1-3)/3 (2-3)/2 (2-3)/3 Mean C.I. 
Total hard coral 28.45 32.48 20.90 27.28 34.53 12.44 4.03 7.55 11.58 14.15 12.39 26.54 36.12 35.64 55.38 30.04 12.84 
Total acroporans 6.20 18.55 10.00 11.58 40.01 31.53 12.35 3.80 8.55 199.19 66.58 61.29 38.00 46.09 85.50 82.78 47.52 
Tot1 non-acroporans 22.25 13.93 10.90 15.69 34.55 21.63 8.33 11.35 3.03 37.42 59.78 51.01 104.13 21.72 27.75 50.30 23.95 
Total CD 0.00 0.00 1.10 0.37 0.40 100.00 0.00 1.10 1.10 u.d. u.d. u.d. 100.00 u.d. 100.00 100.00 0.00 
Total CE 13.25 10.05 5.95 9.75 13.39 21.67 3.20 7.30 4.10 24.15 31.84 55.09 122.69 40.80 68.91 57.25 28.71 
Total CF 0.60 0.20 0.60 0.47 0.05 28.57 0.40 0.00 0.40 66.67 200.00 0.00 0.00 200.00 66.67 88.80 72.88 
Total CM 
Total CP 



Table 4.16. Replicate tramsect surveys, Villingili Reel' slope, 9 m depth contour, TLPI, protocol. 
A and 8. 10 m ttansects corresponding to Uie fimt and second 1 Om intervals of C. C. 20 m transcct comprising A and B. 
A 10 m long transcct. 

Replicate transecls ( 9  b cover) Differences % Diflerence scores 
Life-forms 1 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3yl (1-3)/3 (2-3)/2 (2-3)/3 Mean C.I. 
Total hard coral 42.60 30.30 33.20 35.37 41.34 10.50 12.30 9.40 2.90 28.87 40.59 22.07 28.31 9.57 8.73 23.03 9.85 
Total amporam 6.10 8.60 12.90 9.20 11.83 21.58 2.50 6.80 4.30 40.98 29.07 111.48 52.71 50.00 33.33 52.93 24.09 
Total non-acroporans 36.50 21.70 20.30 26.17 80.57 19.81 14.80 16.20 1.40 40.55 68.20 44.38 79.80 6.45 6.90 41.05 24.31 
Total CB 0.30 0.00 2.50 0.93 1.86 84.44 0.30 2.20 2.50 100.00 ud 733.33 88.00 ud 100.00 255.33 255.03 
Total CD 0.40 0.10 1.00 0.50 0.21 52.92 0.30 0.60 0.90 75.00 300.00 150.00 60.00 900.00 90.00 262.50 259.63 
Total CE 23.50 15.10 8.20 15.60 58.71 28.36 8.40 15.30 6.90 35.74 55.63 65.11 186.59 45.70 84.15 78.82 44.29 
Total CF 0.40 0.70 0.00 0.37 0.12 55.30 0.30 0.40 0.70 75.00 42.86 100.00 ud 100.00 ud 79.46 21.69 
Total CM 7.90 5.30 4.20 5.80 3.61 18.91 2.60 3.70 1.10 32.91 49.06 46.84 88.10 20.75 26.19 43.97 19.46 
Total M 3.50 0.00 0.00 1.17 4.08 100.00 3.50 3.50 0.00 100.00 ud 100.00 ud ud ud 100.00 0.00 
Total P 0.50 0.50 4.40 1.80 5.07 72.22 0.00 3.90 3.90 0.00 0.00 780.00 88.64 780.00 88.64 289.55 305.64 

B. 10 m long trmxct. 
Replicate (ransccts (96 cover) Differences % Difference scores 

Life-forms I 2 3 Mean Var Prec (1-2) (1-3) (2-3) (1-2yl (1-2)/2(1-3)/l (I-3)/3(2-3)/2(2-3)/3 Mean C.I. 
Total hard coral 13.80 32.80 10.80 19.13 142.33 36.00 19.00 3.00 22.00 137.68 57.93 21.74 27.78 67.07 203.70 85.98 56.80 
Total acroporans 6.50 9.30 6.50 7.43 2.61 12.56 2.80 0.00 2.80 43.08 30.11 0.00 0.00 30.11 43.08 24.39 15.82 
Total non-acroporans 7.30 23.50 4.30 1 1.70 106.68 50.97 16.20 3.00 19.20 22 1.92 68.94 41.10 69.77 81.70 446.5 1 154.99 125.23 
Total CB 0.00 0.00 0.30 0.10 0.03 100.00 0.00 0.30 0.30 ud ud ud 100.00 ud 100.00 100.00 0.00 
Total CC 
Total CE 
Total CF 
Total CM 
Told P 

C. 20 m long transect. 
Replicate transects (% cover) Differences % Difference scores 

Life-forms 1 2 3 Mean Var Rec (1-2) (1-3) (2-3) (1-2)/l (I-2)/2 (I-3yl (1-3Y3 (23)/2 (23Y3 Mean C.I. 
Total hard coral 28.20 31.55 24.00 27.92 14.31 7.82 3.35 4.20 7.55 11.88 10.62 14.89 17.50 23.93 31.46 18.38 6.37 
Total acroporans 6.30 8.95 11.70 8.98 7.29 17.35 2.65 5.40 2.75 42.06 29.61 85.71 46.15 30.73 23.50 42.96 18.05 
Totalnon-acropotans 21.90 22.60 12.30 18.93 33.12 17.55 0.70 9.60 10.30 3.20 3.10 43.84 78.05 45.58 83.74 42.92 27.88 
Total CB 0.15 0.00 0.15 0.10 0.01 50.00 0.15 0.00 0.15 100.00 ud 0.00 0.00 ud 100.00 50.00 46.20 
Total CC 0.25 0.00 0.15 0.13 0.02 54.49 0.25 0.10 0.15 100.00 ud 40.00 66.67 ud 100.00 76.67 23.25 
Total CD 0.20 0.05 1.25 0.50 0.43 75.50 0.15 1.05 1.20 75.00 300.00 525.00 84.00 ud 96.00 216.00 157.13 
Total CE 15.00 15.25 0.50 10.25 71.31 47.57 0.25 14.50 14.75 1.67 1.64 96.67 ud 96.72 ud 49.17 43.91 
Total CF 0.20 0.50 5.10 1.93 7.54 82.02 0.30 4.90 4.60 150.00 60.00 ud 96.08 920.00 90.20 263.25 294.91 
Total CM 4.10 4.85 3.10 4.02 0.77 12.62 0.75 1.00 1.75 18.29 15.46 24.39 32.26 36.08 56.45 30.47 11.98 
Total M 1.75 0.00 0.00 0.58 1.02 100.00 1.75 1.75 0.00 100.00 ud 100.00 ud ud ud 100.00 0.00 
Total P 0.25 1.95 2.20 1.47 1.13 41.77 1.70 1.95 0.25 680.00 87.18 780.00 88.64 12.82 11.36 276.67 283.42 



Table 4.17. Repeat surveys of permanent transect on Villingili Reef slope, 6 week interval, TLPL protocol. 
A and B. 10 m long transects 
C. 10 m transects in A and B combined to make one 20 m transect. 
A. 10 m long transect. 

R e p t  surveys (% cover) Difference % Difference 
Li fe-forms 1 2 Mean Var Prec (1 -2) (1-2)/1 (1-2)/2 Mean C.I. 
Total hard coral 42.60 43.10 42.85 0.13 0.58 0.50 1.17 1.16 1.17 0.01 
Total acroporans 6.10 7.40 6.75 0.84 9.63 1.30 21.31 17.57 19.44 3.67 
Total non-acroporans 36.50 35.70 36.10 0.32 1.11 0.80 2.19 2.24 2.22 0.05 
Total CB 0.30 0.40 0.35 0.01 14.29 0.10 33.33 25.00 29.17 8.17 
Total CD 
Total CE 
Total CF 
Total CM 
Total M 
Total CP 0.50 2.70 1.60 2.42 68.75 2.20 440.00 81.48 260.74 351.35 

R. 10 m long transcct. 
Repeat survey (% cover) Difference % Difference 

Lik-forms 1 2 Mean Var Prec (1-2) (1-2)/1 (1-2)/2 Mean C.I. 
Total hard coral 13.80 14.50 14.15 0.25 2.47 0.70 5.07 4.83 4.95 0.24 
Total acroporans 6.50 5.40 5.95 0.6U 9.24 1.10 16.92 20.37 18.65 3.38 
Total non-acroporans 7.30 9.10 8.20 1.62 10.98 1.80 24.66 19.78 22.22 4.78 
Total CC 0.50 0.00 0.25 0.13 100.00 0.50 100.00 u.d. 100.00 u.d. 
Total CE 6.50 8.30 7.40 1.62 12.16 1.80 27.69 21.69 24.69 5.89 
Total CM 0.30 0.80 0.55 0.13 45.45 0.50 166.67 62.50 114.58 102.08 

> 

C. 20 m long transcct. 
Repeat sumeys (% cover) Difference % Diffaence 

Li fe-forms 1 2 M a  Var Prec (1 -2) (1-2Yl (1-2)/2 Mean C.I. 
Total hard coral 28.2 28.8 28.50 0.18 1.05 0.60 2.13 2.08 2.1 1 0.04 
Total acroporans 6.30 6 4 0  6.35 0.01 0.79 0.10 1.59 1.56 1.57 0.02 
Total non-amporans 21.9 224 22.15 0.13 1.13 0.50 2.28 2.23 2.26 0.05 
Total CB 0.15 0.20 0.18 0.00 14.29 0.05 33.33 25.00 29.17 8.17 
Total CC 0.25 0.00 0.13 0.03100.00 0.25 100.00 ud. 100.00 ud. 
Total CD 0.20 0.10 0.15 0.01 33.33 0.10 50.00 100.00 75.00 49.00 
Total CE 15.00 IJ.(M) 14.50 0.50 3.45 1-00 6.67 7.14 6.90 0.47 
Total CF 0.20 0.00 0.10 0.02100.00 0.20 100.00 ud. 100.00 ud. 
Total CM 4.10 5 .00  4.55 0.41 9.89 0.90 21.95 18.00 19.98 3.87 
Total M 1.75 1.75 1.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total CP 0.25 1.35 0.80 0.61 68.75 1.10 440.00 81.48 260.74 351.35 



Table 4.18. Repeat sweys  of permanent transect on Galifaru Reef slope, 12 day interval, TLPL protocol 
A and B. 10 m long transects 
C. 10 m transects in A and B combined to make one 20 m transect. 
A. 10 m long transect. 

Repeat s m q s  (% cover) Difference % Difference 

Life-forms 1 2 Mean Var Prec (1-2) (1-2)/1 (1-2)/2 Mean C.l . . . . 

Total hard coral 32.80 31.70 32.25 0.61 1.71 1.10 3.35 3.47 3.41 0.11 
Total acroporans 9.80 9.00 9.40 0.32 4.26 0.80 8.16 8.89 8.53 0.71 
Totalnon-acroporans 23.00 22.70 22.85 0.04 0.66 0.30 1.30 1.32 1.3 1 0.02 
Total CD 0.00 0.40 0.20 0.08 100.00 0.40 ud 100.00 100.00 ud 
Total CE 14.20 14.60 14.40 0.08 1.39 0.40 2.82 2.74 2.78 0.08 
Total CF 1.20 1.30 1.25 0.00 4.00 0.10 8.33 7.69 8.01 0.63 
Total CM 3.40 2.50 2.95 0.40 15.25 0.90 26.47 36.00 3 1.24 9.34 
Total CP 4.20 3.90 4.05 0.05 3.70 0.30 7.14 7.69 7.42 0.54 

B. 10 m long transect. 
Repeat surveys (% cover) Difference % Difference 

-- 

Life- forms 1 2 Mean Var Rec (1-2) (1-2)/1 (I-2)O Mean C.1. 
Total hard coral 24.10 27.70 25.90 6.48 6.95 3.60 14.94 13.00 13.97 1.90 
Total acroporans 2.60 4.00 3.30 0.98 2 1.21 1.40 53.85 35.00 44.42 18.47 
Totalnon-acroporans 21.50 23.70 2260 242 4.87 2.20 10.23 9.28 9.76 0.93 
Total CE 12.30 15.10 13.70 3.92 10.22 2.80 22.76 18.54 20.65 4.14 
Total CM 8.10 6.60 7.35 1.12 10.20 1.50 18.52 22.73 20.62 4.12 
Total CP 1.10 1.00 1 05 0.00 4.76 0.10 9.09 10.00 9.55 0.89 

C. 20 m long transect. 
Repeat suwevs (% cover) Difference % Difference 

- --  

Life-forms 1 2 Mean Var Prec (1-2) (I-2)/1 (1-2)/2 Mean C.I. 
Total hard coral 28.45 29.20 28 83 0.28 1.30 0.75 2.64 2.57 2.60 0.07 
Total acroporans 6.20 6.50 6 35 0.05 2.36 0.30 4.84 4.62 4.73 0.22 
Total non-acroporans 22.25 22 70 22 48 0.10 1.00 0.45 2.02 1.98 2.00 0.04 
Total CD 0.00 0.20 0.10 0.02 100.00 0.20 ud 100.00 100.00 ud 
Total CE 13.25 14.85 14.05 1.28 5.69 1.60 12.08 10.77 11.42 1.28 
Total CF 0.60 0.65 0.63 0.00 4.00 0.05 8.33 7.69 8.01 ud 
Total CM 5.75 4.55 5.15 0.72 11.65 1.20 20.87 26.37 23.62 5.39 
Total CP 2.65 2.45 2.55 0.02 3.92 0.20 7.55 8.16 7.86 0.60 



Table 4.19. Chapwani 20 m RINPL protocol transects, inter-observer comparison, total coral cover. 
Observers A & B surveys (% cover) Difference % Difference scores 

Tr. no. A B Mean Var Prec 1 - 2 1  ( 1 2 ) 2  Mean C.I. 
1 38.1 23.8 36.0 295.2 33.8 24.3 50.5 102.1 76.3 50.5 
2 39.6 46.3 43.0 22.4 7.8 6.7 16.9 14.5 15.7 2.4 



Table 4.20, Chap~vani TLPL protocol suneys of 10 m transects by four observers. total coral cover. 

Obsenw A. B, C, D surveys (% cover) Difference 
Tr.no. A B C D Mean Var Prec (1-2) (1-3) (1-4) (2-3) (2-4) (3-4) 

3 36.9 36.0 35.5 35.0 35.9 0.66 1.13 0.9 1.4 1.9 0.5 1.0 0.5 
4 35.9 34.4 34.5 33.8 34.7 0.79 1.28 1.5 1.4 2.1 0.1 0.6 0.7 
5 50.9 49.3 51.0 52.9 51.0 2.17 1.44 1.6 0.1 2 1.7 3.6 1.9 

-p 

Continued from above % difference scores 
Tr. no. (1-2)/1 (1-2)/2 (1-3)/1 (1-3)/3 (1-4)/1 (1-4)/4 (2-3)/2 (2-3)/3 (2-4)/2 (2-4)/4 (3-4)/3 (3-4)/4 Mean C.I. 

3 2.44 2.50 3.79 3.94 5.15 5.43 1.39 1.41 2.78 2.86 1.41 1.43 2.88 0.81 
4 4.18 4.36 3.90 4.06 5.85 6.21 0.29 0.29 1.74 1.78 2.03 2.07 3.06 1.12 
5 3.14 3.25 0.20 0.20 3.93 3.78 3.45 3.33 7.30 6.81 3.73 3.59 3.56 1.18 



surveys of two of the same TLPL transects surveyed by the author (Table 

4.21). 

The results of very variable preliminary surveys are included (Table 4.22) as 

an object lesson about the importance of correct, standard operationalization 

of a procedure. Observer A was seen moving the plumb-line laterally to the 

transect tape for only some coral colonies as he conducted his surveys. When 

asked, he explained that it was not necessary to use the plumb-line for all 

colonies since some were obviously under the line and easy to measure. This 

approach assumes that parallax is only a problem if there is a noticeable 

difficulty measuring a colony. This is untrue, as was pointed out in study one 

for work on reef slopes, and as will be demonstrated in detail for level terrain 

in Chapter 6. Use of the plumb-line only when deemed necessary or usefbl 

(e.g., as a sighting aid to determine if some colonies are under the line or 

not, or to help establish the interception points for some colonies and not 

others) re-introduces judgment calls and subjectivity. If objective results are 

to be obtained, it is essential to run the plumb-line along the entire length of 

the tape, using it as the sole arbiter of what is to be recorded and measured. 

4.3.4. LITERATURE COMPARISON AND GENERAL 

DISCUSSION 

The results of this study are presented for comparison with percentage 

difference scores from Mundy (1991) in Table 4.23. Mundy (1991) used very 

experienced users of the AIMS reef survey protocol, specifically to test the 

AIMS protocol. He did not describe the transect protocol in detail and 

repeated efforts to contact him for details have failed. He did state that 

difficulties were experienced keeping transect lines on course, because 

topographic relief obstructed the view between stakes set 7.5 m apart 

(Mundy, 1990), which is consistent with the relief-influenced deployment. 

Since his aim was to test the AIMS method, and all but one of the 



Table 4.2 1 .  Cha~wani reDeat TLPL survevs. 10 m transects. one observer (obsenw D. Allison). total coral cover. 
Rep&% survcys (% cover) Differences % Difference Scores 

Tr. no. 1 2 3 Mean Var Prcc (1-2) (1-3) (2-3) (1-2)/1 (1-2)/2 (1-3)/1 (1-3)/3 (2-3)/2 (2-3)/3 Mean C.I. 
3 35.7 35.0 35.5 35.4 0.13 1.02 0.7 0.2 0.5 1.5% 2.00 0.56 0.56 1.43 1.41 1.32 0.51 
4 34.0 33.8 33.2 33.7 0.17 1.24 0.2 0.8 0.6 0.59 0.59 2.35 2.41 1.78 1.81 1.59 0.65 



Tablc 4.22. Total coral cover on transects in which the plumb- 
line was used only when the obsemer thought it necessary. 

Obscrvcr B. C. D surveys (% cover) 
Trans no. B C D 



Table 4.23. Comparative nlcatr percentage difl'crencc scores Ibr pcrccntapc cover data 
A. "Mcasurcrnent error", Ihvies Reef (from Mundy. 199 1 : Tablc 3.1. p. 33). C. RINPI. transect protocol. Villinpili Reef. Maldives. 
R. "Permanent transects". Hcron Rcef (from Mundy. 1991: Table 5.2. p. 89). 1). TLPL transect prottwol. Villingili Reef; Maldivcs. 

A. "Measurement crror", Ilavicu Reef (Mundy. 199 1 : Tablc 3.1. p. 33). rcpcat surveys. transect lcfl in place. 
Means based on diffcrcnccs between two rcpcat surveys on cach of nine 40 m long transects (n = 9). 
Observers surveved the samc transect lincs Icfl in dace between repcat surveys which were done in onc dav. 

ACT CE CM CP ACKO COR TUI' 
Ohsewcr Mcan C.I. Mean C.I. Mcan C.I. Mean C.I. Mean C.I. Mean C.I. Mean C.I. 

I 104 9 146 1 51 8 27 2 12 7 6 5 27.5 30.3 33.5 30.4 6.8 3 4 11.1 8 1 
2 199 25 7 12 7 6 8  14 6 9 13.4 10.3 4.7 2.3 5 2.6 4.6 1.9 
3 2 2 3  248 17 7 5  6 4  2 6  I02  8.1 8 2  3.6 4.4 2 8  3.7 2.4 
b 210 351 7.3 4 5  274  3 2 9  8 4 9  17.1 17.8 6.4 4.4 4 2.6 

Means treatment h a d  otr t\\o sets 01.4 rcpcat sur\c!s on cach of'fi~ur 30 m long transects (n = 6.3 per set). 
Two observer; survqcd thc mtnc tranwt ltrlcs 4 ttrnes I .incs \vcrc rcdcployed for cach survey. 
'I'rcatments: 1 - random (omtttcd in ongtt~al). 2 onc start pep. 3 pcgs cvcry 7.5 m; 4 pegs every 3.5 m. 

ACT CII C M C I' ACRO COR TOT 
Protocol Mcan C I Mean C I. Mean C.I. Mcan C.1. Mean C.I. Mean C.I. Mean C.I. 

2 24.7 17.2 49.6 20.9 59.5 50.5 18.8 25.9 17.8 5.4 47.6 40.2 4.2 3.5 
3 44.9 45.9 22.7 6.8 139.7 163.6 107.1 101.6 6.2 4.7 20.2 20 6 3.4' 
4 379.4 421.7 36.5 23.5 59.3 38 9.8 7.7 5.9 4.7 5 3.3 

C. RINPL transect protocol. Villingili Island Rcef. Maldives. 
One 8 m long transect, 2 observers (A & B), 3 repeat surveys, transect tapc rc-deployed 3 times in 3 days (n = 2). 

ACT CE CM CP COR TOT ACRO 
Observer Mean C.I. Mean C.I. Mean C.I. Mcan C.I. Mean C.I. Mean C.I. Mean C.I. 

A 12.91 5.87 12.15 6.57 14.63 6.13 115.02 77.50 23.90 10.05 13.55 5.37 9.41 3.79 

D. TLPL transcct protocol, Villitigili Island Reef, Maldives. 
One 8 m long transcct, 2 observers (A & B), 3 repeat surveys, transect tape rc-deployed 3 times in 3 days (11 = 2). 

ACT CE CM CP ACRO COR TOI. 
Observer Mean C.I. Mean C.1. Mean C.I. Mean C.I. Mcati C.I. Mcan C.I. Mcan C.I. 

A 2.36 1.12 7.86 3.64 1.19 0.50 14.71 7.34 2.67 1.08 2.80 1.62 2 26 1.08 
B 3.54 1.50 11.89 5.51' 4.35 2.28 6.02 2.73 4.02 1.60 5.31 2.80 1.65 0.56 



questionnaire responses by users of that method indicate using relief- 

influenced deployment in the questionnaire, it seemed certain that the 

deployment he used was relief-influenced, so this was assumed in the 

analysis. 

On Davies Reef, four observers each conducted two repeat surveys at nine 

different sites. Each 40 m transect tape was deployed and left in position 

until both repeats were complete, which took one day. The results were 

transformed to percentage cover estimates fiom which a percentage 

difference score was calculated for each site, giving nine values fiom which 

means and confidence intervals were calculated. Since the transect lines were 

not moved between repeats, these results were regarded as the best that 

could be achieved and were used as the standard against which other results 

were compared, any intra-observer discrepancies among repeats being 

attributed to measurement error (Mundy, 1991). A substantial amount of 

inter-observer variation was apparent in these results, especially for observer 

one. 

On Heron Reef. the potential of permanent transects to reduce sampling 

variation and hence sampling effon was the issue of interest. To this end, 

two observers surveyed four sites with four different transect protocols: 1) 

random transect sets; 2) each site marked by one starting stake; 3) each site 

marked with starting and ending stakes, and intermediate stakes at 7.5m 

intervals; 4) each site marked with starting and ending stakes, and 

intermediate stakes at 3.5m intervals. Each site was surveyed four times in 

each of two survey series. The transect tape was deployed anew for each 

survey, but whether or not both observers surveyed the same deployments 

was not indicated. The result was four data sets per observer per protocol 

per site, for each of two series. For each observer-protocol-site-series 

combination, three percentage difference scores were calculated (only three 



are possible if the first result out of four are used as el in the calculation), and 

these were in turn combined to produce means and confidence intervals (n = 

6). Data from one of the two observers, and results from protocol 1 were 

omitted from the presentation of percentage difference scores in Mundy7s 

. thesis, and so could not be included in the present discussion. In principle, 

within-protocol similarity and precision should been ordered: protocol 4 > 

protocol 3 > protocol 2 > protocol 1. ANOVA was used to test for 

differences among the four protocols, but results were very variable and the 

null hypothesis was rejected for only a few of protocol 1 life-forms. Some 

large variations in the results occurred, as a result of which ANOVA was 

able to distinguish only a few of protocol 1 results from the others. 

Percentage difference results from repeat surveys of transects staked with 

only a single peg (protocol 2) were less variable than those of transects 

systematically staked along their entire length (Table 4.23). For results 

aggregated to higher classification levels (total Acropora, total non- 

Acropora, total hard coral), same-observer, permanent transect, repeat 

surveys on Heron Reef, produced mean percentage difference scores which 

were very similar to those for measurement error transects surveyed on 

Davies Reef (Table 4.234 B). For some of the life forms (ACT, CE, CM), 

mean percentage difference scores for measurement error transects were 

much less than those obtained for repeat permanent transects staked at 3.5m 

intervals (protocol 4). This discrepancy decreased with decreasing staking 

frequency, and with the exception of category COR, values obtained for 

transects with only a starting stake (protocol 2) were little different from 

those obtained for measurement error. These results are counter-intuitive, 

since transect tapes can presumably be more accurately re-established in a 

previous location when more stakes are used. Possibly inter-repeat variation 

in the location of the transect tape between stakes canceled any gain in 

precision allowed by using more stakes, and for all three protocols, 



variability was masked by the combination of relatively long transects (30 m) 

and aggregation of data to life-forms and total coral levels, which effectively 

increased the sample sizes being compared. Mundy (1 99 1) attributed the 

similarity of protocol 2 repeats to one another to learning, since the repeats 

were completed in one day, but this ad hoc explanation seems unreasonable 

given the complexity of the task and the implausibility of accurately 

relocating a 30 m transect marked with only a starting stake when, as noted 

previously, transects staked at 7.5 m intervals could not be accurately 

relocated. He concluded that permanent transects were effective in increasing 

precision for only the more abundant life-forms of moderate size, and that 

the percentage difference scores from permanent transects were substantially 

greater than those obtained for surveys used to estimate measurement error. 

On the basis of these results, Mundy (1991) concluded that permanent 

transects were inefficient for reef survey work. This conclusion is premature, 

given the suspect nature of the percentage difference method, the importance 

of specification errors, and because a crucial comparison (results of repeat 

surveys of permanent transects vs. results of random replicate transects) was 

not performed. The implications of the last shortcoming were investigated in 

the present study, by using random replicates from Davies and Heron reef as 

surrogates for the omitted data. This comparison suggests that variation of 

repeat surveys of permanent transects was an order of magnitude less than 

variation of among random replicates (data and discussion later). 

More generally, Mundy (1991) concluded that the line-intercept transect's 

low precision made it an ineffective method for monitoring temporal change. 

This however, seems to be a deficiency of the protocol used, rather than of 

the line-intercept transect method per se, because high levels of precision 

were achieved in the present study by using a taut, level transect line and a 

plumb-line (contrast especially the life-forms percentage difference scores 

obtained with TLPL (Table 4.23 D) with those obtained for RMPL in both 



the present study (Table 4.23 C) and Mundy's (1991) study (Table 4.23 B, 

A)). Two things which should be borne in mind when comparing these data 

are the crudeness of percentage difference scores as measures of difference, 

and the effect of transect length on precision. The transect data presented in 

Table 4.23 (from Mundy, 1991) were obtained using transects 30 m and 40 

m long, whereas the transects in the present study were only 8 m to 9 m in 

length. The large difference in transect length is important, because longer 

transects sample more benthos, which should decrease the variability among 

transects for data aggregated above the colony level. Mundy (1991) 

concluded that 10 m long transects were too variable to merit further study 

and dropped them from his study. He also showed that sample variation 

stabilized as transect length increased and used transects of at least 20 m 

length for all work appearing in his study (Mundy, 1991). Variability of 

repeat 8 m transect percentage difference scores in the present study (Table 

4.23C) using the same protocol as Mundy used (RINPL), were only a little 

greater than Mundy's measurement error values (40 m transects) despite the 

relative shortness of the transects used. This difference was probably due to 

identification inconsistencies, which Mundy cited as an important source of 

error, but which were controlled in the present study. Repeat transect data 

collected with the TLPL protocol (Tables 4.23D, 4.1 7, 4.1 8) were much less 

variable than either the measurement error estimates or the permanent 

transect data of Mundy. 

Although no means and variances were produced for Mundy's measurement 

error transects and permanent transects, means, standard errors and precision 

estimates were provided for random replicate 20 m long transect surveys on 

Davies and Heron reefs (Mundy, 1991, Appendix 2). For three replicate 

surveys on each reef, variance was calculated and means and precision values 

were quoted (Table 4.24) for comparison with estimates in the present study. 

Unfortunately percentage difference scores were not provided with these 



Tablc 1.24. Results from random replicate 20m transects (Mundy, 199 1, Appendix 2"). 
Davies Reef (% cover) Heron Reef (% cover) 

Life- form Mean Var Precision Mean Var Precision 
Total hard coral 52.13 114.58 11.85 61.97 112.73 9.89 
Total acroporans 14.88 135.88 45.23 41.82 193.44 19.20 
Total non-acroporans 40.53 61.29 11.15 21.07 83.00 24.96 
Total ACT 3.67 11.88 54.22 21 219.31 40.71 
Total CE 10.98 38.45 32.60 10.9 59.14 40.73 
Total CM 8.85 12.64 42.60 1.63 4.18 72.39 
Total CP 3.67 2.65 25.6 1 0.42 0.24 66.67 
*Totals as found thcrcin. 



data, so they cannot be compared directly with the rest of Mundy's data, but 

they can be compared with data collected in the present study (Tables 4.15. 

4.16). This comparison indicates that coral cover on Davies and Heron reefs 

is more variable than that on Villingili and Galifaru reefs, or the survey 

method used to survey the former reefs is more error prone, or both. 

Calculation of the sample size required to obtain a desired minimum 

detectable difference produced clear clustering of values by both protocol 

(RINPL vs. TLPL), and repeat transects compared to replicate transects 

(Table 4.25). The large range of variance values obtained for these 

categories produced large differences in calculated sample size. In order to 

accommodate the range of variances obtained, it was necessary to use 

desired minimum detectable differences ranging from one to 10 units 

(percentage points in this case. since percentage cover is being measured). 

To get more insight into the meaning of percentage difference data (PD), 

standard deviations (SD, also expressed as percent) were regressed on PD 

values (as calculated for the present study). This described a linear 

relationship between the two measures [SD = 0.307 + .221PD; R' = 0.807; n 

= 141. This relationship was used to estimate standard deviation and variance 

for the measurement error and permanent transect data (Table 4.26) using 

Mundy's (1991) percentage difference scores (Table 4.23 in this study). The 

accuracy of these estimates depends upon the mean percentage difference 

values calculated by Mundy ( 199 1 )  being unbiased. Assuming that the initial 

value (el) in the percentage difference calculation was not selected in a 

systematic way. extremes. should average out given the number of estimates 

made. Even if the estimated variances are doubled, they are still much less 

than those of random replicate transects. On these grounds, it seems 

reasonable to conclude that the estimated variance for both the measurement 

error transects and the permanent transects may have been considerably 



Table 4.25. Power analysis estimates of a) minimum sample size for a desired Minimum Detectable Difference (MDD) 
(percentage points) between two estimates of mean total coral cover (alpha = 0.05; beta = 0.1). after Zar, p. 134; 
and b) MDD for a sample site of 3 (last column, n = 3), after Zar, p. 175. 
A Same observer, TLPL repeat transects. E. RINPL, replicate transects. 
B. TLPL, intersbserver repeat transects. F. Approximations for Mundy (1 99 1 ) data. 
C. TLPL same observer replicate transeds. G. TLNPL, replicate transects fiom Dodge et al. (1982). 
D. RINPL. same observer repeat transects. 

Mean Minimum Sample Size n=3 
h TLPL same observer repeat transects. %cov Var MDD=lO M D D 4  MDD=2 MDD=l MDD 
Villingili Reef N, Maldives (20 m; n=2) 28.50 0.18 < 1 < I 2 5 1.5 
Galifam Reef. Maldives (20 m; n=2) 28.83 0.28 < 1 C 1 2 7 1.8 
Villingili Reef N. Maldives (10 m; Tla;  10 m; n=2) 42.85 0.13 < I < 1 2 4 1.2 
Villingili Reef N. Maldives (Tlb; 10 m; n=2) 14.15 0.25 < 1 < 1 2 7 1.7 
Galifaru Reef, Maldives (Tl a; 10 m; n=2) 32.25 0.61 < 1 < 1 4 14 2.7 
Galifaru Reef, Maldives (Tl b; 10 m; n=2) 25.90 6.48 2 7 3 5 138 8.8 
Chapwani Reef, Zanzibar (TI; observer D; 10 m; n = 3) 35.40 0.13 < 1 < 1 1 4 1.2 
Chapwani Reef. Zanzibar (T2; observer D; 10 m; n = 3) 33.67 0.17 < 1 < 1 2 5 I .4 
Villingili Reef S, Maldives (observer A; 8 m; n=3) 51.67 0.77 < 1 < 1 5 18 3.0 
Villingili Reef S. Maldives (observer B; 8 m; n=3) 50.33 0.40 < 1 < 1 3 10 2.2 

B. TLPL. interabserver repeat m e a s .  
Chapwani Recf. Zanzibar (TI; 10 m: n = 4) 35.85 0.66 <1 1 5 15 2.8 
Chapwani Reef. Zanzibar (T2; 10 m; n = 4) 34.65 0.79 C 1 1 5 18 3.1 
Chapwani Reef. Zanzibar (T3; 10 m; n = 4) 51.03 2.17 1 4 13 47 5.1 

C. TLPL. same obsen'cr replicate transem 
Villingili Reef N. Maldives (20 m n=3) 27.92 14.31 4 13 77 303 13.1 
Galifam Reef. Maldives (20 m; n=3) 27.28 34.53 9 30 184 733 20.4 
Yillingili Reef h', Maldives (section a; 10 m; n=3) 35.37 41.34 9 3 6 220 881 22.3 
Villingili Reef N. Maldives (section h; 10 m; n=3) 19.13 142.33 30 122 756 2000+ 41.3 
Galifm Reef. Maldives (section a; 10 m; n=3) 29.22 12.61 4 12 68 268 12.3 
C i a l i h  Reef. Maldives (section b; 10 m; n=3) 24.97 108.72 24 93 578 2000+ 36.1 
Chapwani R e 4  Zanzibar (observer A; 10 m; n = 3)  41.23 70.33 16 60 370 1478 29.1 
Chapwani Reef. Zanzibar (observer B;10 m; n = 3) 39.90 66.91 16 57 355 1407 28.3 
Chapwani Reef. Zanzibar (observer C; I0 m; n = 3) 40.33 85.58 19 73 450 1799 32.0 
Chapwani Reef. Zanzibar (observer D; 10 m; n = 3) 40.57 114.44 25 98 602 2000+ 37.1 

D. RISPL same ohserver repeat transr~3s. 
Chapwani Reef. Zanzibar (observtr A 20 m: n = 2) 35.95 295.25 63 250 2000+ 2000+ 59.5 
Chapwani RecC Zanzibar (observer B; 20 m; n = 2) 42.95 22.44 6 20 121 479 . 16.4 
\'illingili Reef S. Maldives (observer A: 8 m; n=3) 54.59 14.65 5 14 78 311 13.3 
Villingili Reef S. Maldives (observer B; 8 m: n=3) 51.31 30.88 7 27 165 656 19.2 

E. RINPL replicate transects (data from hdundy. 199 1 ) 
Davles Keef. Great Barrier Reef (20 m; n=3) 52.13 114.58 25 98 602 2000+ 37.1 
limn Reef. Great Barrier Reef (20 m; n=3) 61.97 112.73 24 96 593 2000+ 36.8 

F. Approximations based on variances denved from percent difference scores (Mundy, 1991) 
Davis Reef 40m FUNPL hleas. Error no data 1.75 1 3 13 43 4.6 
k o n  Reef 30m RINPL protocol 2 repeats nodata 1.53 1 3 11 36 4.3 
Heron Reef 30m RINPL protocol 3 repeals no data 2.67 1 5 2 1 70 5.7 
Heron Reef 30m RINPL motocol4 rma t s  no data 2.00 1 4 14 50 4.9 

- 

G. TLNPL replicate trmects (data h m  Dodge et al.. 1982) 
North Rock Reef ( 10 m; n= lo) 22.2 30.25 6 2 5 160 644 19.1 
Three Hill Shoals Reef(10 m; n=8) 16.1 7.84 2 7 42 166 9.7 
South Shore Reef (1 0 m; n=6) 13.9 9.00 2 8 48 189 10.4 



Table 4.26. Derivation of standard deviation (SD) and variance from percentage 
difference scores (PD). using the linear regression equation 
SD = 0.307 + 0.221PD: = 0.807: n = 14. 

Percent Derived 
difference Standard 

Transect Type. Location (given) deviation Variance 
Measurement error. Davies Reef 4.6 1.32 1.75 
Permanent transects. Heron Reef, protocol 2 4.2 1.24 1.53 
Permanent transects. Heron Reef. protocol 3 6.0 1.63 2.67 
Permanent transects. Heron Reef, protocol 4 5.0 1.41 2.00 



lower than the variance of random replicate transects (compare Tables 4.24 

and 4.25). Contrary to Mundy's (1 991) conclusion therefore, and bearing in 

mind the tentative nature of the evidence, permanent transects seem like a 

potentially efficient proposition requiring fbrther investigation. 

In general, it appears that appreciable inter-observer differences existed for 

all results, and that percentage differences and associated variation declined 

as the level of taxonomic aggregation increased. In the case of Mundy's 

(1 99 1) data, three factors probably contributed to this phenomenon: a) Much 

like increasing the transect length, aggregating the data at higher taxonomic 

levels increases the number of intercepted chords, and this increased sample 

size smoothes out variation among repeat surveys. b) Much of this variation 

was due to identification inconsistencies between life-forms (Mundy, 1991). 

These are absorbed at higher levels of taxonomic aggregation as categories 

become more distinctly defined and mis-classifications therefore become less 

frequent, vanishing entirely as a factor for total coral cover. c) 

Methodological errors which are inherent in the relief-influenced (and relief- 

conforming) protocol, as explored in Chapter 3 of the present thesis. In the 

present study, rnis-identification was of little importance for the RINPL and 

TLPL protocols used. Methodological errors are inherently much better 

controlled when using TLPL than RINPL, and the effect of taxonomic 

aggregation was evident in both. Insofar as inferences relying partly upon 

Mundy's percentage difference scores are valid, this study's repeat RMPL 

protocol transects performed about as well as Mundy's permanent and even 

his measurement error transects at the life-forms level of aggregation; 

probably because mis-identification induced variation in Mundy's longer 

transects compensated for the short length of the RINPL used in the present 

study. The TLPL protocol, despite the short transects used in this particular 

study, performed best of all, better than Mundy's comparably staked, 30 m 

long protocol 4 and his 40 m long measurement error transects. The 



relatively small discrepancies between observers using the TLPL protocol is 

also noteworthy. Overall, it seems probable that mis-identification of life- 

forms is only one important source of error in the AIMS reef survey 

protocol. Methodological error, which was not addressed in Mundy's ( 1  99 1 ) 

landmark study, seems likely to be at least as important as mis-identification. 

Use of a taut, level transect line, complemented with a sighting device such 

as a plumb-line, admits much less methodological error and, as the 

comparability of inter-observer results shows, the protocol effectively 

achieves objectivity, which is a major prerequisite of a long-term monitoring 

program and a major reason for utilizing a quantitative method. 

4.4. CONCLUSIONS 

The taut, level line deployment, sampled with a plumb-line sighting device, is 

consistently, at all levels of data aggregation, more objective and repeatable 

between observers and among repeat surveys of the same transect than is the 

relief-influenced line deployment sampled without a plumb-line. Inconsistent 

use of the life-forms categories, which Mundy (1991) cited as the major 

source of error in his study, were controlled in the present study, revealing 

the importance of mensuration errors and the greater accuracy of the TLPL 

protocol. Standardization of life-forms definitions and appropriate training 

can effect some improvement, but the major problem seems to be the 

methodological error inherent in the RINPL protocol. Parallax reduction 

reading the line using the RINPL protocol is achieved to the extent that the 

line is very close to, or sits on the substrate, but the line must be placed in 

position, a process which is influenced by parallax and other factors such as 

selection of convenient "hooks". Furthermore, measurement error due to 

parallax effects when reading the tape in the many sections where a gap as 

small as 10 to 15 cm exists between tape and substrate remains as a threat to 

objectivity. This could be controlled by using a plumb-line but 

methodological error would remain. Errors and biases are more easily 

controlled with the TLPL protocol, since the taut, level line set is much 



easier to deploy in a standard manner. Inability to discriminate between 

TLPL and RMPL protocol percentage cover estimates can be attributed to: 

a) the scaling effect of total transect length in the percentage cover 

conversion; b) the high variability of RINPL estimates which decreased the 

power of tests; and c) the short length of transect surveyed in the tests, 

which affected both variability and did not allow the inherent biases of the 

two methods towards different life forms to manifest itself. In contrast to 

Mundy's ( 199 1 ) negative conclusions about the line-intercept transect using 

the RINPL protocol, the utility of permanent TLPL line-intercept transects 

and the suitability of the TLPL protocol for monitoring temporal change was 

demonstrated. The objectivity of the TLPL protocol permitted accurate 

repeat surveys by observers with moderate training and experience, and, 

since many individual colonies may be reliably detected on repeat transects, 

under certain circumstances it may be practical for monitoring what Hartnoll 

and Hawkins (1  980) called mosaic recycling, as well as for detecting 

community change. To do this. records would need to be kept of the 

proximity of intercepted chords to the edges of coral colonies, because this 

determines both the likelihood of a colony being repeatedly sampled with 

repeat surveys and the intercepted lengh of the chord sampled. The scaling 

effect of the percentage conversion data calculation commonly used on line- 

intercept transect data has masked data discrepancies among repeat transects 

and the pseudo-objective nature of the W L  protocol, but may allow, at 

higher levels of data aggregation. rough comparisons among surveys 

executed with different protocols as long as measures of dispersion are 

published along with measures of central tendency, transect length and an 

adequate description of the protocol used. 



5. COMPARISON OF TAUT, LEVEL, LINE- 

INTERCEPT TRANSECTS SAMPLED WITH, 

AND WITHOUT PLUMB-LINE 

5.1. INTRODUCTION 

The main goals of this part of the thesis were to: a) compare the accuracy, 

precision and cost characteristics of data obtained using a taut, level line- 

intercept transect deployment executed with a plumb-line (TLPL) with those 

obtained without a plumb-line (TLNPL); b) and explore the sources and 

nature of data errors, especially the relative effects of perceptual errors for 

the TLNPL. and physical errors (wave and current induced) for TLPL. An 

obvious objection to the use of a plumb-line is that current and wave action 

can move the plumb-line. thereby causing errors. With regard to this, it is 

important to realize that whereas the gap between the transect tape and the 

corals being measured was small (mean 20.0 cm; SD 3.65 cm; range 7 - 30 

cm) and therefore the potential for parallax effects did not seem great, the 

plumb-line. in contrast. was affected by significant wave and current action. 

The first issue addressed is assessment of "true" coral cover on the test site, 

a prerequisite for evaluating accuracy. Then data from plumb-line and no- 

plumb-line surveys are compared with each other and with the "true" values. 

Last, results of a detailed investigation of the error associated with the two 

protocols is reported. 

5.2. METHODS 

The study site was a level artificial reef (Figure 2.4) located on the reef top at 

Galifaru Reef near g ale (Figure 2.1). The artificial reef comprised three 

"Amorflex" sea defense mats built of concrete blocks bound together by 

cables passing through each block. The mats were anchored along the north- 

western and south-eastem sides by concrete slabs that rose 20 cm above the 



mat surface. The long axis of the site was NE-SW (and is referred to as the 

x-axis). The site was level and the corals themselves produced most of the 

topographic relief, aspects which controlled potential perceptual distortions 

which might be induced by a sloping substratum and highly variable relief 

Water depth over the reef while work was conducted ranged from 0.80 to 

1.90 m, and all work was done while free-diving. Qualitative records of 

environmental factors influencing working conditions (waves, tide, current) 

were kept and some quantitative estimates of current velocity were made. 

Current and wave action often were usually significant, at times made the site 

nearly unworkable (current velocity > 1 kmlhr; breaking waves). 

5.2.1. ESTIMATING "REALITY" 

To assess the accuracy of the results obtained using any method, knowledge 

of the actual amount present is required. Because such knowledge is 

inaccessible, a pragmatic approach was used, in which accuracy was inferred 

from high concordance with another, more exhaustive estimate of the same 

qualities in the same metric, obtained with a method which was logically 

independent of the method being evaluated. In the present work, three such 

approaches were used to obtain vertically projected measures for comparison 

with the line-intercept transect data. Two census approaches to obtaining 

areal data are discussed in this section: a) digitization of photographic images 

of the colonies (e.g.. Porter and Meier, 1992); and b) a simple geometric 

shape calculation (UNESCO. 1984; Chiappone and Sullivan, 1994; Cox, 

1996) utilizing direct measurements of the colonies. The third approach, in 

which intercepted distance measures obtained with line-intercept transects 

are compared to those obtained by direct measurement of the same items, fits 

more logically in the following section and is treated there. A priori, the first 

and third methods were expected to be the most accurate. The magnitude of 

measurement error associated with various components of the estimates was 

assessed within the methods section. 



5. 2.1.1. Census Methods 

To facilitate interpretation of transect results and evaluate their accuracy, all 

coral colonies on site were identified, measured, and photographed. Colonies 

were numbered on prints of photographs taken with a 16 mm lens, and site 

sketches derived fiom these prints were taken in the water and used to 

ensure that the censuses were complete. Two planar measurements were 

taken of each coral colony, maximum length (L), and maximum width (W = 

maximum dimension perpendicular to L). The height of each colony was also 

measured. The planar dimensions were used both to scale the digitized 

images, and to calculate colony area using simple geometric formulae. 

Colony measurements were repeated three times in as many censuses to 

obtain error estimates for field measurements. For logistical reasons, each 

census took approximately a week to complete, and there was a three-week 

interval between survey starts. The week of the second census coincided 

with the period of transect sampling and was designated week zero. On that 

occasion, tracings of the colony photographs with L and W drawn onto each 

colony were utilized in the field to ensure a close spatial match between the 

field measurements and digitized measurements fiom the photographs. The 

area of the site, which constituted the denominator in the percentage cover 

calculation, was estimated as a rectangle encompassing the maximum area 

potentially surveyed with transects. 

5. 2.1.1.1 .Digitization Estimates 

To provide a standard for comparisons, vertically projected percent coral 

cover was estimated from digitized photographic images of the coral 

colonies on the site. Photographs for digitizing were taken in planar 

projection, by natural light, with a Nikonos V camera and either Kodacolour 

or Fujicolour film rated at I S 0  I00 or 200. To ensure that photographs were 

vertical projections of the substrate, the camera was set on a frame erected 

over the site, and camera orientation was fine-tuned using a circular bubble 



level glued to the middle of the camera back. The primary lens used was 35 

mm Nikonos lens, which was used to photograph medium to larger size 

colonies. A Sea and Sea 16 mrn wide-angle adapter lens was affixed for 

general site coverage, and a Nikonos close-up lens (mag. 1 : 1 O), was used for 

photographs of smaller colonies. A 28 mm lens was occasionally used with 

- the close-up lens to get a desired scale of photograph (1: 12). The close-up 

photographs were used to obtain the shapes of smaller coral colonies for 

digitization purposes. 

Prints of colony photographs were traced and then digitized. The largest, 

clearest images of colonies located centrally in the photograph were selected 

and with the aid of a 2x magnification Luxo Magnifier Lamp, traced onto 

mylar tracing paper. The tracings were then enlarged on a photocopier to 

obtain an image of at least eight to ten centimeters average diameter. Images 

were digitized using a Houston Instrument HiPad Digitizer with a Bausch 

and Lomb 4-button pad and a program written by M. Ben-Zion (1991) to 

estimate the surface area of corals using the equipment named (Ben-Zion et 

al., 1991). The digitizer was also used to measure L and W of the traced 

images. All tracings, whether with pencil or digitizing pad, were made such 

that the inside of the traced line delimited the outer boundary of the item 

being traced (i.e., the line was not included as part of the colony area). The 

relative areas obtained by digitization for each colony were scaled up to "life- 

size" using the L and W measurements of both actual and digitized images. 

These were combined as the ratio [((L + W)actul / (L + W)digitized)2], in 

which the arbitrary digitization units of the numerator and denominator 

cancelled, producing an area in square centimeters. A number of steps were 

taken to gauge and control the accuracy and precision of this process, which 

was to provide the accuracy standard against which the transect results 

would be compared. The possible sources of inaccuracy assessed included: 



a) distortion introduced by photography, image tracing, trace enlargement by 

photocopier, and the digitizing operations per se 

b) the interaction of colony size and shape with "a" 

C) the accuracy of field measurements. 

Photographic images are often used as the basis for area and percentase 

cover estimation in reef ecology ( e g ,  Littler, 1971; Weinberg, 198 1; Ott, 

1975; Bohnsack, 1979; Done, 1981; Porter and Meier, 1992) , but the 

potential distortions have seldom been discussed or assessed. The effect of 

optical corrections for undenvater conditions found in some lenses (e.g., the 

Nikonos 28 mm), are most noticeable around photograph edges. Parallax 

effects remain, and become more apparent as lens focal length and distance 

to subject decrease. Several attempts to obtain information about lens 

distortion from the manufacturer proved hitless, so the issue was 

investigated empirically by calculating the areas of photographed rectangles 

of known sizes. All photographs were printed on standard 12.5 by 9 cm 

paper. For photographs taken with the close-up lens used in combination 

with either the 35 or 28 mm main lenses, a sheet of underwater graph paper 

was photographed and measured with a metal drafting ruler calibrated to 0.5 

mm. Examination of prints made of photographs taken with the close-up lens 

suggested a slight bowing of the graph paper lines, but this was more optical 

illusion than real, and was less than the reading error of the metal ruler. On 

the basis of these considerations, error introduced by the photographic 

process was regarded as negligible for close-up photographs at the level of 

resolution used in this study. 

In several photographs taken with the 35 mm lens, a plastic ruler graduated 

in millimeters appeared in planar view. The ruler was located centrally in one 

photograph, and peripherally in the other. In both cases the ruler was traced 

once, magnified to half actual size by photocopying, then digitized three 



times. The digitized estimates were then tested for statistical differences 

(Table 5.1). A two-tailed F-test of variances gave no cause to reject Ho (no 

difference between the variances) and a two tailed r test gave no cause to 

reject Ho (no difference between the means). The actual size of the ruler was 

3 -23 by 22.1 5 cm as measured with vernier - calipers, giving an area of 7 1.54 

cm2 which was well within one standard deviation of both digitized estimates. 

On the basis of this evidence it was concluded that digitizing traced and 

enlarged photographic images, at the scales used in this study, accurately 

estimated the area of the items photographed. 

To test photocopier enlarging accuracy, sheets of graph paper ruled in 

centimeter squares were enlarged in three stages of 150% linear 

magnification and then compared with the originals for constancy of 

proportion. Errors present could not be detected with a metal ruler calibrated 

to 0.5 mm, the estimated reading error in this case, because the edges of the 

photocopied lines became increasingly hzzy as they were magnified. Relative 

error was a negative function of the size of area digitized. 

Accuracy and precision of the digitizing table, pad, software and operator, 

were tested by digitizing squares of known size positioned centrally and 

towards the comers of the digitizing tablet (Table 5.2). Each size and 

location was repeated three times The apparent negative bias of the digitized 

estimates reflects the fact that the graph paper scale was slightly less than 

claimed (purported 15 cm. line center to line center, on the graph paper = 

14.8 cm on a steel ruler) Considering the possible inaccuracies of graph 

paper and ruler scales, and of operator error following a line with the tracing 

cursor. the errors appear to be well within acceptable limits of accuracy and 

precision. 



Table 5.1. Descriptive statistics and tests of differences between chgitized area 
estimates of two photographic images of known area. 
Ruler location N Mean sd 
Central I( 71.57 0.622 
Peripheral 3 7 1.40 1.173 
F-testa 0 ~ u . 2  P = 0.220 
t tCSb o ~ 2 1 - l  D = 0.835 



Table 5 -2. Assessment of digitized areal estimates of graph paper of known size. 
Putat~vc true area km2) 1 4 25 100 . , - - - - -  

Mcan estimated area (n = 3) 1.03 3.97 24.86 99.35 
Coefficient of variation (~ercent = 100 s s.d./mean) 3.1 1 1.29 0.50 0.10 



To test the effects of image size and shape on digitization precision, coral 

colony images of various sizes and edge complexity were digitized (Table 

5.3). In general, the coefficient of variation decreased as the size of the 

measured quantity increases and there was no discernible difference between 

. the effects of irregular and regular image outlines. Overall, the error was 

quite small, and similar in magnitude to the errors obtained for the areas of 

digitized squares of graph paper. 

To assess the relative contributions of tracing and digitization errors to 

variability, a two-way, random effects ANOVA was used to test for 

differences within and among digitized traces, at the 0.05 probability level 

(Table 5.4). Factors were trace and digitization (three traces, each digitized 3 

times). For each colony, analyses were done for each of area, length and 

width measurements. Interactions were non-significant in all cases, the Ho 

(no difference among digitizations) was not rejected in any of the 27 

analyses, and the Ho (no difference between traces) was rejected in all but 

five of 27 instances. Of these five, one was the largest trace of an irregularly 

shaped colony, four and were regularly shaped images, of which two (at p = 

0.065 and 0.071) were very close to the p = 0.05 rejection criterion. In 

conclusion, errors made in the tracing process contributed more to the 

variability of digitized estimates than did errors made in the digitization 

process. 

Error in the digitization sequence from photograph to digitized image (Table 

5.3), was compared with field measurement error. For logistical reasons, 

field measurement data were recorded at different points in time. Thus 

history, primarily growth and mortality effects, threatened the validity of this 

particular study. To reduce the effect of growth as a source of variability 

over the six-week interval between the beginning of the first and the end of 

the last survey, only measurements of massive coral life-forms, which grow 



Table 5.3. Total variability of digitized coral colony area, length, and width measurements. 
(N = 9lcolony: 3 traces. 3 digitizations each) 

Area L W 
Class of colony (colony number) Mean CV Mean CV Mean CV 
M d u m  trace, irregular colony (#73) 30.47 1.25 6.49 1.56 6.32 0.64 
Enlarged smallest trace, irregular (#49) 39.91 1.14 8.69 0.77 6.79 0.56 
Largest trace, irregular colony (#50) 57.62 0.39 11.36 0.29 7.37 0.3 
Small trace, simple outline (#20 1) 2.74 1.86 1.98 0.72 1.86 1.11 
Medium trace, simple outline (#89) 9.41 1.07 4.38 1.35 2.52 0.65 
Large trace. simple outline (# 1 10) 55.93 0.31 10.27 0.35 6.46 0.76 
Enlarged medium trace, simple (#89) 55.37 0.58 10.61 1.03 6.11 0.16 



Table 5.4. Results of ANOVA testing for differences within and among digitized coral colonies 
with dependent variables Area, Length, and Width. For all tests, three levels of processing were 
encountered for each of the factors Trace and Digitized image. 

Colony 73, ACT, medium trace, colony outline irregular, dependent variable Area 
' .  

Source Sum-of-squares df Mean-square F-ratio P 
Tram 0.987 2 0.493 12.979 0.018 
Digitized image 0.025 2 0.01 3 0.335 0.733 
Error 0.152 4 0.038 

? = 0.869 n = 9 

Colony 73, ACT, medium trace, colony outline irregular, dependent variable Length 
Source Sum-of-squares df Mean-square F-ratio P 
Trace 0.080 2 0.040 171.429 0.000 
Digitized image 0.000 2 0.000 1 .000 0.444 
Error 0.001 4 0.000 

8 = 0.989 n = 9  

Colonv 73, ACT, medium trace, colony outline irregular, dependent variable Width 
Source Sum-of-squares df Mean-square F-ratio P 
Trace 0.01 1 2 0.006 17.789 0.010 
Digitized image 0.000 2 0.000 0.737 0.534 
Emor 0.00 1 4 0.000 

9 = 0.903 n = 9  

Colony No. 50, ACT, largest trace, colonv outline irregular, dependent variable Area 
Source Sumsf-squares df Mean-square F-ratio P 
Trace 0.076 2 0.038 0.540 0.620 
Digitized image 0.042 2 0.02 1 0.297 0.758 
Error 0.281 4 0.070 

I.2 = 0.543 n = 9  

Colony No. 50, ACT, larpest trace, colony outline irregular, dependent variable Length 
Source Sumsf-squares df Mean-square F-ratio P 
Trxc  0.008 2 0.004 40.353 0.002 
Digitized image 0.00 1 2 0.000 3.294 0.143 
Error 0.000 4 0.000 

? = 0.956 n = 9  

Colony No. 50, ACT, largest trace, colony outline irregular, dependent variable Width 
Source Sumsf-squares df Mean-square F-ratio P 
Trace 0.003 2 0.001 12.400 0.019 
Digitized image 0.001 2 0.000 2.800 0.174 
Error 0.000 4 0.000 

? = 0.884 n = 9 

Colony No. 20 1,  CM, small trace. colonv outline simple, dependent variable Area 
Source Sum-of-squares df Mean-square F-ratio P 
Trace 0.009 2 0.005 1.731 0.287 
Digitized image 0.001 2 0.000 0.181 0.841 
Enor 0.01 1 4 0.003 

~ = 0.489 n = 9 



Table 5.4. Continued 
Colony No. 201, CM, small trace, colonv outline simple, dependent variable Length 
Source Sumsf-squares df Mean-square F-ratio P 
'Trace 0.001 2 0.001 15.250 0.013 
Digitized image 0.000 2 0.000 1.000 0.444 
Error 0.000 4 0.000 

Colony No. 201, CM, small trace, colony outline simple, dependent variable Width 
Source Sum-of-squares df Mean-square F-ratio P 
Trice 0.002 2 0.001 14.800 0.014 
Digitized image 0.00 1 2 0.000 3.600 0.128 
Error 0.000 4 0.000 

? = 0.902 n = 9  

Colony No. 89, CM. medium trace, colony outline simple, dependent variable Area 
Source Sum-of-squares df Mean-square F-ratio P 

* I race 0.057 2 0.029 9.186 0.032 
D~g~tlzed unngc 0.012 2 0.006 1.954 0.256 
Error 0.012 4 0.003 

Colony No. 89, CM, medium trace. colony outline simple, dependent variable Length 
Source Sumsf-.squares df Mean-square F-ratio P 
TMCC 0.026 2 0.013 72.182 0.001 
D~gitizcd imagc 0.001 2 0.000 1.636 0.302 
Error 0.001 4 0.000 

i = 0.074 n=9 

Colony No. 89, CM. mcdiurn trace. colonv outllnc sunple, dependent variable Width 
Source Sum-of-squures df Mean-square F-ratio P 
I'racc 0 001 2 0.001 5.826 0.065 
Digitized imoge 
Error 

Colony No. I 1 0, CM, large tracc, colony outline simple, dependent variable Area 
Source Sum-of-squares df Mean-square F-ratio P 
Trace 0.209 2 0.104 22.306 0.007 
Digitized image 0.016 2 0.008 1.741 0.286 
Error 0.019 4 0.005 

r' = 0.923 n=9 



Table 5.4. Continued 
Colonv No. 1 10, CM. large trace, colonv outline simple. dependent variable Length - . -  . . *  - 
Source Sum-of-squares df Mean-square F-ratio P 
Trace 0.009 2 0.004 12.900 0.018 
Digitized image 0.000 2 0.000 0.700 0.549 
Error 0.001 4 0.000 

+ =  0.872 n=9 

Colonv No. 1 1 0, CM, large trace, colony outline simple, dependent variable Width 
Source Sum-of-squares df Mean-square F-ratio P 
Trace 0.0 16 2 0.008 10.085 0.027 
Digitized image 0.000 2 0.000 0.298 0.758 
Error 0.003 4 0.001 

f = 0.838 n = 9 

Colony No. 49, ACD, smallest trace enlarged, colony outline irregular, dependent variable Area 
Source Sum-of-squares df Mean-square F-ratio P 
Trace 1.540 2 0.770 52.733 0.001 
Digitized image 0 069 2 0.034 2.349 0.21 1 
Error 0 058 4 0.015 

i = 0 965 n=9 

Colony No. 49, ACD, smallest trace cnlaqzd. colonv outline irregular, dependent variable Length 
Sourcc Sum-olkpares df Mean-square F-ratio P 
Trslce 0 035 2 0.01 8 106.400 0.000 . 
Digitized image 0 OM) 2 0.000 0.200 0.826 
Error 0 o(l 1 4 0.000 

Colony No. 49, ACD, smallest trace enlrupd. colony outline irregular, dependent variable Width 
Source Sum-o~~squarcs df Mean-square F-ratio P 
Trace 0 (lo9 2 0.004 7.918 0.04 1 
Digitized image 0 001 2 0.000 0.571 0.605 
Error 0 002 4 0.001 



Table 5.4. Continued 
Colonv No. 89. CM. medium trace enlarned, colony outline regular. dependent variable Area , . - - - . -  
Source Sumsf-squares df Mean-square F-ratio P 
Trace 0.542 2 0.271 5.499 0.071 
Digitized image 
Error 

- - -  - 

Colony No. 89, CM, medium trace enlarged, colony outline regular, dependent variable Length 
Source Surn-of-squares df Mean-square F-ratio P 
Trace 0.095 2 0.048 610.857 0.000 
Drgtrzed imagc 0.001 2 0.000 5.286 0.075 
Ikor  0.000 4 0.000 

Colony No. 89, CM, medium trace enlarged, colony outline regular, dependent variable Width 
Sourcc Sum-of-squares df Mean-square F-ratio P 
Tracc 0.000 2 0.000 2.000 0.250 
Ihgitued image 0.000 2 0.000 2.000 0.250 
Error 0.000 4 0.000 



very slowly (< 1 mdmo), were included. Colonies suffering loss or complete 

mortality were excluded, and dead portions of colonies were ignored in cases 

where partial mortality was observed. Some inconsistencies in the field data 

suggested that recording errors had occurred in a number of cases. Because 

. such errors contribute to measurement error and may be more likely to occur 

with some methods than others, the data was analysed with and without the 

suspect data. For L and W data, the mean coefficients of variation for field 

measurements, with and without the suspected recording errors, were an 

order of magnitude larger than for the digitized data (Table 5.9, so the 

contribution of the latter to measurement error was judged insignificant. It is 

clear that the greatest potential for error reduction is in the field, therefore 

only field measurement error was taken into account in the calculation of the 

areas against which the transect estimates were compared. Incidentally, the 

sooner afier collection that field data is checked, the better are the chances of 

identifying and correcting recording errors. 

5. 2.1.1.2.Area Estimation Using a Simple 

Geometric Model 

The aim of this section was to use a simple geometric model to produce a 

second set of areal estimates for comparison with both digitization and 

transect estimates. In this model, L and W were used in simple geometric 

calculations of the area of shapes approximating those of coral colonies (e.g., 

oval, rectangle, triangle, circle, square or a compound shape (Cox, 1996)). In 

reef research, the method has been recommended for colony area estimation 

in point-quarter sampling (UNESCO, 1984; English et al., 1994; Rogers et 

al., 1994), and has been used in quadrat sampling for area and percentage 

cover estimation (Chiappone and Sullivan, 1994). 



Table 5.5. Means of coefficients of variation from digitized and field data. 
Data Source N Length Width 

V 

Digitized data 63 0.87 0.6 
Field data (recording errors excluded) 55 6.87 4.1 
Field data (recording errors included) 9 17.96 22.91 



5.2.2. TRANSECT PROTOCOL COMPARISONS 

5. 2.2.1. Introduction 

The aim of these tests was to evaluate the utility of a plumb-line for obtaining 

objective, vertically projected measurements, in a situation where error due 

to vertical and lateral variations in line deployment was well controlled. 

Potential perceptual errors were limited by the level substrate, small variation 

in topographic relief, and small vertical distance from transect tape to target 

objects. The potential effects of physical factors on the plumb-line were 

limited by the small vertical distance from transect tape to target objects, 

waves and currents were substantial influences. The protocols were 

evaluated in terms of accuracy, precision and relative cost. Accuracy was 

assessed by comparing transect estimates with census estimates of 

percentage coral cover, and by evaluating the match between line-intercept 

transect measures of objects of known size and the "actual" intercepted 

distance measures of these objects. Precision was assessed using the 

variability of repeat trials as it was manifest at several levels of detail, ranging 

from whole transect to individual colonies. The time required to complete a 

task was assessed as a proxy for variable cost. 

5. 2.2.2. Comparison of Transect with Census Estimates 

Transect attachments were established along the x-axis of the site by fixing 

four equally spaced cross-bars to four pairs of vertical, 2.5 cm diameter, 

galvanized pipes embedded in the mat surface. The cross-bars were made of 

shelving angle-iron with 90 holes at 2.54 cm intervals. Transects ran fiom 

one cross-bar to another down the long axis of the site, and were situated by 

randomly selecting holes on the first bar. Of the 15 transect locations, a 

subset of 10, constrained to a minimum interval of 15 cm between 

neighbours (judged to exceed the average coral colony diameter), were 

treated as independent samples for inter-sample variance calculations. 



Transect locations on the first and successive bars were each marked with a 

nut and bolt and uniquely identified with coloured electrical wire coded with 

simple knots. 

Transect tapes were stretched taut between cross-bars, and the interception 

points of the bars with the tapes were kept constant for each repeat transect 

deployment. Tapes were always read along their northern edge and were 

always placed with the reading edge on the northern edge of the holes 

defining any particular transect path. With the x and y coordinates of each 

transect tape thus defined, very accurate site re-occupations were possible. 

The distance from tape to substrate was 30 cm and since the colonies being 

surveyed protruded upwards from this foundation, the average tape-to-object 

distance was less than 30 cm (mean 20.0 cm; SD 3.65 cm; range 7 - 30 cm). 

Transect tapes were deployed at least three times at each of the 15 transect 

locations over a 10-day period. Following each tape deployment, one trial or 

repeat of each method (TLPL and TLNPL) was conducted. Times to install, 

sample, and remove the lines, and to enter and reduce the data from each 

trial, were recorded to the nearest minute. 

Each repeat set of 15 transects, consisting of one trial per transect for each 

of the two protocol. was called a suite. With at least three such suites (a, b, 

c. etc.), the minimum total of transect samples was 45 for each protocol. The 

classification is primarily for convenience, and does not necessarily indicate a 

commonality among members of a suite, except that suite members were 

clustered in time and therefore with respect to environmental conditions. 

Several precautions were taken to minimize the probability of the results 

from one transect survey influencing observer perceptions of the next: 

The TLNPL protocol (no pointing device), was always executed first 

because a priorz, it seemed more susceptible to subjective influences than 



TLPL. Thus, while TLPL results might influence a subsequent TLNPL 

survey, it seemed very unlikely that the reverse would be true. 

For each survey session, two or three transect tapes were installed 

contemporaneously at different locations. Once all of the installed 

transects had been surveyed without a plumb-line (TLNPL protocol), then 

they were all sampled with a plumb-line (TLPL protocol). 

To minimize the effects of size-guessing and possible subliminal carry- 

over of size perceptions and cues within and among protocol trials, no 

attempt was made to estimate chord lengths per se. Instead, observer 

attention was focused on each particular interception point in isolation 

from the others in a series, thus removing each record from its cognitive 

context. 

No effort was made to remember measurements from one instance to the 

next, and the large amount of context-poor information handled in this 

dynamic, complex, distracting situation, made such recall virtually 

impossible, even if attempted. 

5. 2.2.3. Comparison of Intercepted Distance Measures 

with Direct Measures 

To explore the direction and magnitude of field measurement error obtained 

using the two protocols. a number of transect trials included as targets, in 

addition to coral colonies. features of the blocks constituting the mats, and 

rulers set under the transects. These targets afforded a good opportunity for 

comparative measurements because they constituted two-dimensional targets 

of constant size at a nearly constant distance below the transect tape. The 

errors which arise because of lateral variation in transect-tape placement with 

respect to targets of variable width, such as coral colonies, were controlled 

because the interception points occurred along well-defined, linear edges 

perpendicular to the long axis of the transect tape. In addition to the usual 

precautions taken to avoid bias, intercepted distances were not calculated, 



nor were the blocks measured directly, until the transect surveys had been 

completed (i.e., "true" block dimensions were unknown while the survey was 

in progress). The distance from transect tape to block was 30 cm. The 

samples included only blocks which were judged to be nearly horizontal, with 

their edges unobscured by coral, sand, or debris. Aspects of the blocks 

sampled were: thick section, thin section, and hole (Figure 5.1). When 

sampling was complete the intercepted distances were calculated and three 

blocks were measured in situ to the nearest millimeter, using plastic vernier 

calipers. The rulers were laid with their long axis perpendicular to and 

approximately bisected by the transect tape. Using the scales on both transect 

tape and rulers, it was possible to quantify bias both along and perpendicular 

to the transect tape. 

5.2.3. SOURCES OF VARIABILITY 

5. 2.3. I .  Introduction 

The field methods and data used in this part of the work were essentially the 

same as those used in the preceding section. the analytical approaches 

differed however, and an explanation of how the investigation evolved is 

helpfbl to understand the approach used. 

Once 'the transects had been surveyed, the data were analyzed for 

quantitative differences in the estimates. Particular attention was paid to 

transects lying close to the 20 cm high blocks which anchored each side of 

the mat, because I thought these edges, which made an angle slightly greater 

than 90 degrees with the mat, might act as visual frames, biasing my 

perception of verticality. It was therefore surprising to find that the arrays of 

interception points of no-plumb-line surveys for two transects on opposite 

sides of the site (#5 near the SE edge and #14 near the NW edge), both 

seemed to lie west of the their respective plumb-line surveys. I therefore 



Figure 5.1. Schematic showing block shape and relevant dimensions. 
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hole 



surveyed these two transects again, and included a third (#12), closer to the 

centre of the site. The surveys were conducted while swimming first from 

NE to SW, then From SW to NE. The results (presented as d and e for these 

transects, Table 5.14) clearly showed that not only was there a lateral bias to 

my right regardless of the direction of swim, but there was also a posterior 

bias (i.e., towards my toes). Several additional transects were surveyed by 

me and another observer, using ruler edges as targets, which confirmed these 

observations and revealed that the biases of the two observers were in 

opposite directions. The bias along the transect tape was positive, with a 

mean of 2.6 cm (n = 8, range 1 to 4) for one observer, and negative, with a 

mean of 2.3 cm (n = 8, range 2 to 3) for the second observer. There was 

some confusion reading the rulers, because their two long edges were 

calibrated in different units, as a result of which it can only be said that lateral 

bias in this case was approximately one to two centimeters. I conjectured 

that the bias was caused by one or more factors influencing vision fore and 

afl and laterally. Possible factors include the attitude of the head, the 

inclination of which may vary depending on such things as the angle of the 

body during a surface dive, the amount of wave action encountered, and the 

snorkel used. The angle at which the transect tape and coral colonies are 

viewed with respect to a perpendicular to the mask face-plate may also have 

an effect, because of refraction of light. Bearing these factors in mind, if the 

first observer swam looking slightly to the rear and the second observer 

swam looking slightly ahead, the biases observed along the transect tape 

could be accounted for. 

Lateral bias is subject to similar considerations and in addition the common 

phenomenon of sighting dominance by one eye could play a role. For 

example, the observed lateral bias could be explained if an observer lined 

himfherself up with their nose vertically over the tape and observed the 



interception points with their dominant eye. This, exacerbated by refraction, 

would account for the lateral bias of the author, who is left-eyed. 

Consultation with perceptual psychologists (Allison Sekular and Sara 

Shettleworth at the University of Toronto), underwater researchers (Bill 

Bateman and Sharon McFadden at DCIEM) and an optometrist specializing 

in underwater vision correction (Dr. Rudolf Stehle of Optic Stehle, 

Miinchen) produced conjectures, some leads into the literature and eventual 

contact with I. P. Howard of York University (Howard and Templeton, 

1969; Howard, 1982). The consensus was that there is no literature with a 

direct bearing on the issue, and my literature search did not contradict this. 

One paper (Ross, 1989), referred to in Kinney (1 985), may have been useful 

but the journal in which it was published persisted for only three years and is 

not available in Canadian libraries. The most relevant general literature was 

that on spatial orientation, especially visual orientation, which provided a 

number of useful frameworks for interpreting the observations. The 

important thing for the research at hand is that such biases exist and threaten 

inter-observer objectivity in reef survey work. To determine if the 

observations could be generalized From the few observations discussed, all of 

the surveys conducted at this site were analysed by comparing observations 

to expected outcomes predicted from knowledge of observer orientation and 

current direction and velocity. 

5. 2.3.2. Analytical Approach 

Data on current direction and observer orientation relative to the transect 

tape were used to predict the expected biases in the data (Table 5.6). 

Prediction of the general direction of bias was simple for plumb-line data, 

since the plumb-line was carried in the direction of current flow. The 

magnitude of the displacement from perpendicular was a function of current 

strength and vertical distance from transect tape to the object measured 



Table 5.6. Environmental conditions influencing line-intercept transect readings. 
Rank scale: L = Light or Low, M = Medium, S = Strong, H = high, v = very, 
nil = no current. na = not applicable, nr = no record 

Current 

Transect Base-line Direction Force Direction Tide Wave 
Survey 

no. survey of swim (rank) (from) level action 

1 b a NNE M-S N M M 
1 b b NE ' L NE M MS 
1 b c SSE L S M-H L 
2 C .  a NE M NNE M M-S 

2 c c WSW M NW H L 
3 c a NNE M-S N M M-S 
3 c b NE L NE H M-S 
3 c c WSW L NW H L 
4 c a NNE M-S N M S 
4 c b NE L NE H M 
4 C C WSW vL WSW H L 
5 c a NNE L-M N M S 
5 c b NE L NE H M 
5 c c SW-SSW M S M-H M 
5 c d WSW M S-SSE L S 
5 c t NNE M S S S E  L S 
6 b a NNE M-S N L-M M 
6 b b SSW M S H L 
6 b c SW nil n.a. M-H M 
7 b a NNE M-S N L-M M 
7 b b SSE VL S H L 
7 b c NE-NNE L N H L 
8 b a NNE L N L-M M 
8 b b ENE VL S M-H L 
8 b c NNE M N H S 
9 b a NNE M NNW H S 
9 b b NE-NNE L N H S 
9 b c NNE M N H S 
10 b a NNE M N M-H S 
10 b b NNE M N L-M vS 
10 b c SW nil n.a. M-H M 
1 I b a NNE M-L N M S 
1 1  b b NNE M N H S 
1 1  b c NE-NNE vL NW H L 
12 d 8 NE-WE M NE M-H S 
12 d b NE vL N M-H S 
12 d c NE VL N M-H M-S 
12 d d WSW L NW M-H L 
12 d c NNE L NW M-H L 
13 c a NNE M N H S 
13 c b NNE M N H S 
13 c c NNE M N H S 
14 b a NE M NNE H M 
14 b b NE VL SSE? M-H M 
I4 b c SW VL SSE M-H M 
14 b d SW M SSE L-M S 
14 b c NE M SSE L-M S 
I5 b a NNE L NNE H M 
15 b b SW L SE-SSE H nr 
15 b c SSW M S-SE H L 



(maximum 30 cm in the present case). Bias prediction for the no-plumb-line 

protocol was more complicated than for the plumb-line protocol because 

biases were caused by at least two factors. These were provisionally called 

'tiominant-eye bias" and 'head-tilt bias" (Figure 5.2.). I am left-eye 

dominant, which biased readings a centimeter or two to the right. Head-tilt 

was towards the rear, meaning that I looked down and slightly towards my 

feet. Thus the point of interception of an edge with the transect tape would 

appear to lie 2 to 4 cm ahead of the true perpendicular interception point. 

Because of these two visual idiosyncrasies, the dominant factor affecting the 

direction of bias was the orientation of the observer relative to the transect 

line when a particular measurement was taken. 

Since the transect lines were aligned along a NE-SW axis, with the starting 

point of the tape (0 cm) at the NE end, an observer with my perceptual 

biases, aligned along the line facing NE with a current from the NE will 

produce measurements as follows: a) plumb-line interception points slightly 

less than actual. since the current carries the plumb-bob slightly downstream, 

locating the point of interception of the plumb-line with the transect tape 

slightly closer to the start of the tape than is the point of interception of the 

plumb-bob with a coral colony. b) no-plumb-line data which is biased to the 

right (SE in this case) of actual, due to the dominant-eye effect, and to the 

SW due to head tilt. Using this logic the resultant bias can be readily 

predicted for different combinations of current direction and observer 

orientation. Apparent exceptions may be expected for several reasons 

including discrepancies between map and reality; error due to the effects of 

wave action on observer. plumb-line and transect line; changes in current 

direction and velocity; and quite possibly other, as yet unidentified personal 

biases. In the early stages of this work (replicate suite 'ti"), biases due to 

personal preferences and perceptual errors (such as an edge effect due to the 

visual dominance of the prominent, relatively straight edges of the 

experimental area) were expected to be important. It gradually became 



Figure 5.2 Some sources of bias in line-intercept transects. 

A. No-plumb-line, level transect tape protocol, observer "Bill." 
View from above. Large Arrow indicates direction of swim. 

head tilt bias 

B . Plumb-line (exaggerated) 

View fiom above 

current direction 

Side view 

/ plumb-line 

\ / tr-ect tape 

, coral colony 



apparent that these issues were much less significant than biases arising fiom 

observer alignment, so for the latter transects of suite "a" and for suites " b  

and "c", an attempt was made to maintain a constant compass orientation 

within a particular transect. At first, however, the interaction of eye and head 

biases was not appreciated. For example, when I am recorded as facing 

"NE", a ffairly slight shift of alignment fiom NNE to ENE can shift the 

apparent, biased line position from the right side to the left side of the actual 

line, because head-tilt bias exceeds dominant-eye bias. Since direction was 

maintained using the line and current as cues, such subtle shifts and 

alignment could and did occur although the occasional complete reversals 

sometimes encountered in the early transects of suite "a" did not occur. The 

more closely the average current direction is aligned with the transect line 

orientation during a transect survey, the more exceptions to predictions can 

be expected. Also a weaker current can be expected to constrain orientation 

and hence biases less than a stronger one. For the author, the clearest biases 

could be expected when the current was significant and of constant velocity, 

aligned parallel to, or perpendicular to the transect line, and the direction of 

swim was (along the transect line of course) with a following current either 

directly behind or coming angled from the right-hand side. Since the observer 

normally swam into the current in order to maintain place while surveying a 

transect line, these conditions were seldom encountered in these tests. 

The degree to which the observed matched the expected (based upon 

knowledge of biases) interception points along the line (interception 

differences) and perpendicular to the line (lateral tendency), was assessed by 

awarding plus one (+I) for a match, and zero (0) for no match, and summing 

these scores. For each replicate (except the baseline, in which case it was a 

logical impossibility), central tendency was evaluated as the relative 

proximity of plumb-line and no-plumb-line intercepts to the baseline. If the 

plumb-line result was closer, +1 was scored and if the no-plumb-line result 



was closer 0 was scored. Ties were disregarded. In some cases, where the 

biases were in the same direction and of similar magnitude, or the edge of a 

colony was inclined in the same direction as an expected bias, it was not 

possible to make predictions that would differentiate between the protocols. 

These cases were omitted. Interception differences were calculated by 

subtracting matched interception points, then awarding scores as above, and 

lateral tendency and central tendency scores were assigned by visual 

evaluation of the maps. Scores were evaluated using Chi-square tests for 

homogeneity. 

5. 2.3.3. Map Construction 

To facilitate the analysis, each transect was mapped by tracing the underlying 

coral colonies onto mylar strips, in order of occurrence beginning from the 

zero mark on the transect tape. The transect with the best information and 

most favourable environmental circumstances (usually suite "b" or "c") was 

used to construct the baseline sketch, upon which chord lengths from the 

remaining two replicates were superimposed where they fit on the colonies. 

Distances between colonies on the maps were not to scale. Each colony was 

positioned so that a line representing the position of the baseline survey on it 

lay immediately beneath a line ruled down the centre of the mylar strip. This 

was done by: a) scaling the baseline intercept length of each colony to the 

dimensions of the photographic image of the colony; b) marking the 

interception points on the centre-line of the mylar strip; c) positioning the 

colony image under the centre-line such that the interception points were 

aligned with the colony edges; and d) tracing the colonies onto the mylar 

(Figure 5.3). Summary maps for additional transect intercepts were 

constructed by drawing a transect line though the colonies on the transect 

maps using the best information available to locate the line on the colony. 

This was done using intercepted distance information scaled to the tracing 

and sketches made when the transect was run. 



5. 2.3.4. Worked Example 

The reduction of raw data to bias scores for transect 6 is presented for 

illustrative purposes in Table 5.7. Scores for central and lateral tendency 

were derived from Figure 5.2 as follows. When the transects in series 6b 
. . 

were surveyed, the current was medium from the S and the observer swam 

SSW, into the current (Table 5.6). Given the current direction and velocity, it 

was expected that the plumb-bob would be pushed N. The plumb-line bias 

predicted was therefore to the W with the interception points greater than 

true vertical projections would have been. The observer's line of sight 

wasexpected to be towards the WNW and NNE producing a lateral bias to 

the W and biasing the interception points to the SW (Figure 5.3, Trial b). 

Since biases of both protocols were in the same directions and the current 

was of medium velocity, it was predicted that NPL biases would be equal to 

or greater than PL biases. Central tendency could not be assessed since b 

constituted the baseline. 

When the transects in series 6a were surveyed, the current was medium- 

strong from the N and the observer swam NNE, along the transect tape and 

was influenced by the current (Table 5.6). Given the current direction and 

velocity, it was expected that the plumb-bob would be pushed towards the S. 

Therefore the plumb-line bias was predicted to be towards the E laterally and 

the interception points were expected to be biased to the NE. The observer's 

line of sight was expected to be towards the ESE and somewhat more 

strongly towards the SSW. producing a lateral bias to the ESE and biasing 

the interception points to the NE (Figure 5.3, Trial c). Head-tilt bias is 

generally quite strong, and was exerted primarily towards the SSW, and PL 

bias was partitioned between across and along the line, Therefore it was 

predicted that NPLa interception points would show a greater negative bias 

than PLa interception points (interception differences: NPLa < PLa). It was 



Table 5.7. To illustrate reduction of plumb-line (PL) and no ptumb-line (NPL) line-intercept transect data to bias scores for 
trnnsect 6. Each tmsect was surveyed three times (trials a. b. c), and plumb-line data obtained when environmental factors, 
especially current. were least obtrusive. served as baseline data for lateral bias comparisons. Lateral measures are 
categorical values obtained by visual inspection of mapped results. Interception differences were calculated by subtracting 
the lesser of two expected interception point values from the greater. These ratio values were converted to categorical 
values (in parenthcscs). I = true and 0 = false. E and W represent "east of' and "west of". An asterisk indicates that 
a recorded coral interception point was pan of the preceding colony. interrupted by a gap or dead area. 

Ccntral Intercept differences 
Transect 6 Interception points (cm) tendency Lateral tendency ratio (categorical) 

Repeat surveys PLo PLc NPLa NPLb NPLc NPLa NPLb NPLc 
Life NPL PI. < < notW notE W < >= > 

No fonn a b c a b c N P h  NPLc PLa PLb PLc PLa PLb PLc 
82 ACT 30 33 30 32 31 -2(o) 2 0 )  
82 ACT 39 40 38 36 35 0 0 1 1 3 0 )  XI) 
80 CM 147 152 154 150 150 150 XI)  2(1) 4(1) 
80 C M  158 165 169 162 163 163 1 1 1 1 1 4(1) 6(1) 
79 CE 256 
79 CE 259 1 
78 CML 265 270 273 266 269 268 1(1) 
78 CML 285 290 296 287 28'1 289 0 1 1 1 1 2(1) 1(1) 7(1) 
71 ACSH 660 661 258 658 659 2(1) 2(1) 

Expect cd 1.5 2.0 2.5 1.5 2.0 2.0 4.0 4.0 
Mean values (cm. ncr\n~ns onlv to intcwclrtton d~tkrcnccs) 2.5 1.5 5.5 



Figure 5.3. System used to score lateral and central tendency for transect six. The baseline was plumb- 
line survey "b" (centreline) in each map. Chords intersecting colonies on the baseline were super- 
imposed on it. Dashed lines = i 
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predicted that NPLa would not be W of PLa and that PLa would be more 

central than NPLa. 

When the transects in series 6c were surveyed, the current was nil and the 

observer swam SW along the transect tape (Table 5.6). Because the current 

was nil, zero bias was predicted for the PL survey, whereas the head-tilt and 

dominant-eye components of NPL bias were expected to produce bias to the 

NW (lateral) and SE respectively. NPL biases both along and across the 

transect were expected to exceed PL and the latter was expected to lie closer 

to the centre-line. 

5. 3. RESULTS AND DISCUSSION 

5.3.1. ESTIMATING "REALITY" 

5. 3.1. I .  Census Methods 

The width of the relevant portion of the test site was 222.5 cm and the length 

was 775 cm, for an area of 17.24 m2. The area of coral on the site was 

summarized as absolute area (cm') and as percentage cover for each life- 

form and total coral (Table 5.8). Overall the geometric estimates of percent 

coral cover (1 3.96%). were larger than the digitized estimates (12.67%) and 

it seems likely that slight growth occurred over the four to six week period 

during which the measurements were taken (Figure 5.4), especially for the 

acroporans (Table 5.8). Two-way F-tests of differences between variances 

for the two protocols showed no significant results at the 5% level. This was 

not surprising given that the same input data were used, both to scale the 

digitized images and calculate the geometric areas. The equality of the two 

types of estimates was tested using a one-way analysis of variance, for 

individual colonies, life-forms, and total coral (Table 5.9). The null 

hypothesis of no difference was rejected in each case, and there was a 

significant interaction between protocol and life-form (Table 5.9.B). It is 



reasonable to expect the geometric calculation method to over-estimate area 

and to interact with life-form, since it tends to use the maximum boundary 

around an irregular edge in its calculation, whereas the digitization method 

uses the actual boundary. This difference in the calculation algorithms would 

produce larger geometric estimates than digitization estimates for the same 

colonies, with greater positive bias for more irregular forms, such as 

branching and digit ate. Comparison of the percentage differences between 

the means for the two protocols (Table 5.8) supported this explanation. As 

expected, this difference was least for massive corals (2.5%) and greatest for 

life-forms which branched at several scales (values ranging from 13.6 to 

16.6%). 

5. 3.1.2. Field Measurement Errors 

Errors in field measurements occurred in several ways. Obtaining accurate 

measurements in planar view is a challenge. Slanted tabular colonies, and 

globular and irregular colonies may deceive the observer's eye and make 

accurate use of calipers difficult. If a ruler or tape measure is used instead of 

calipers, greater inaccuracies may be expected because the reading errors are 

higher. Accurately identifying and measuring the second diameter can be 

especially problematic since it is supposed to be a maximum subject to the 

constraint that it is perpendicular to the axis of the first diameter. Selection - 

of this width is usually made subjectively among a number of contending 

"diameters" which are close to, and may appear to be perpendicular to L, and 

the one chosen is likely to be the largest, rather than that which is 

perpendicular to L. This judgment is complicated by the fact that it must be 

made in a dynamic, distracting environment, in which the observer's visual 

sense is distorted by environmental cues, and size perceptions along different 

axes in planar view are distorted by the "pincushion effect" caused by 

refraction of light at the air-water interface of the face mask (Ross, 1974; 

Kimey, 1985). Recording errors are likely since one or two readings are 



Table 5.8. Coral abundance estimates for Galifaru artificial reef, obtained using two protocols. expressed as area and percent cover: 
a) digitization of photographic images; and b) calculated using simple geometric formulae. 

Digitized Estimates Geometric estimates Percent 
Life-form Week -3 Week 0 Week +3 Mean Variance Week -3 Week 0 Week +3 Mean Variance difference 

Total (cm2) 2 15 13.3 2 1739.4 22284.3 2 1845.7 157072.1 23875.4 236 13.2 24726.8 24071.8 338973.2 9.7 
Total % 12.48 12.61 12.93 12.67 0.053 13.85 13.70 14.34 13.96 0.1 14 

ACRO (cm2) 10930.0 11096.3 11383.6 11 136.6 52672.9 12495.9 12753.4 13139.6 12796.3 104967.7 13.9 
ACRO % 6.34 6.44 6.60 6.46 0.018 7.25 7.40 7.62 7.42 0.035 

NON-ACRO (cm2) 10583.3 10643.1 10900.7 10709.0 28433.4 1 1379.5 10859.8 1 1587.2 1 1275.5 140405.3 5.2 
NON-ACRO% 6.14 6.17 6.32 6.2 1 0.0 10 6.60 6.30 6.72 6.54 0.05 

ACD (cm2) 773.9 745.0 789.6 769.5 510.8 876.6 842.8 892.5 870.6 644.2 12.3 
ACD % 0.45 0.43 0.46 0.45 0.000 0.51 0.49 0.52 0.51 0.000 

ACS (cm2) 1214.1 1246.9 1299.3 1253.4 1845.6 1444.1 1457.4 1540.6 1480.7 2735.2 16.6 
ACS % 0.70 0.72 0.75 0.73 0.001 0.84 0.85 0.89 0.86 0.001 

ACT (cm2) 8942.0 9104.3 9294.7 91 13.7 3 1173.0 10175.2 10453.2 10706.5 10445.0 70620.8 13.6 
ACT % 5.19 5.28 5.39 5.29 0.010 5.90 6.06 6.21 6.06 0.024 

CD (cm2) 708.6 642.9 709.7 687.1 1464.6 767.4 784.6 829.2 793.7 1017.4 14.4 
CD % 0.41 0.37 0.41 0.40 0.000 0.45 0.46 0.48 0.46 0.000 

CE (cm2) 1221.2 1259.7 1336.5 1272.5 3445.7 1508.0 1120.6 1564.7 1397.8 58409.4 9.4 
CE % 0.71 0.73 0.78 0.74 0.001 0.87 0.65 0.91 0.81 0.020 

CM (cm2) 7898.9 8006.7 811 1.8 8005.8 11330.7 8214.3 8095.5 8324.3 821 1.4 13090.9 2.5 
CM % 4.58 4.64 4.71 4.64 0.004 4.8 4.7 4.8 4.76 0.004 





Table 5.9. ANOVA comparison of coral area estimates (cm2) obtained using two protocols: 
a) digitization of photographic images; b) simple geometric calculations. 
A. Data aggregated as total coral. main effect Protocol. 
B. Data aggregated by life-forms. main effects Protocol and Life-form, with interaction. 
C. Colonv level data. main effects Protocol. Life-form, Colony. 

A. Data aggregated as total coral. main effect measurement protocol. 
Sourcc Sum-Of-Squares Df Mean-Square F-Ratio P 
Protocol 7433504.427 1 7433504.427 29.972 0.005 
Error 99207 1.327 4 2480 17.832 

R-Squared = 0.882 N = 6 

B. Data aggrcgatcd by life-forms. main effects protocol and life-form, interaction signrficant. 
Sourcc Sum-Of-Squares Df Mean-Square F-Ratio P 
Protocol 1061Yb1.006 1 106 196 1 .006 75.603 0.000 
Form 549655000.(N)O 6 91609200.000 6521.817 0.000 
Protocol*Form 18 18331.652 6 303055.775 2 1.575 0.000 
Error 393304.087 28 14046.575 

R-Squarcd = 0.999 N = 42 

C. Colony lcvcl data. main cffccts protocol. life-form. colony, interaction insigmficant. 
Protocol 54978.1 I 0  1 54978.1 10 4.233 0.040 
Form 9330990.229 6 1555 165.038 119.739 0.000 
Colony 7264234. 304 64 113503.661 8.739 0.000 

974 l(H15.595 750 12988.007 Error 
R-Squarcd = 0.625 N = 822 



taken and then recorded From memory. In addition to perceptual and 

cognitive issues, the observer and his or her measuring instruments are 

probably being buffeted about by wave action while measurements are taken. 

Recording errors could be mitigated by using a measuring instrument with an 

explicitly marked, easy-to-read scale along its whole length and a pointer 

marking the measurement for reference while recording. Use of tape or video 

recorder would fbrther reduce errors. A device could be devised to take field 

measurements along perpendicular axes while the device was level, but it 

would be cumbersome and generally impractical for in-water use. 

5.3.2. TRANSECT PROTOCOL COMPARISONS 

5. 3.2. I .  Cmparkon of Transect Estimates with Census 

Estirrt ates 

At the total coral and life-forms levels of data aggregation, the two line- 

intercept protocols produced very similar means and variances. When 

compared with digitized estimates of the same quantities, TLNPL estimates 

were lower for total coral and total acroporans, higher for total non- 

acroporans, and inconsistent across life-forms (Table 5.10). For both 

protocols, replicate transect variance was generally several orders of . 

magnitude larger than repeat transect variance. For a minimum detectable 

difference of 10% (i.e.. a change of x * 10). 12 transects would be required 

for TLNPL and 1 3 for TLPL. whereas by using repeat transects only three 

TLNPL and one TLPL transect would be required to detect a 1% difference. 
1s 

TLPL repeat survey precision rivaled that of digitized surveys (Figure 5.5). 

For monitoring purposes. repeat line-intercept transects compare very 

favourably to census methods, being much faster than either census method, 

and more accurate than the simple geometric approach to calculating area. In 

general, the small magnitude of the differences between the line-intercept 

transect protocol results did not seem to be practically important. However, 



more detailed investigation of the sources of variation (next section) showed 

that aggregation masked larger discrepancies and variability of the TLNPL 

raw data, and revealed sources of variability with important implications for 

the reproducibility of repeat surveys, especially those conducted by different 

observers. 

Comparison of inter-protocol variance using matched transect results (Table 

5.11) did not reject the null hypothesis of no difference for total coral cover, 

but did reject it for both life-forms and individual colony results, showing 

that TLNPL variances exceeded TLPL variances in the majority of cases. A 

sign test of the means of three repeat individual coral chord measurements by 

each protocol was significant with a probability of 0.007 (Table 5.1 1 .D), and 

a transect by transect comparison of total intercepted distance averaged over , a 

three trials showed larger values for TLPL in 1 1 of 1 5 cases (Figure 5.6). C 

Overall, the TLNPL protocol produced lower mean values and higher 

variances than the TLPL protocol. 

5. 3.2.2. Comparison of Intercepted Distance Measures 

with Direct Measures 

One-tailed F-test comparisons among the three sets of block measurements 

(Table 5.12) rejected the null hypothesis of no difference for all but TLNPL 

and TLPL measures of hole width (P = .066). Overall, TLPL measurements 

were more precise than TLNPL measurements, so t tests assuming unequal 

variance were used. Two-tailed I tests of no difference among the means 

were non-significant for all three TLPL measures and one TLNPL measure 

when compared to direct measures (Table 5.12). The null hypothesis that 

TLPL measurements = TLNPL measurements of the blocks was accepted for 

only the thin section. One-tailed t tests showed the same pattern. Overall, the 

test results show that TLNPL intercepted distances were shorter than TLPL 

intercepted distances, which in turn could not be distinguished fkom direct 



Table 5.10. Galifaru artificial reef, comparison of line-intercept transect percent coral cover estimates with digitized 
estimates. One-sided t test at 0.05 probability level. Transect sites 1, 2, 3,4, 6, 8, 9, 11, 14, 15. 

Digitized Transect repeat est. (n=3) t test prob Mean replicate 
estimates (n = 3) NPL PL NPL vs PL vs variance 

Life-form Mean Variance Mean Var Mean Var digitized digitized NPL PL 
Total coral 12.67 0.053 12.25 0.066 12.85 0.003 0.050 0.130 49.160 54.032 
Acroporans 6.46 0.018 6.03 0.041 6-39 0.007 0.018 0.246 20.488 26.920 
Non-acroporans 6.21 0.010 6.22 0.004 6.46 0.017 0.481 0.028 31.933 36.801 

Digitate acroporans 0.45 0.000 0.52 0.003 0.52 0.002 0.035 0.055 0.781 0.961 
Shrubby acroporans 0.73 0.001 0.89 0.000 0.86 0.000 0.000 0.001 0.721 0.695 
Tabulate acroporans 5.29 0.010 4.61 0.025 5.01 0.002 0.002 0.006 18.907 25.830 
Digitate non-acroporans 0.40 0.000 0.48 0.004 0.46 0.004 0.045 0.090 1.772 1.821 
Encrusting non-acroporans 0.74 0.00 1 0.63 0.001 0.62 0.001 0.0 10 0.004 3.328 3.292 
Massive non-acroporans 4.64 0.004 4.63 0.028 4.85 0.005 0.443 0.011 13.480 16.770 
Pocillomrans 0.43 0.000 0.47 0.004 0.53 0.001 0.165 0.005 0.737 0.783 
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Table 5.11. Tests of differences between means and variances of estimates of coral 
cover for protocols TLNPL and TLPL at various levels of data agmegation. 

A. Variances, total coral cover aggregated bv transect. 
Comparisons No. of cases 
Counts of TLNPL variance > TLPL variance 9 
Counts of TLPL variance > TLNPL variance 6 
Counts of TLNPL variance = TLPL variance 0 
Total 15 
Sign test two-sided ~robabilitv 0.607 

B. Variances. data aggregated to life-forms level within transects. 
Comparisons No. of cases 
Counts of TLNPL variance > TLPL variance 40" 
Counts of TLPL variance > TLNPL variance 13** 
Counts of TLNPL variance = TLPL variance 4 
Total 57 
Sinn test two-sided ~robabilitv 0.000 - .-. . - 

F-test (F.05(1).2.2): * 15 of 40 significant; ** 0 of 13 significant 

C. Variances. colonv level data. 
Comparisons No. of cases 
Counts of TLNPL variance > TLPL variance 116" 
Counts of TLPL variance > TLNPL variance 30** 
Counts of TLNPL variance = TLPL variance 14 
Total 160 
Sign test two-sided probability that TLNPL var = TLPL var 0.000 
F-test (F.05(1).2.2): *52 of 116 significant; ** 0 of 30 significant 

D. Means. total coral c o w  aggregated bv transect. 
- - 

Comparisons No. of cases 
Counts of TLNPL means > TLPL means 3 
Counts of TLPL means > TLNPL means 11 
Counts of TLNPL means = TLPL means 1 
Total 15 
Sign test two-sided probability 0.057 

E. Means. colonv level data. 
Comparisons No. of cases 
Counts of TLNPL mean > TLPL mean 57 
Counts of TLPL mean > TLNPL mean 9 1 
Counts of TLNPL mean = TLPL mean 12 
Total 160 
Sign test two-sided probabilitv that TLNPL mean = TLPL mean 0.007 
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Table 5.12. Comparison of direct measurements of blocks with measurements 
made using line-intercept transect protocols TLPL and TLNPL. 
A. Raw data. B. F-test and t test probabilities at 0.05 probability level. 

A. Raw data 
-- - 

Data - --.-- 

Block Direct mcasures NPL measures PL measures 
features Mean Var n Mean Var n Mean Var n 
Thick 28.43 0.003 3 27.50 2.735 18 28.64 0.347 18 
Thin 23.87 0.013 3 23.22 2.889 18 23.97 0.602 18 
Hole 10.57 0.003 3 10.00 1.059 18 10.67 0.500 18 

B. F-test and t test  roba abilities at 0.05 ~robabilitv level. 
F-tcst t tests 

p Foes,, P tesb 0x2) P t tesb o ~ ( I ,  

Dircct Dlrcct NPL Dircct Direct NPL Direct Direct NPL 
Block vs vs vs vs vs vs vs vs vs 
features NPL PL PL NPL PL PL NPL PL PL 
Thick 0.001 0 . 0 l O  0.0tlt) 0.020 0.167 0.012 0.014 0.083 0.006 
Thin O M  0 M )  0 I 0.130 0.594 0.102 0.065 0.297 0.05 1 
Hole O.003 0 OM) 0.066 0.033 0.564 0.030 0.016 0.282 0.015 



measurements. In summary, these tests show that measures provided by 

TLNPL protocol were less precise and less accurate (negative bias) than 

those provided by TLPL under relatively well-controlled field conditions. 

TLPL measurements could not be distinguished from "actual" with a one- 

tailed t test at the 5% significance level. 

5. 3.2.3. Costs 

Costs fell into three categories, labour, for which time was used as a 

surrogate. equipment, and materials. The main objective was to assess the 

relative costs of taut, level line-intercept transects implemented with and 

without plumb-line, for which labour and the cost of a plumb-line were the 

only relevant inputs. It is also useful to compare these costs with those of the 

census met hods of estimating coral cover. 

Both of the census methods (digitization and geometric calculation) were 

very labour intensive, requiring carehl measurements of every coral colony, 

and meticulous book-keeping to ensure exhaustive, non-redundant sampling. 

To the latter end, site photographs and maps were invaluable aids. Field time, 

excluding exploratory trials. comprised one preliminary field session to 

photograph and map the site. and four additional sampling sessions to obtain 

colony measurements used in both geometric and digitization estimates. 

Average duration of a field session was three hours, excluding travel time. 

To obtain suitable photographs for digitization, two additional field trips 

were required. For the geometric area estimates, approximately six hours of 

lab time were required. For digitization, approximately 80 hours of lab time 

were required to trace and digitize the images. Photographs were essential 

for the digitization approach, and very usefbl, but optional for geometric area 

estimations. In addition to the capital and material costs of photography, the 

cost of digitization equipment must also be considered for the digitization 

method. In summary. total cost for the geometric approach was 21 hours, 



compared to 95 hours plus capital costs for digitization. The time required 

for digitization could probably be reduced by more capital-intensive methods, 

but it is unlikely that the time cost would be less than that of geometric 

estimates. 

The total time required for a complete transect survey was relatively low. 

There was no significant difference between the two protocols based on 

either total survey time per transect (TLNPL = 7 rnin., s.d. = 5 rnin.; TLPL = 

9 min., s.d. = 3 min.) or time per intercepted distance record (TLNPL = 53 

sec, s.d. = 3 0 sec; TLPL = 6 1 sec, s. d. = 20 sec) (Table 5.13). Time to install 

and remove a transect was less than one minute each. Allowing 12 minutes 

total survey time per transect, 15 transects could be surveyed in one field 

period. Data entry and processing time averaged 12 minutes per transect for 

three hours of lab time. Thus a complete set of 15 transects could be 

surveyed and the data reduced in about six hours. 

5.3.3. SOURCES OF VARIABILITY 

Tests of chi-square heterogeneity were non-significant at the 5% level for all 

15 transects (Table 5.14). Chi-square tests of the Ho (observed = expected) 

were all significant at the 1 % level (Table 5.14). The analysis demonstrated 

that error that appears to be random at one level of analysis could, with more 

detailed analysis. be explained as instrument and observer bias. This analysis 

also showed that the results obtained using a plumb-line were more 

repeatable, both within and between observers, than those obtained without a 

plumb-line. 

5.4. GENERAL CONCLUSIONS 

There is high concordance among the line-intercept transect protocols and 

census estimates of percent coral cover at all levels of data aggregation. Both 

of the census approaches are labour intensive, and the geometric area 

approach overestimates area and hence percentage cover. This has 



Table 5.13. Time required (sec) to record an interception point 
for line4 nterce~t transect ~rotocols TLNPL and TLPL 

- - 

Mean s.d. n 
TLNPL 53 30 45 
TLPL 61 20 45 
Two tailed t test P 0.119 



Tablc 5.14. Chi-square tests of predicted direction and relative degree of bias of line-intercept 
transects implemented with and without plumb-line. Each transect was surveyed at least three 
times (trials a b. c. etc.). Plumb-line data obtained when environmental conditions were least 
obtrusive s e n d  as the baseline for lateral bias comparisons. "E" and "W" indicate "east of' 
and "west of". respectively (e-g. NPLa E PLa is to be interpreted: NPLa lay east of PLa). 
Algebraic symbols are conventionallv used. 
Transect 1 - - - - - - - - 

Observed Chi- 
Description Prediction n True False Expected square Df 

Central tendency (wrt trial b) NPLa> PLa 4 4 0 2.0 4.00 1 
Central tendency (wrt trial b) NPLc > PLc 
Relative lateral tendency NPLa not W PLa 
Relative latcral tendency NPLb not W PLb 
Relativc lateral tendency NPLc W PLc 
Interception differences NPLn <= PLa 
Interception differences NPLb c PLb 
Interception differences NPLc > PLc 
Tom1 of chi-squares 
Chi-square of totals 55 8 31.5 35.06 1 
Heterogeneity chi-squarc 3.60 7 
P 0.824 
Diikrcnce chi-square 55 8 31.5 16.85 1 

Tranwct 2 
Central tcndcncy (WTI trial c)  NPLa >PLa 6 4 2 3 0.67 1 
Central tcndency (wrt tnul c)  
Relatlve larcral tendency 
Relativc lateral tendency 
lntcrccption di Cferences 
Interception differences 

NPLb>PLb 2 2 0 1 2.00 1 
NPLaEPLa 6 3 3 3 0.00 1 
NPLc E PLc 5 4 1 2.5 1.80 1 
NPtacPLa  10 8 2 5 3.60 1 
NPLbcPLb 10 10 0 5 10.00 1 

Interception differences NPLc>PLc 10 9 1 5 6.40 1 
Total of' chi-squares 24.47 7 
Chi-square of totals 40 9 24.5 19.61 1 
Heterogeneity chi-square 4.85 6 
P 0.5626 
Difiercnce chi-square 40 9 24.5 9.20 1 



Tnblc 5. Id. Continued 
Transcct 3 
Ccntrnl tcndcncy (wrt trial c)  NPLa> PLa 4 1 3 2 1.00 1 
Ccntral tcndcncy (wt trial C )  NPLb> PLb 3 3 0 1.5 3.00 1 
Kclotivc lntcrol tcndcncy NPLa not W PLa 4 3 1 2 1.00 1 
Rclativc latcral tcndcncy NPLbEPLb 5 2 3 2.5 0.20 1 
Rclotivc latcral tendency NPLc EPLc 4 3 1 2 1.00 1 
lntcrccptlon di flcrcnces NPLac= PLa 8 8 0 4 8.00 1 
Intcrccpt~cm di ft'crcnces NPLb < PLb 6 5 1 3 2.67 1 
Intcrccptm dilt'crcnccs NPLc> PLc 7 7 0 3.5 7.00 1 
l'otnl ot' chi-squorcs 23.87 8 
CIII-squorc id ~ i ~ l a l s  32 9 20.5 12.90 1 
1 lctcropcnclh chl-sqwrc 10.96 7 
I' 0.1402 
1)itttrcncc chi-square 32 9 20.5 5.91 1 
1' 0.0151 

T r a n w t  4 
Ccntral tcndcncy (un tnol c 1 NI'La-*PLa 3 3 0 1.5 3.00 1 
Ccntral tcndcncy (un tnol c ) NP1.b - PLb 5 3 2 2.5 0.20 1 
Kclnt~vc lntcrol tcndcnc? NP1.b E PLb 5 2 3 2.5 0.20 1 
Kelatlvc lntcrnl tcndcnc? NPlr  E PLc 4 4 0 2 4.00 1 
Interception dittcrcnccs Nf'1.b .: PLb 10 9 1 5 6.40 1 
Intcrccpt~crn dilt'crcncts NPIx ;- PLc 8 7 1 4 4.50 1 
Total (if chi-squarcs 18.30 6 
Chi-squnrc of ~otols 28 7 17.5 12.60 1 
1 lctcropncity chl-squarc 5.70 5 
P 0.3365 
I~ifl'crcncc cht-squnrc 36 9 22.5 7.52 1 
I' 0.006 1 



Transcct 5 
Ccntrnl tcndcncy (\vn trial c) NPLn>PLu 3 3 0 1.5 3.00 1 
Central tendcnc!. (wrt trial c) NPLb > PLb 5 5 0 2.5 5.00 1 
Ccntral tcndcncy (wrt trial c) NPLd>PLd 5 4 1 2.5 1.80 1 
Centrul tendency (wrt trial c) NPLc> PLc 5 4 1 2.5 1.80 1 
Kclativc latcrd tcndenc!. NPLa not W PLa 7 4 3 3.5 0.14 1 
Kclativc lateral tendency NPLbEPLb 7 4 3 3.5 0.14 1 
Relative lateral tendency NPLc not E PLc 6 5 I 3 2.67 1 
Kclativc latcral tendency NPLdEPLd 7 7 0 3.5 7.00 1 
Kclativc latcrnl tcndcncy NPLeEPL 7 5 2 3.5 1.29 1 
Intcrccption diflcrenccs NPLa<PLo 16 15 1 8 12.25 1 
lntcrccption ditrcrcnces NI'Lb *: PLb 18 14 4 9 5.56 1 
lntcrccption difircnccs NPLc PLc 12 8 4 6 1.33 1 
lntcrccption diffcrcnccs NPlA>PLd 18 16 2 9 10.89 1 
intcrccption di ll'crenccs NPLecPLc 16 15 1 8 12.25 1 
Ihtal of chi-squares 65.12 14 
Chi-square of totals 109 23 66 56.03 1 
tlctcrogcnc~ty chi-square 9.09 13 

I' 0.0000 

Transect 6 
Central tendcncy (w tnal b 1 Nl'la-]'La 3 2 1 1.5 0.33 1 
Central tcndcnc!. (\wt tnal b I N1'l.c P1.c 4 3 1 2 1 .OO 1 
Kclat~vc latcral tcndenc! Nl'in not W PLo 5 4 1 2.5 1.80 1 . 

Kelativc lntcral tcndcnc! Ni'1.b not I: PLb 3 3 0 1.5 3.00 1 
Kclativc latcml tcndcnc: NI'1.c W PIX 4 4 0 2 4.00 1 
Interccpt~on diffcrcncta N H a - P b  4 4 0 2 4.00 1 
lnterccptmn diffcrcncca NP1.h . = P1.b 8 7 I 4 4.50 1 

Chi-squurc of totals 35 4 19.5 24.64 1 
Hctcrogcnein chi-square 1.99 7 
P 0.9603 
Difference chi-square 31 4 17.5 9.73 1 
P 0.00 1 8 



Table 5.14. Continued 
Transect 7 
Central tendency (wrt trial b) NPLa>PLa 7 7 0 3.5 7.00 1 
Central tendency (wrt trial b) NPLc> PLc 6 6 0 3 6.00 1 
Kclativc lateral tendency NPLaEPLa 6 2 4 3 0.67 1 
Rclativc latcral tendency NPLbWPLb 6 6 0 3 6.00 1 
Kelativc lateral tendency NPLc not W PLc 5 4 1 2.5 1.80 1 
lntcrception differences NPLa<PLa I4 12 2 7 7.14 1 
Interception differences NPLb>PLb 16 15 1 8 12.25 1 
Interccption differences NPLccPLc 14 10 4 7 2.57 1 
Total of chi-squarcs 43.43 X 
Chi-square of totals 62 12 37 33.78 1 
I letcrogeneity chi-square 9.65 7 
P 0.209 5 
I)il'f'crcncc chi-square 62 12 37 16.25 1 
1' 0.0001 

Transcct 8 
Central tendency (wrt trial b) NPLn>PLo 7 4 3 3.5 0.14 1 
Central tcndency (wrt trial b) NPLc> PLc 7 7 0 3.5 7.00 1 
Kclativc latcral tcndenc!. NPLanotWPLa 10 9 1 5 6.40 1 
Kclativc lateral tendency NPLb E PLb 10 7 3 5 1.60 1 
Kclativc latcral tcndency NPLc not W PLc 9 6 3 4.5 I .OO 1 
Interceptton dift'erences NPLacPLa 22 19 3 I I 11.64 1 
I ntcrccption differences NPLbC PLb 22 22 0 11 22.00 1 
lntcrccption dift'erences NPLc c PLc 20 20 0 10 20.00 1 
Total of chi-squares 69.78 8 
Chi-squarc af totals 94 13 53.5 61.32 1 
t lctcnqcncity chi-squarc 8.46 7 
I' 0.2937 
1 3  tt'crcncc chi-squarc 94 13 53.5 29.97 1 
I' 0.0000 

I'ranscc t 9 
Ccntral tcndcncy ( ~ f i  tnal b)  NPLa > PLa 7 6 1 3.5 3.57 1 
Central ~cndcncy (WI tnnl b )  NPLc > PLc 6 6 0 3 6.00 1 - 

Kclat~vc lateral tendency NPLaEPLa 6 4 2 3 0.67 1 
Rclat~vc latcrol tcndenc?. NPLbnot W PLb 6 5 1 3 2.67 1 
Kclative latcrnl tendency NPLcnotWPLc 9 7 2 4.5 2.78 1 
Interception dilt'crcnces NPLa<PLn 14 12 2 7 7.34 1 
Interception diffcrcnccs NPLbCPLb 16 15 1 8 12.25 1 
Intcrccption differences NPLc< =PLc 18 17 1 9 14.22 1 
Total of chi-squares 49.30 8 
Chi-square of totals 72 10 41 46.88 1 
t Ictcrogcneity chi-square 2.42 7 

Ililt'ercncc chi-squarc 72 10 41 22.75 1 



Table 5.14. Continued 
Transect 1 0 
Central tendency (wrt trial b) NPLaBPLa 3 3 0 1.5 3.00 1 
Central tendency (wrt trial b) NPLc> PLc 4 4 0 2 4.00 1 
Relative lateral tendency NPLa not W PLa 4 4 0 2 4.00 1 
Relative lateral tendency NPLbnot W PLb 4 4 0 2 4.00 1 
Relative lateral tendency NPLc W PLc 4 3 1 2 1.00 1 
Interception differences NPLacPLa 6 6 0 3 6.00 1 
Interception differences NPLbCPLb 4 4 0 2 4.00 1 
Interception dieerences NPLc> PLc 6 5 1 3 2.67 1 
Total of chi-squares 28.67 8 
Chi-square of totals 33 2 17.5 27.46 1 
Heterogeneity chi-square 1.21 7 
P 0.9907 
Difference chi-square 33 2 17.5 13.01 1 
P 0.0003 

Transect 11 
Central tendency (wrt trial b) NPLa> PLa 7 6 1 3.5 3.57 1 
Central tendency (wrt trial b) NPLc>PLc 10 9 1 5 6.40 1 
Relative lateral tendency NPLaEPLa 8 6 2 4 2.00 1 
Relative lateral tendency NPLbnot W PLb 11 11 0 5.5 11-00 1 
Relative lateral tendency NPLcnotWPLc 1 1  10 1 5.5 7.36 1 
interception differences NPLa < = PLa 22 20 2 11 14.73 1 
Interception diflerences NPLb <= PLb 24 23 1 12 20.17 1 
lntcrception differences NPLc < = PLc 20 15 5 10 5.00 1 
Total o f  chi-squares 70.23 8 
Chi-square of totals 100 13 56.5 66.98 1 
Heterogeneip chi-square 3.25 7 
P 0.8613 
DifTerence chi-square 100 13 56.5 32.80 1 
1' 0.0000 

- -- 

Transect 12 
Central tendency (wrt trial d )  
Ccntral tendency (wrt trial d)  
Ccntral tendency (wrt trial d )  
Relative lateral tendency 
Relative lateral tendency 
Rclative lateral tendency 
Relative lateral tendency 
Interception difierences 
Interception differences 
Interception differences 

PLa < NPLa 
PLb < NPLb 
PLc < NPLc 
NPLa E PLa 
NPLb E PLb 
NPLc E PLc 
NPLd E P M  
NPLa < PLa 
NPLb < PLb 
NPLc < PLc 

Interception differences NPLd > PLd 22 20 2 11 14.73 1 
Total of chi-squares 95.85 11 
Chi-square of totals 138 22 80 84.10 1 
Heterogeneity chi-square 11.75 10 
P 0.3022 
Difference chi-square 138 22 80 41.38 1 
P 0.0000 



Table 5.14. Continued 
Transect 13 
Central tendency (wt trial c) NPLa>PLa 8 8 0 4 8.00 1 
Central tendency (wrt trial c) 
Relative lateral tendency 
Relative lateral tendency 
Relative lateral tendency 

NPLb > PLb 6 4 2 3 0.67 1 
NPLnEPLa 5 4 1 2.5 1.80 1 
NPLbE PLb 6 6 0 3 6.00 1 
NPLc E PLc 5 5 0 2.5 5.00 1 

Interception differences NPLa<=PLa 18 18 0 9 18.00 1 
Interception differences NPLb<=PLb 17 17 0 8.5 17.00 1 
Interception differences NPLc<=PLc 16 16 0 8 16.00 1 
Total of chi-squares 72.47 8 
Chi-squarc of totals 78 3 40.5 69.44 1 
Heterogeneity chi-square 3.02 7 
P 0.8829 
Diflerence chi-square 78 3 40.5 33.98 1 
P 0.0000 

Transec t 1 4 
Central tendency (wt trial b) NPLa>PLa 14 14 0 7 14.00 1 
Central tendency (wrt trial b) NPLc>PLc 12 12 0 6 12.00 1 
Central tendency (wt trial b) NPLd>PLd 15 10 5 7.5 1.67 1 
Central tendency (wrt trial b) NPLe > PLe 13 1 1 2 6.5 6.23 I 
Relativc lateral tendency NPLaEPLa 14 1 1  3 7 4.57 1 
Relative latcral tendency NPLb E PLb 7 4 3 3.5 0.14 1 
Relative lateral tendency NPMEPLd 12 10 2 6 5.33 1 
Relative lateral tendency NPLeEPLe 12 1 1  1 6 8.33 1 
lnterception differences NPLa<PLG 36 33 3 18 25.00 1 
Interception differences NPLbC PLb 38 37 1 19 34.11 1 
interception differences NPLc> PLc 40 38 2 20 32.40 1 
Interception diflerences NPLd>NPLe 42 41 1 2 1 38.10 1 
Interception differences N P M > P M  46 45 1 23 42.09 1 
Total of chi-squares 223.97 13 
Chi-squarc of totals 277 24 150.5 212.65 1 
Heterogeneity chi-square 11.31 12 
P 0.5024 
Difference chi-square 277 24 150.5 105.60 1 
P 0.0000 



Table 5.14. Continued 
Transect 15 
Central tendency (wrt trial b) NPLa > PLa 13 12 1 6.5 9.31 1 
Central tendency (wrt trial b) NPLc>PLc 10 9 1 5 6.40 1 
Relative lateral tendency NPLaEPLa 16 12 4 8 4.00 1 
Relative lateral tendency NPLbWPLb 16 13 3 8 6.25 1 
Relative lateral tendency NPLcWPLc 15 11 4 7.5 3.27 1 
Interception d i f f m c t s  NPLaCPLa 31 31 0 15.5 31.00 1 
Interception differences NPLb > PLb 27 27 0 13.5 27.00 1 
Interception differences NPLc>PLc 19 17 2 9.5 11.84 1 
Total of chi-squares 99.07 8 
Chi-square of totals 132 15 73.5 93.12 1 
Heterogeneity chi-square 5.94 7 
P 0.5463 
Difference chi-square 132 15 73.5 45.86 1 
P 0.0000 



implications not only for censuses, but sampling approaches which might 

employ it, such as any of the distance protocols (e.g., point quarter, nearest 

neighbour). and plot methods, where it should be used with due caution. 

Superficially, the plumb-line line-intercept transect protocol (TLPL protocol) 

seems only marginally more accurate and precise than a protocol not 

employing a plumb-line (TLNPL protocol). Neither protocol is free of 

systematic or random error. Detailed investigation reveals systematic errors 

inherent in the no-plumb-line protocol that are peculiar to the individual (and 

possibly to the individual-equipment combination). These biases were 

demonstrably influenced by current direction and velocity which affected the 

direction of orientation taken by the individual. Presumably greater distance 

between transect line and substrate, and problems determining the vertical 

when working head down and on a reef slope, will increase the magnitude of 

such errors both within and among individuals. The biases inherent in the 

plumb-line protocol are primarily the product of waves and currents alone, 

and were empirically shown to be less pronounced and more controllable 

than those inherent in the no-plumb-line protocol even under circumstances 

which were disadvantageous for the plumb-line protocol. In addition to these 

advantages. the plumb-line conveniently marks the spot at which measuring 

is intempted to record data. which facilitates resumption of the survey at the 

same point on the transect line. thus reducing the likelihood of omissions or 

duplication. Insofar as superior accuracy and precision are mirrored in 

repeatability of results at all levels of data aggregation, the plumb-line 

approach is the more objective approach. Given these considerations, and 

cost parity. there is a strong argument for using a plumb-line in conjunction 

with a level. taut transect line to control parallax errors, especially for 

monitoring work which entails repeat surveys of the same transects. 



6. SYNTHESIS 

It is a great challenge to objectively survey a physically complex three- 

dimensional habitat, such as a coral reef, in which human perceptions are 

often distorted. working conditions are often difficult, field costs are high. 

and working time is limited. Various approaches have been tried, and 

additional approaches are being advocated (Carleton and Done, 1993; 

Dustan, 1993; Aronson er ul., 1994; Carleton and Done, 1995; Ginsburg 

et a/. , 1996; Vogt et al., 1996). Usually only the physical and logistical 

difficulties are recognized, and terrestrial survey methods have historically 

been imported without thorough testing in the new working context. 

Prior to 1970, qualitative and semi-quantitative plot-based methods were 

commonly used for coral reef surveys (Stoddart, 1972; Loya, 1978). 

Although reliable work can be produced using subjective methods, the 

reliance on particular individuals this imposes is unacceptable for projects 

requiring multiple observers. such as projects extending over a long time 

span or over a broad geographic area. The argument applies with greater 

force in situation where expertise and money are limited and training 

requirements substantial. Quantitative methods have been advocated to 

address the problem in coral reef ecology (e.g., Stoddart, 1972), rocky- 

shore ecology (e.g.. Hannoll and Hawkins, 1980), and terrestrial 

vegetation ecology (e.g., Clements, 1905). Apart from the' promise of 

objectivity, which is desirable in its own right, these methods are 

attractive because results are easily justified to peers and reviewers, and a 

"paint-by-numbersw protocol may allow relative novices to gather usable 

data. There is a parallel here with an observation made by Mueller- 

Dombois and Ellenberg (1974, p.211) about the objectivity of 

mathematical analyses, ". . . the successful application of mathematical 



methods requires a number of decisions and adjustments. Decisions and 

adjustments always involve judgment, and any judgment is a subjective 

act." This highlights the fact that "quantitative" is neither the obverse of 

"subjective", nor is it synonymous with "objective". An objective method is 

one which is defined and operationalized in such a way that identical 

results will be obtained by anyone following the prescribed protocol, that 

is, inter-observer variance will be zero (Kerlinger, 1973). The most 

widely used reef survey method, the line-intercept transect method, is a 

quantitative method which, as it is usually operationalized (relief- 

influenced line deployment) and insofar as repeatability of results is an 

indication (Mundy, 199 1 ; Allison, herein), is not very objective. 

This situation seems to have developed because coral reef ecologists, faced 

by increasing signs of environmental degradation, a need for cost-effective 

methods, and the known problems with plot methods, were looking for 

methodological alternatives in the late 1960s. The line-intercept transect 

method. recently legitimized in terrestrial plant ecology was introduced. It 

was: a) apparently free of the publicized problems of plot methods; b) 

unquestionably quantitative; and c) flexible enough to cope with the 

topographic relief of the reef slope. The introduction apparently did not 

benefit from an in-depth survey of the terrestrial literature, which would 

have at least provided useful insights into the inherent strengths and 

weaknesses of the line-intercept transect. In addition, as Bridgman (1959) 

stressed, operationalization of a method in new context risks unforeseen 

problems. In this case: a) the relief-influenced deployment produces 

measurement intervals of variable length, and hence a variable metric of 

uncertain meaning; and b) spatial judgments, which may be satisfactorily 

made without gravity-orienting instruments in a terrestrial environment 

where our sense of the vertical is very accurate (Howard, 1982), are 



distinctly unsatisfactory in the water (where they are classed as "parallax 

errors"). 

Parallax errors are especially noticeable while diving because spatial 

orientation and objects are perceived: a) primarily by the visual sense, in 

which inherent biases are uncorrected by the attenuated effects of gravity; 

b) through an air-glass-water sandwich which distorts the view by 

refraction; c) from an abnormal posture and perspective (the ability to 

judge the vertical deteriorates markedly when the observer is in a head- 

down position (Howard, 1982), the diver's normal attitude while working 

a transect); d) while the observer's eyes, head and body are subjected to 

varying degrees of pitch, yaw, and roll. These factors affect all orientation 

judgments, whether sighting on a transect tape to measure sessile benthos 

below it, or sighting on a guide line to deploy a transect line close to the 

substrate. Correctives, such as applying the transect line closely to the 

substrate, require many decisions, are therefore subjective, and may 

produce larger inaccuracies than the original errors. Ironically, given the 

primary reason for introducing the line-intercept method, these problems 

are most significant on the reef slope where both the general angle and 

local variations in topographic relief can seriously distort perceptions of 

the vertical. Such distortions, in addition to those produced by refraction 

(particularly the "pincushion effect") can produce errors in direct 

measurements of coral colonies used for accuracy checks, and for quadrat 

and point-quarter surveys. Furthermore, the simplifications of the colony 

shape involved in such estimates produces increased random error, and in 

general, a substantial positive bias. The field errors so produced in this 

study were an order of magnitude greater than all errors of the digitization 

process combined. 



The line-intercept transect is not the panacea it seemed to be. Problems of 

adequate and appropriate sample unit size must still be addressed and are 

answered in different ways, depending on whether statistical precision or 

diversity sampling are research considerations (in the reef survey 

literature, the cumulative species curve is commonly used as the decision- 

criterion (e.g., Rogers et al., 1994)). The problem of boundary effects, 

which is characteristic of plot methods, persists as a decision about 

whether an item is on or off the transect (i.e., under the line or not) in the 

line-intercept transect method. This is particularly difficult in marginal 

cases where the colony edge lies along the reading edge of the transect line 

and the survey is conducted with the unaided eye. Under these 

circumstances perceptual distortions are present to variable degrees as 

induced by the general slope of the reef and smaller scale topographic 

relief, both of which change continuously over the length of a survey. 

Although use of a plumb-line can reduce this subjectivity considerably, 

decisions still have to be made about marginal cases because the tip of the 

plumb-bob has a finite diameter which could cause an upwards bias. A 

possible solution is to record the interception points of all cases touched by 

the plumb-bob tip, labeling and sketching the marginal cases. Empirically, 

and on average, these cases seem to act like random errors and cancel out 

in calculations of the means, but with the data recorded, algorithms such 

as counting every other case may be essayed. In addition, if and when 

such colonies grow they will probably appear unambiguously on the 

transect. A more difficult, purely physical problem to overcome when 

surveying a site on the reef slope, is the effect of the degree of incline of 

the slope on the cover estimate. To illustrate this, consider conducting a 

line-intercept transect along a vertical reef slope. In such a case all sessile 

benthos visible on the slope should in principle be included in the sample 

as vertically projected cover. Assume that the angle of inclination of this 

hypothetical reef is reduced, with the absolute amount of sessile benthos 



remaining constant. As the angle of inclination is reduced, the estimates of 

live cover, frequency of colony occurrence, and species diversity will 

diminish as an inverse function of the angle of inclination of the reef, 

reaching a minimum when the reef is level. This phenomenon makes 

comparison of surveys from different depth contours (e.g . , Loya, l972), 

which often have different slopes, a tricky business. One approach to 

standardize results for comparison might be to use a trigonometric 

correction factor [e.g., "true cover" = measured cover x 

cos(arctan(rise/run))] but this would be an approximation only because the 

vertical orientation of sessile benthos varies among species and with the 

degree of slope (e.g., Pichon, 1978). Furthermore, the same logic can be 

applied to smaller scale changes in topographic relief, such as those 

various "rugosity indices" attempt to measure, whether these occur on 

inclined or level reef. The greater the magnitude and the more frequent are 

the changes in topographic relief, the greater this effect will be, and in 

most cases it  would be quixotic to attempt to correct for it. These 

arguments apply, with appropriate modifications, to any type of transect 

deployment, and although the discussion so far has been based on transects 

set along isopleths, the arguments also apply to transects set across depth 

gradients. Such a deployment is plainly untenable for a taut, level line and 

such data gathered by the substrate conforming method would require 

correction. The relief-influenced deployment is also subject to these 

considerations, and is also beset by more serious problems due to the 

variable interval scale used and distortion produced by vertical projections 

onto inclined portions of the tape. To my knowledge nothing has been 

published on this aspect of the problem in the coral reef literature, 

although it has been considered for plots in mountainous forest (Durr, 

1988). Pichon (1 W8), discusses the appropriate measurement orientations 

to apply in plot measures of 

substrate, but his conclusions 

different life-forms growing on sloping 

are difficult to apply to a line-intercept 



transect in which the interception points must be recorded as they appear 

(or for photographic quadrats, which portray only one perspective per 

frame). Arguably, unless allowance is made for the effects of slope 

variability on reef survey results, comparisons among locations with 

different slopes should be carefully interpreted. Similarly, comparisons 

between sites of different spatial complexity and scale surveyed with a 

taut, level transect deployment, must be made cautiously, and should 

preferab 1 y be complemented with measures of topographic relief. 

The relatively high precision repeat surveys, when analyzed at the colony 

level for both TLPL and TLNPL protocols on low topographic relief, 

horizontal reef measurements, demonstrates that under these 

circumstances both protocols performed adequately. The TLPL however 

was more accurate and precise and would presumably show less inter- 

observer variation. Under more demanding circumstances on the reef 

slope, comparing TLPL to RINPL, TLPL outperformed RINPL for both 

observers and was highly repeatable at all levels of data aggregation. 

Further tests of TLPL at additional locations with one observer confirmed 

the high precision of the method at all levels of taxonomic data 

aggregation. Time requirements of the TLPL were significantly less than 

for TLNPL and RINPL. No formal comparisons of TLPL with TLNPL 

were conducted because trials showed extremely high intra- and inter- 

observer error with the latter. Also the TLPL produced more interception 

points and more smaller items were recorded than for the TLNPL. I 

conjecture that the plumb-line tends to draw the eye to items which are not 

noticed with the unaided eye alone because they are out of focus 

('instrument myopia'). or cryptic in pattern or shape. It is also possible that 

observers selectively include or exclude items depending on their interests or 

ability to identify them. or time and fatigue when they are not constrained by 

a plumb-line. Comparisons of TLPL with RINPL on a level reef with 



multiple observers also showed the superior precision of the TLPL. The 

importance of specification error was demonstrated in this last set of tests, 

consistent with Mundy 's (1  99 1) findings. In general, when specification 

error was controlled and the TLPL protocol was used, novices performed 

nearly as well as the experienced observer. . 

The high accuracy and precision of data obtained at the colony level with 

the TLPL protocol has several implications for reef monitoring. First, and 

most important, the results are not the result of canceling errors or data 

averaging over the length of a transect or over data categories such as life- 

forms. The method was quite accurate and precise among and within 

observers (whether they were novices or experienced) for particular coral 

colonies and results were more robust as data was aggregated to higher 

taxonomic levels. Presumably longer transects would have had a similar 

effect. The time required per recorded interception point was lower for 

TLPL and there is reason to believe that fewer recording errors were made 

and more detail was noticed than for TLNPL or RINPL. The TLPL is thus 

cost-effective and object iw . and lends itself to training purposes because 

fewer subjective judgments are allowed than with no-plumb-line protocols. 

I t  follows from these qualities that the TLPL protocol is better suited than 

other protocols for monitoring purposes. With respect to existing data, 

despite the varied errors and biases inherent in the various line-intercept 

transect protocols. simulations and exploratory surveys suggest that they 

all may be useful for rough comparisons of total coral cover and 

presumably, depending on the biases of the protocols involved, 

comparison of selected categories of sessile benthos. For future work, the 

relief-influenced protocol per se. is a major source of error and should be 

avoided whenever possible. Use of a taut, level transect line, without a 

plumb-line, should be avoided on the reef slope and wherever variation of 

topographic relief is substantial. If this protocol is used on horizontal reef, 



even with low topographic relief, special quality control measures should 

be implemented. When a taut, level transect line and a plumb-line are 

used, quality control should also be instituted, in the form of repeat 

measures of portions of transects by both the same and by different 

individuals at the start of each survey (or as empirical testing shows is 

warranted) . 

In general, there are strong practical arguments supporting the use of 

permanent sample sites with repeat surveys over samples relocated at 

random for every sampling session. The ". . .benefits of non-permanent are 

the avoidance of sampling damage and opportunity for more 

comprehensive statistical analysis: these are not sufficient to compensate 

for the increased labour and additional uncertainty introduced." Hartnoll 

and Hawkins (1980, p. 490). These advantages are especially evident on 

the coral reef where non-destructive sampling is normal with the TLPL 

protocol and where three-dimensional spatial variability poses a serious 

threat to the validity of inter-site comparisons. Without the control offered 

by the TLPL protocol. the variability of permanent sample site results is 

simply too high to merit their consideration as a sampling strategy, even 

when specification error is controlled. The cost of using permanent sites is 

however, somewhat higher than simply "... lost opportunity for more 

comprehensive statistical analysis . . . " (Hartnoll and Hawkins, l98O), for 

such sites may be affected by changes which are not representative of the 

general population they are intended to sample. This possibility must be 

weighed against the additional costs of more samples in the complex 

decision calculus of sampling design constrained by limited resources. If 

sufficient resources are available and information needs demand it, a 

stratified sampling regime. using topographic relief as a criterion for 

stratification should be used. 



The accuracy and precision of the data achieved at the colony level using 

the TLPL protocol, is such that it is feasible to consider monitoring 

individual colonies at permanent sites. This enables not only monitoring of 

changes in the overall composition of the community, but also monitoring 

of mosaic recycling or "...redisposition of the community components 

without change in the overall composition. . . " (Hartnoll and Hawkins, 

1980, p. 485). Such monitoring can be particularly important when 

changes are insidious and turnover rapid. For example, damage or death 

of entire colonies or parts of colonies due to bleaching, or corallivores, or 

snorkeler damage can be quite ephemeral, especially if the damaged areas 

are small. Coral recruits eaten by the starfish Culcita sp. are all but 

invisible within a month due to the effects of agal overgrowth and 

subsequent grazing by herbivores (pers. obs. of tagged colonies). Without 

data at the colony level such phenomena would be difficult to detect, let 

alone track over time. Photographic quadrats may be used for such work, 

but these are expensive and suitable for only small-scale monitoring 

(English er al. , 1994; Rogers et al., 1994). In other circumstances, it may 

be desirable to have a rapid means of assessing the status of a subset of 

colonies on a site to determine if more detailed sampling or a census is 

required. The advantage of the TLPL protocol is that such data is provided 

at no additional cost, for all surveys conducted. A final advantage of the 

TLPL protocol is that it  is consistent with a suite of other methods. 

Examples of such methods are photographic and video quadrats and belt 

transects employing vertical projections. Consistency with these methods 

is particularly important because it can greatly expand the scope of a 

monitoring program by enabling rapid surveys, and surveys by novices 

with little training. 

It is clear that the TLPL protocol is far from perfect. It is undeniably 

unsuitable for certain research aims, such as those requiring a measure of 



total cover (e.g., to estimate the food available for a corallivore or 

substrate available for settlement). Also, in common with all methods 

estimating vertically projected cover, it features biased sampling of certain 

benthic components and does not provide direct measures of absolute 

abundance or of demographic structure. Results should be interpreted in 

the light of knowledge of the topography surveyed, some indication of 

which can be provided by a measure of topographic complexity and a 

record of the general inclination of the slope. As topographic relief 

decreases, these sorts of problems are less important and information 

provided about spatial patterns becomes more useful. The distinctive 

advantage of the TLPL protocol, is that it provides an efficient and 

objective estimate of vertically projected cover at various levels of 

taxonomic aggregation, which can be used in various ways as an index of 

reef status and health. The TLPL protocol is potentially, therefore, one of 

the more useful coral reef monitoring tools. 



7. 1. ISSUES 

The line-intercept transect method is the dominant coral reef survey method. 

It was imported to coral reef ecology in the early 1970s from terrestrial 

vegetation ecology because it seemed to solve problems faced by plot 

methods, especially on the reef slope. In contrast to the situation in terrestrial 

plant ecology, and despite the widespread use of line-intercept transects in 

coral reef ecology, there has been little evaluation of the method in the coral 

reef context. The few field tests conducted have produced mixed results and 

variously suffer from research design flaws and statistical tests of low power. 

The only unambiguous inference is that a methodological problem exists. 

7. 2. AIMS 

To identify the most commonly used line-intercept transect protocol and 

its perceived problems. 

To explore the nature of the problems and the feasibility of a proposed 

solution. 

To explore the sources of variability and their control.. 

7.3. METHODS 

A questionnaire was circulated to authors of published works testing, 

applying, or prescribing use of the line-intercept transect method. 

Two line-intercept transect protocols were tested on horizontal reef and 

on a reef slope: i) the dominant, relief-influenced deployment which is 

surveyed with the unaided eye; ii) an alternative, in which a taut, level 

transect line is surveyed with the aid of a plumb-line. 



Multiple surveys using the taut, level line deployment were surveyed with 

and without a plumb, in circumstance which advantageous to the unaided 

eye (line close to horizontal, low-relief substrate) and disadvantageous to 

the plumb-line (substantial physical energy reef top environment). 

Accuracy was assessed against the digitized vertically projected area of 

coral on the horizontal site, obtained by photographing every coral for 

shape and taking it,  sit^ measurements for scale. An evaluation of colony 

area estimation using a simple geometric model was a by-product of this 

investigation. 

7.4. CONCLUSIONS 

The major threats to the validity of the most commonly used line-intercept 

transect protocols arise out of parallax effects and the attempts to 

overcome them. 

The seriousness of the problem increases as a function of increasing 

topographic relief and. ironically. is greatest on the reef slope. 

The dominant. relief-influenced transect deployment protocol produces 

data of veq low precision and uncenain meaning. 

A taut. level transect line sumeyed with the aid of a plumb-line, produces 

venically projected cover estimates of high precision, repeatable for 

panicular colonies. 

The protocol can therefore provide some insight into mosaic recycling as 

well as community change 

The protocol is efficient. 

Comparisons among sites of different topographic relief, or slope, or both, 

must be made with great caution and with the topographic character of 

the site represented as well. 

In consequence of the above, and subject to information needs and 

budgetary constraints. both stratified sampling using topographic relief as 



a criterion, and repeated surveys of permanent transect. should be 

considered as cost-effective monitoring approaches. 
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9. APPENDIX I. Line-intercept Transect Questionnaire. 

Comprising: A) covering letter; B) diagram and questions; C) follow-up 
letter. 

A) Covering letter. 

William Allison 
e-mail: wra@zoo.utoronto.ca LOOK, new postal code 

January 8, 1996 

Dear Dr. 

I am conducting an empirical investigation of the characteristics of various 
reef survey methods. The versions of line intercept and line point transect are 
of particular interest, but by and large the literature does not provide 
sufficient detail to infer how the transect line was deployed in any particular 
survey. For this reason I am surveying individuals who have published work 
based on reef surveys, to obtain this missing information. If you would take 
five minutes to read this and complete the answer sheet overleaf, it would be 
very helpfbl to me. 

From the literature it is apparent that a variety of methods of line 
deployment are used. Some workers apparently string a taut, line or tape 
measure (e.g. Loya, 1972), others attempt to faitfilly follow the substrate 
relief by using a chain (e.g. Porter, 1972) and still others use a procedure 
somewhat in-between the above alternatives and allow the line to be 
generally influenced by substrate relief (Unesco and AIMS protocols1). Some 
workers take measurements by sighting with the unaided eye on objects 
under the line, while at least one worker seems to have used a device to line 
up the line with the objects measured beneath it (Bouchon, 1981). While 
most lines seem to be run along a depth contour, others are run normal to the 
reef and down the slope. 

Each approach has its pros and cons. To evaluate them effectively 
and generalize with assurance, it would be very usehl to have more detailed 
descriptions than appear in the literature, of how individuals actually set lines 
and take data. 

It would be of invaluable assistance to me if you would take the time 
to describe how: a) you personally operationalize an intercept (line or point) 

op he tape must remain close to the substratum (0 - 15 cm) at all times and should be securely 
attached to prevent excessive movement. This can be achieved by using the coral as a 
natural hook, .... Minimize areas in which the distance from tape to substratum exceeds 50 
cm. 



transect; b) how others you have observed do it; ; and c) how you think it 
should be done. 

I have enclosed an answer sheet with a diagram which may save you 
time in responding. Please elaborate as you feel is necessary and include any 
additional information which you think may be relevant. 

Thank you very much for your time and help. I look forward to 
hearing from you. 

Sincerely, 

William R. Allison 



Coral Reef Profile Coral colonies arc citlicr branching or stipplcd areas . Horizontal dist;itrc about 5 sictcrs. Mnririiat~l \wticnl relicfabout I mctcr. 
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Three of many possible lrnnsect liric (tapc n~c;wrc) dcplo\nicnts arc dcpictcd iibovc (if yo11 wish to drat  i t1  iiriochcr optioti lisirrg colorlrcd pcn. plc:isc do so) I1 

is assrln~cd I I I ~ I  intercepts are read from the tape tlicirsltrcs. Liw "a" is ti1111 ;itid r~iorc or less I c \ ~  1,irie %" vcn looscl! follo\s~s t l~c rclicS:is tiiiglit I I : I P ~ C I I  i f  
11ic liric was looscly drapcd or Ict lic ;is it fell. Linc "c" rcquircs a rriorc dclibcralc altcriipl to follo\t tllc rclicf. altholigh riot so closclj as 1s ill1 a cli;~itl Liuc "d" 
is your rcprcscntcltion. if you wish to draw it  in. 

W i t h  reference to the ahore, please answer the following ipcstions hy circling the hcst answcr. Qualify your answers as you wish. 

A. Wliiclt dcployrnent best illustrates how transcct lincs arc dcploycd: 
I .  in gcncral? a b c d  

2. by othcr workers yo11 1m.e obscn.cd? a b c d 

3. by yourself? a b c d  

B. Ideally. how should a lranscct bc deployed and wliy'? 

C. What prevents in~plerrientation of the ideal dcplo~riictit'? 



Appendix I, Continued 

c) Follow-up letter. 

William Allison 
e-mail: wra@Loo.utoronto.ca LOOK, new postal code 

follow-up 

March 20, 1996 
June 25, 1996 

On January 8, 1996, I sent a brief questionnaire to you inquiring about some 
aspects of your experience with coral reef survey methods. Since then I have 
been abroad and recently returned to find a substantial response rate to the 
questionnaire. I am trying now to complete my review of the method and 
would like to include your observations and mode of line deployment. I have 
included a copy of the survey diagram for this purpose. A quick response 
would be much appreciated. 

Thank you very much. I look forward to hearing from you. 

Sincerely, 

William R. Allison 
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