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ABSTRACT

(1) This investigation developed and tested descriptive models designed to evaluate coral reef ecological
condition based on data developed using the basic techniques most often used in coral reef surveys.
(2) Forty-three variables at 184 stations were analysed in order to identify specific factors that are useful

metrics for describing reef condition.
(3) The common practice of using ‘reference sites’ for paired site comparisons was evaluated by developing a

reference site model (RSM). This use of reference sites proved to be subjective and unreliable, especially when
multiple factors and multiple sites are involved. However, in some cases the RSM is appropriate in demonstrating
severe degradation based on factors such as sediment, coral cover and fish abundance.
(4) An objective ecological gradient model (EGM) was developed based on a wide range of metrics at

numerous sites. A computer program was developed that allows a quantitative ranking of reef condition along a
continuum and can be used to compare reefs across a wide range of conditions. Further, this approach permits
the operator to alter and define criteria appropriate to a specific question.
(5) Results of this investigation provide ecological insights into the importance of natural and anthropogenic

ecological factors in determining coral reef condition.
Copyright r 2009 John Wiley & Sons, Ltd.

Received 3 October 2008; Revised 18 February 2009; Accepted 22 March 2009

KEY WORDS: ecological model; indicators; reference sites; rank

INTRODUCTION

Reef condition is influenced by various natural factors, but

over the past century human activity has become a major

driver of change on many coral reefs. Increasingly, coral reef

biologists are occupied with defining degradation of reefs

owing to anthropogenic impacts. In order to evaluate the

condition of a reef one must be able to define the attributes of

a ‘normal’ or ‘healthy’ system. A widely used method is to

compare an ‘affected’ reef with a ‘control’ pristine reef or one

that has not been affected by the factor of interest using

various metrics. The concepts of ‘biotic integrity’ and

‘ecosystem health’ are used in terrestrial ecology (Rapport

et al., 1998) but have not been taken advantage of by the

marine science community, even though the ecological theory

and concepts are broadly applicable. One exception is the

report by Jameson et al. (2001), who described an approach

designed to develop an index of biotic integrity (IBI) for coral

reefs. Such approaches define the normal structure of a system,

measure deviations from normal and thereby evaluate severity

of impairment. This method has been effective in freshwater

habitats (Green and Vascotto, 1978; Lenat, 1988; Barbour

et al., 1992; Rosenburg and Resh, 1993). Another approach

widely used in wetland systems is the hydrogeomorphic (HGM)

approach (Brinson, 1993; Smith et al., 1995). This method

measures the capacity of a wetland to perform certain functions

by classification according to geomorphic setting, water source,

and hydrodynamics. Reference sites are then used to establish

the degree to which function has been impaired.
In 1998, the Hawai’i Coral Reef Assessment and

Monitoring Program (CRAMP) (Coral Reef Assessment and
Monitoring Program, 2006) began a field programme to
develop techniques and compile the data required to
quantitatively evaluate the condition of Hawaiian coral reefs.

CRAMP was initially implemented to describe the spatial

and temporal variation in coral reef communities in relation to

natural and anthropogenic forcing functions (Jokiel et al.,

2004). The original CRAMP experimental design utilized a wide

range of easily measured key variables (Brown et al., 2004).

The present investigation utilized these key variables in the
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E-mail: kuuleir@hawaii.edu

Copyright r 2009 John Wiley & Sons, Ltd.



development of an ecological gradient model (EGM) that could

be used to quantitatively describe coral reef condition. Unlike

the HGM and IBI models which rely heavily on reference

sites, these were found inappropriate for use in the EGM.

Concepts that have similarity with the EGM are the HGM

theory of habitat classification and the IBI premise that apply

metrics to produce a ranking to evaluate the severity of

impairment.

First, a database was developed that generated a matrix of

variables by site. Second, factors that were shown to be reliable

metrics for reef condition were identified. Third, these metrics

were incorporated into descriptive models based on the various

reference sites, IBI and HGM approaches. Finally, the models

were tested and evaluated in terms of predictive capability.

METHODS

Development of information database

Methods used in this study were restricted to inexpensive

survey techniques that have been widely used by coral reef

researchers and managers for many years. Initial survey sites

were selected by expert observers on the basis of degree of

perceived environmental degradation, range of spatial

gradients to encompass longitudinal differences, level of

management protection, human population level, and extent

and direction of wave exposure. These sites represent an

excellent cross-section of Hawaiian coral reef communities

(Figure 1). Within each site (location) a number of stations

were surveyed based on time, cost and logistical availability.

Stations within each site were then stratified by habitat and

randomly selected within hard-bottom habitat (Coyne et al.,

2003). Data used in the development of the models include

biological and environmental variables from 60 stations within

30 site locations from the CRAMP long-term monitoring

programme and an additional 124 stations within 22 sites from

fully comparable rapid assessments (RATS) (Figure 1).

Initial studies were conducted to develop an appropriate

method for measuring benthic and fish communities as

described in Jokiel et al. (2004) and Brown et al. (2004). To

assess the characteristics of benthic communities, non-

overlapping digital images (50� 69 cm) were taken along

each 10m transect at a perpendicular angle from a height of

0.5m above the substrate. The software program PhotoGrid

was used to quantify percentage cover, richness and diversity

of corals, algal functional groups, and substrate cover.

Fish communities were enumerated using standard visual

belt transects (Brock, 1954). Scuba divers swam along four

25m� 5m transects (125m2) at each station recording species,

quantity, and total fish length (Friedlander et al., 2003). All

fish were identified to the lowest taxon possible.

Rugosity was measured using the chain and tape method

described in McCormick (1994).

Two bulk sediment samples (approximately 500 cm3 each)

were collected haphazardly within each study area and each

mixed to assure homogeneity. Each sample was then divided

into two replicate samples and from each of these two

Figure 1. Main Hawaiian Islands sites (n5 52). Total number of stations within sites (n5 184). Triangles are used to show assessment sites while
circles represent monitoring sites.
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sub-samples were taken. Sediment grain sizes used were in

accordance with the Wentworth scale (Folk, 1974). The

sediment fraction remaining on each sieve was washed

through pre-weighed filter paper (Whatman Brand 114 wet-

strength, 25 micrometer) and air-dried to constant weight. The

percentage weight of each grain size was determined by

calculating the ratio of the various size fractions to the total

sample weight.

Sediment samples to determine composition were collected

and processed according to Craft et al. (1991). This analysis

may overestimate absolute percentage values of organic

material, thus only relative differences were compared among

sites for this parameter. The percentage organic material and

carbonate fraction was then calculated from these data. Loss

on ignition (LOI500) was used as an index of organic material

content. The mass loss between LOI500 and LOI1000 was used

as a proxy for the carbonate fraction CaCO3.

Other ancillary variables derived from various sources

included the following:

Anthropogenic factors

1. Total human population within 5 km of each site and

within the adjacent watershed was calculated using US

2000 census data (www.census.gov/main/www/

cen2000.html).

2. Mean annual rainfall (mm), total acreage of the

adjacent watershed, and perennial stream lengths were

derived from layers obtained for each site from the State

of Hawai’i GIS website (www.state.hi.us/dbedt/gis).

3. Management status rank was included as a categorical

predictor with sites pooled into three categories. A rank

of three was assigned to marine protected areas (MPAs)

with the highest degree of protection. These include

MPAs that are designated as subsistence fishing only or

fully ‘no take’ areas. Rank two included sites with a

moderate degree of protection, for example restriction

of certain fishing techniques such as gill netting and/or

spearing or areas closed to taking of certain species.

Rank one consisted of open access areas. These data

were entered into MS Access, MS Excel and ESRI

ArcView as appropriate.

Natural factors

4. Mean, minimum and maximum values for offshore

significant wave height (m) along with wave direction

(compass bearing) were downloaded daily from the

Naval Oceanographic WAM model website (http://

www.navo.navy.mil) for 2001.

5. Geologic age of the volcano underlying each site was

estimated using data from Clague and Dalrymple

(1994).

Analysis of the initial data (Friedlander et al., 2003)

indicated that a much larger spatial array of sites was

desirable since the coral reefs of Hawai’i were diverse and

showed high variability for many ecological parameters. Thus,

the original data from the 60 monitoring stations were

supplemented using a rapid assessment technique (RAT).

The RAT is an abbreviated version of the CRAMP monitoring

protocol, using a single 10m transect to describe benthic cover,

rugosity, and sediments along with a single 25m transect to

describe fish communities. The power to detect absolute

differences in fish populations from one 25m transect at

each station was extremely low, due to high spatial variability

in fish populations. However, the power to detect relative

differences between sites for numerical abundance of fish was

sufficient using the RAT protocol. This protocol generated the

same biological data (i.e. percentage cover, species richness,

diversity, fish abundances, and biomass) and environmental

data (e.g. rugosity, depth, sediment composition and grain-

size, etc.) as the CRAMP monitoring dataset. Multiple RAT

transects were randomly selected using ARCVIEW spatial

analyst. These transects were stratified on hard substrate

habitats in a manner similar to the CRAMP monitoring sites

but along a larger range of depths. The advantage of the RAT

was that it allowed for the rapid acquisition of data suitable to

describe the variation in communities and the forces

controlling these distributions at a larger spatial scale. Only

the first 10m transect at each of the CRAMP monitoring

stations was included to allow for comparisons on the same

measurement spatial scale with the RAT data.

Identification of major factors

Parametric (multiple regression) and non-parametric analyses

(principal components analysis, and non-metric multi-

dimensional scaling) were used to determine which

environmental factors were most important in structuring

coral and fish assemblages and to narrow the field of variables

used in model development.

Data were transformed as appropriate to meet the

assumptions of normality, linearity, and homogeneity of

variances required for some of the formal statistical tests

performed. Statistical analyses were conducted using Primerr

5.0, MVSPr 3.0, and Minitabr 13.0 software to examine both

univariate and multivariate aspects of the spatial data sets. The

database consisted of 43 variables that were measured at 184

stations within 52 sites.

Statistics and multiple regressions were computed with

Minitab 13.0. Explanatory variables were selected from among

23 environmental predictors. To avoid multicolinearity,

variables that were highly correlated (490%) were dropped

from the analysis without loss of information (Clarke and

Gorley, 2001). Coral species richness was derived from coral

cover data and included in the analysis but may not be suitable

as a response variable since it is strongly dependent on

sampling effort and observer variability. To determine which

environmental variables best explained coral cover and species

richness a general linear multiple regression model was

used. Coral cover and species richness were regressed against

the following environmental variables: rugosity, depth,

sediment composition, grain-sizes, wave parameters, human

population parameters, precipitation, distance from a

perennial stream, watershed area, and geologic age of site.

Legal protection rank and windward/leeward divisions were

included in the model as categorical variables. Model selection

was determined by a best subsets routine applying Mallows Cp

and R2. A lack of fit test was conducted to verify the model

selection.

A general linear multiple regression analysis was also used

to determine the best model for predicting fish biomass,

numerical abundance and diversity. To obtain a parsimonious
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model, many of the variables that made only a small

contribution to explaining the variability were excluded. This

facilitates ecological interpretation and management

application.

Multivariate procedures in PRIMERr 5.2.9 (BIOENV and

SIMPER) were used to link biological data to environmental

data. The results identified spatial patterns in coral

communities and determined the contribution of each species

to site similarities. Results were later used in the development

of the final model to determine weights for each factor.

Development of models

Reference site model (RSM)

Many previous studies of coral reef condition have been based

on the use of reference sites. In general, a ‘pristine’ reference

area or one that has not been impaired by the factor of interest

is selected by experts to serve as a comparison with the

‘affected’ reef under study. Reference site selection is

problematic due to the difficulty in determining optimal reef

conditions. Sliding baselines that change over time can also

make determination of pristine conditions impractical.

Without historical data, this hypothetical baseline is elusive.

During the present study, knowledgeable coral reef scientists in

Hawai’i provided their opinion on which reef areas would

serve as the best reference sites. In general, the designated

reference sites were generally remote from human influence or

were within marine protected areas. Reference sites used in this

analysis were thus determined subjectively by experts using

qualitative observations as is generally the case. This avoided a

circular argument where the quantified data are used both to

select and analyse the sites. Obviously selection of a ‘control’

reef for comparison with an ‘affected’ reef as done in most

previous studies is a highly subjective process.

Since depth and wave exposure were found to be highly

influential in determining biotic communities (Friedlander

et al., 2003; Jokiel et al., 2004; Storlazzi et al., 2005), the first

attempt at developing a model divided the reference sites into

six habitat classes (three depths and two wave exposures)

based on these key factors (Figure 2).

Considerable overlap between reference sites and non-

reference sites (Figure 3, Table 1) prompted expansion of the

EGM model to 12 habitat classes (three depths and four wave

exposures) to reduce the variation caused by depth and wave

exposure.

Several analyses were conducted on the reference site data.

First, a discriminant analysis was performed to evaluate

whether the reference stations were different from the non-

reference stations and to determine if the reference sites fell

within their predicted habitat class. Second, a cluster analysis

was also conducted to determine if the reference sites in each

class grouped together. Third, a two-way analysis of variance

(ANOVA) was used to determine which variables explained

differences or similarities among reference sites and which

specific factors were significantly different between habitat

classes.

Ecological gradient model

Initial work showed that the reference site concept created

difficulties because of its subjective nature so additional

models were explored. A classification system based on

depth, degree of wave exposure and wave regime, similar to

the geomorphology and hydrodynamic characteristics used in

the HGM approach (Brinson, 1993; Brinson et al., 1995;

Figure 2. Principal components analysis of environmental variables of
reference sites only by habitat class. Note extensive overlap between
habitat types. Habitat classes shown in figure: (1) Shelteredo5m, (2)
Exposedo5m, (3) Sheltered 5–10m, (4) Exposed 5–10m, (5)

Sheltered410m, (6) Exposed410m.

Figure 3. Principal components analysis of environmental variables of
all sites (reference and non-reference sites) (n5 184).

Table 1. Twelve habitat classifications used in the ecological gradient
model (EGM) based on depth and wave exposure

Dominant wave regime Degree of exposure Depth range (m)

South Pacific Swell Exposed o5
South Pacific Swell Sheltered o5
North Pacific Swell Exposed o5
North Pacific Swell Sheltered o5
South Pacific Swell Exposed 5–10
South Pacific Swell Sheltered 5–10
North Pacific Swell Exposed 5–10
North Pacific Swell Sheltered 5–10
South Pacific Swell Exposed 410
South Pacific Swell Sheltered 410
North Pacific Swell Exposed 410
North Pacific Swell Sheltered 410
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Brinson and Rheinhardt, 1996; Magee, 1996), was

implemented to define the major habitat classes. Direction of

wave exposure is based on work developed by Friedlander

et al. (2003) to evaluate the relationship of fish communities by

their degree of wave exposure.

Evaluation and testing of models

Reference site model

It has been suggested that anthropogenic impacts may be

identified for a site if variables within a habitat class deviate

from the established ranges of their reference sites (USACE

Coral Reef Functional Assessment Workshop, 2004). Two

methods were employed in testing this concept.

1. Test sites

Sites not previously surveyed were compared with reference

values to identify departures from reference conditions within

the appropriate habitat class and to evaluate the RSM’s

predictive ability to detect degradation. A site perceived to have

high anthropogenic impact and a site with low disturbance

were selected to test the RSM. These two sites provided an

additional 24 stations for use in model evaluation and testing.

Kaloko/Honokōhau, Hawai’i is under federal management

protection (National Parks Service) and has relatively low

anthropogenic influence, while Maunalua Bay, O’ahu has open

access and is perceived as impaired. Variable ranking

determined that only three factors (coral cover, number of

fish, and silt–clay) have ranges that are narrow enough to

describe site condition. The ranges of these factors within their

respective habitat classifications were used to compare the two

test sites. These values were expected to fall within the reference

range for their respective classification for Kaloko/Honokōhau

and below reference ranges for Maunalua Bay.

2. RSM comparisons

Non-reference stations were compared against the reference

ranges within the appropriate habitat class to determine if

these values can indicate general disturbance and stress

specificity. The same variables used for the test stations were

used to compare non-reference stations. These stations were

not used to develop the reference ranges, avoiding a circular

argument. Stations were compared against reference standards

to determine if the stations perceived as impaired could be

detected by the RSM.

Ecological gradient model

The EGM was designed to rank reef condition within each of

the 12 habitat classes in a large number of Hawaiian reefs. The

12 habitat classes were based on depth and wave exposure

(Table 1). This method is completely objective and is based on

a wide range of metrics that may be linked to specific types of

disturbance. Since the values for most factors follow a

continuum with high variability, all stations representing a

gradient of degradation from severely affected to relatively

pristine conditions were classified into one of 12 environmental

groupings based on depth and wave exposure (Table 1).

A model was created in Microsoft Excelr that calculates

where a quantified factor lay along the continuum of values.

The operator enters a depth, wave exposure and an assessment

value for a single factor or a group of factors into the main

menu worksheet. A statewide percentile for a particular

variable of interest is calculated to evaluate that variable

relative to all others in a particular class (Figure 4). For

example, the fish biomass at a 5m station in Waikı̄kı̄, O’ahu

located in the centre of prolonged, high human activity ranks

in the lowest percentile (0%) of all comparable south, sheltered

stations (49), between 2.5 and 7.5m (Figure 5).

In addition to the rank percentile, an overall site index was

calculated based on the number of variables input by

comparing all other sites in that classification. The index is

based on a scale of 0 to 10, where zero represents the most

impaired site and ten corresponds to the least impaired site

(Figure 5). Each individual factor is weighted based on an

objective multivariate analysis of the primary factors defining

reef condition. However, the option is also provided that

allows the operator to change the weights to suit a particular

management or ecological question or leave all factors

unweighted. For example, one might wish to create an index

that assigns the greatest weight to fish biomass, with little

weight assigned to other factors. An index relevant to the

question is thereby calculated, and a ranking of sites by fish

biomass is produced.

The RSM uses only reference sites, while the EGM takes

advantage of the entire suite of sites. Thus, habitat classification

was expanded from six groups in the RSM (Figure 2, Table 1)

to 12 groups in the EGM due to the increase in sample size. For

the first tier, coastal sites were separated into groups based on

major wave regime (North Pacific Swell or South Pacific Swell),

degree of exposure (exposed or sheltered) and depth ranges

(Table 1). The major wave regimes show quite different patterns

of wave height, wave periodicity, intensity and seasonality

(Jokiel, 2006). Slight differences in exposure of coral reefs along

exposed coastlines have a profound impact on reef coral

development (Storlazzi et al., 2005).

Forty-three physical and biological variables were included

in the model (Table 2). Metrics for classification within the

second tier include 30 biotic measures to define ‘biological

integrity’ and 13 environmental measures to identify signs of

anthropogenic stress.

The site selected for model testing is located in Waikı̄kı̄,

O’ahu in the centre of human activity at 5m depth. This site has

a long history of human activity including nitrification

(Laws and Doliente, 1993), extensive shoreline modifications

(Crane, 1972), beach replenishment (Marine Research

Consultants, 1990), dredging (Belt Collins & Associates,

1987), and seawall and groin construction (Glenn and

McMurtry, 1995). This has considerably reduced substrate

and water quality. Much of the imported sands off Waikı̄kı̄

have filled in low areas in the reef reducing topographical relief

important to fish populations. Resuspension of these sands

continues to scour the substrate inhibiting coral growth and

recruitment.

RESULTS

Identification of major factors

Both natural and anthropogenic factors were influential in

structuring coral and fish communities, explaining a

considerable portion of the variability (Table 3).

The most important natural factors include depth, wave regime

and rugosity. Factors related to anthropogenic impact include

human population, silt, and organics. Influencing factors that were
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negatively correlated with fish communities include silt, turf,

coralline algae and degree of management protection (Table 3).

The variation in coral cover was best explained by rugosity,

human population within 5 km, depth, distance from a

perennial stream, wave direction, and maximum wave height.

The variation in coral richness was best explained by sediment

organic fraction, wave direction, population within 5 km,

distance from a stream, and maximum wave height.

The variation in fish biomass was best explained by nine

variables: sediment organic fraction, rugosity, calcareous

algae, turf algae, total coral cover, coral diversity, silt,

human population within 5 km, and degree of management

protection. A negative relationship existed between biomass

and human population within 5 km and organics, while all

other variables were positively correlated with the response.

Numerical abundance of fish identified eight metrics: rugosity,

organics, total coral cover, coral diversity, coralline algae, turf

algae,Montipora capitata, and management status. All significant

variables except organics and cover by the coralM. capitata were

positively correlated with the number of fish observed.

The factors that most strongly influenced fish diversity were

organics, human population, coral cover, wave direction, turf

algae, sand, rugosity, and coralline algae.

Development of models

Reference site model

Based on the environmental variables (Figure 3), many of the

reference stations (triangles) clustered together, although some

Figure 4. Main menu of ecological gradient model to enter custom data and generate ranks and index rankings using a Waikı̄kı̄ station as the
evaluation site.
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exhibited considerable overlap with the non-reference stations

(circles). A total of 74% of the stations were correctly classified

and 26% misclassified.

Since some degree of separation occurred between reference

and non-reference stations, next it was critical to determine if

the reference stations in each of the six habitat classes were

different from one another based on biological and

environmental factors (Figure 2). To determine if the

reference stations fell within the predicted classification a

discriminant analysis was conducted. Of the reference stations,

only 43% fell into the predicted habitat class. Similar results

were obtained when all stations were included (38%). Figure 2

shows considerable overlap of reference stations with no

consistent pattern between the six habitat classes.

An ANOVA determined most of the habitat classes were

not statistically different from one another for the majority of

Figure 5. Ecological gradient model output depicting user evaluation (site shown as clear bar on graphs) among comparable sites. Graphs of
unweighted, CRAMP weighted, and user custom weighted indices are shown. Diamonds on map depict site locations of sites with south facing
exposures and sheltered from wave energy that are between 2.5 and 7.5m in depth. Size of diamond is based on rank among other comparable sites.

Table 2. Physical and biological variables incorporated into the ecological gradient model. Subcategories italicized below variables with units
in parentheses

Physical factors Biological factors

Other variables Sediment variables Coral assemblage characteristics Fish assemblage characteristics Algal characteristics
Rugosity (Index) Composition Total coral cover (%) Abundance (no/125m2) Macroalgae (%)

Organics (%) Biomass (mt/ha-1) Coralline (%)
CaCO3 (%) Diversity (H0) Turf (%)

Evenness (J)
Substrate type Grain-sizes Species Trophic guild no
Sand (%) Coarse sand (%) Porites lobata (%) Corallivores (no/125m2)
Silt (%) Medium sand (%) P. compressa (%) Detritivores (no/125m2)

Fine/very fine sand (%) Montipora capitata (%) Herbivores (no/125m2)
M. patula (%) Mobile Inverts (no/125m2)

Silt/clay (%) M. flabellata (%) Sessile Inverts (no/125m2)
Pocillopora meandrina (%) Planktivores (no/125/m2)

Zooplanktivores (no/125m2)
Human population Species richness (no/125m2) Size classes
w/in 5 km (no) o5 cm (no/125m2)
w/in 10 km (no) 5–15 cm (no/125m2)
Watershed (no) 415 cm (no/125m2)
Precipitation (mmh�1) Species diversity (H0) Endemism status
Stream distance (km) Endemic

Indigenous
Introduced
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the variables. Only nine of the 43 variables showed distinct

differences between at least two of the six habitat classes. The

distinguishing factors included: sand (F5 6.9, Po0.001),

Porites compressa (F5 6.8, Po0.001), very fine sand

(F5 6.7, Po0.001), medium grain-size (F5 4.5, P5 0.001),

turf algae (F5 3.6, P5 0.001), calcareous algae (F5 2.9,

P5 0.001), number of fishes (F5 2.6, P5 0.03), total coral

cover (F5 2.5, P5 0.04) and silt (F5 2.5, P5 0.04).

Evaluation and testing of models

Reference site model

Test sites. As expected, all stations (17) at Kaloko/

Honokōhau exhibited values within the reference ranges,

while the majority of the stations (71%) were below

reference ranges at Maunalua Bay.

RSM comparisons. Comparisons indicated that the majority

of stations at Waikı̄kı̄ had values for numerical fish abundance

and coral cover that were outside the reference ranges for each

station’s habitat class. Coral cover was below reference levels

for their respective habitat class for all 11 transects, while the

number of fish was below reference values at over half of the

stations. These results agreed with the established impacts

from overuse (Grigg, 1995; Laws and Ziemann, 1995) and

identified the specific area within the site where disturbance

was occurring. In line with the lack of impact by sedimentation

at the stations surveyed, silt values at Waikı̄kı̄ stations were

within the reference ranges.

Ninety-nine stations within 26 non-reference sites were

compared with maximum reference values for silt. The sites

that far exceeded the reference values included: Kakahai’a,

Kamiloloa and Pālā’au, Moloka’i, Hakioawa, Kaho’olawe,

Pelekane Bay, Hawai’i, and Kāne’ohe Bay, O’ahu. Sites that

have silt values slightly higher than reference levels included

Puamana, Maui, Laupāhoehoe, Hawai’i and Kamalō,

Moloka’i. Of the nine sites that fell outside reference ranges,

seven are on the 2002 EPA list of most impaired sites. The two

sites detected by the reference model but missing from the 2002

EPA list are Hakioawa, Kaho’olawe and Laupāhoehoe,

Hawai’i. The island of Kaho’olawe was not listed in the

polluted coastal waters list, but the reefs have been subject to

extreme degradation due to siltation (Cox et al., 1995;

Te, 2001). The Laupāhoehoe site receives runoff from a large

watershed and is subject to extremely high wave energy from

persistent NE Trade Wind waves (EPA, 1971).

All five sites detected by the RSM as outside the reference

range for fish abundance were included in the 2002 EPA

polluted coastal waters list. In addition to Waikı̄kı̄, numerical

fish abundance was well below reference levels at the majority

of stations in Pelekane Bay, Hawai’i; Kamiloloa, Moloka’i;

and at deeper stations in Kāne’ohe Bay. One station on the

shallow reef flat in Hanalei Bay, Kaua’i was also outside the

lower reference range of values. This is in agreement with

Friedlander and Parrish (1998) who found the lowest

abundance to occur on the reef flats, compared with other

substrate types within Hanalei Bay.

All eight sites (Leleiwi, Puhi and Pelekane Bays, Hawai’i;

Kamiloloa, Moloka’i; Waikı̄kı̄ and Kāne’ohe Bay, O’ahu; and

Ma’alaea and Puamana, Maui) detected by the RSM as

outside reference ranges for coral cover were on the 2002 EPA

polluted coastal waters list. The reference values for exposed

habitats were confounded by the fact that these sites often had

little or no coral cover due to the higher wave energy, thus only

sheltered sites were considered in the analysis.

Table 3. Influential biological and environmental variables

Fish assemblage parameters Coral community factors

Biomass Number of individuals Diversity Coral cover Richness

Organics Coral cover Organics Rugosity Organics
t5 –4.5, P5o0.0015 t5 5.0, P5o0.001 t5 –5.7, P5o0.001 t5 8.4, P5o0.001 t5 –4.6, P5o0.001

Diversity
t5 2.7, P5o0.001

Rugosity Coralline Coral cover Human Population Wave direction
t5 3.5, P5 0.001 t5 4.3, P5o0.001 t5 3.5, P5o0.001 t5 –3.4, P5 0.001 t5 –3.9, P5o0.001

Turf
t5 2.4, P5 0.02

Coralline Rugosity Human Population Depth Human Population
t5 3.9, P5o0.001 t5 3.3, P5 0.001 t5 –3.2, P5o0.001 t5 3.0, P5 0.003 t5 –3.8, P5o0.001
Turf
t5 2.4, P5 0.016

Coral cover t5 3.9 Organics Wave direction Distance from stream Distance from stream
Diversity t5 2.2 t5 –2.3, P5 0.026 t5 –3.0, P5 0.024 t5 –2.8, P5 0.006 t5 –2.8, P5 0.006

Human Population Management Status Turf Wave direction Wave height
t5 –2.3, P5 0.021 t5 2.2, P5 0.033 t5 2.8, P5 0.001 t5 –2.7, P5 0.009 t5 –2.3, P5 0.025

Coralline Wave height
t5 2.0, P5 0.001 t5 –2.3

Silt Rugosity
t5 –2.3, P5 0.023 t5 2.2, P5 0.008

Management Status Sand
t5 2.3, P5 0.022 t5 2.0, P5 0.03

K.S. RODGERS ET AL.

Copyright r 2009 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. (2009)

DOI: 10.1002/aqc



Ecological gradient model

A Waikı̄kı̄ station at 5m depth was selected as the model test

site. Information on depth, wave exposure and geographic

location were input into the main menu of the EGM

(Figure 4). These data were used to produce an index and

generate a site map of all similar sites.

The Waikı̄kı̄ station was ranked the lowest of 46

comparable stations with an overall unweighted index of 2.4.

Hakioawa, Kaho’olawe was ranked the highest with an

unweighted index of 6.0. A rank and index for each

individual factor was also generated by the model. As an

example, total coral cover received a rank of 0.02 and an index

of 0.2, while fish biomass ranking and index were both 0.0

indicating extremely poor conditions compared with sites

within the same classification.

A site map highlighting locations of Waikı̄kı̄ and all other

46 comparable sites including graphs of site index rankings

was generated (Figure 5). This includes an unweighted,

CRAMP weighted (based on regression analyses), and user

weighted index.

The demonstration program can be downloaded at http://

cramp.wcc.hawaii.edu. Additional information is also

provided on this website.

DISCUSSION

Results of this investigation demonstrate that defining and

quantifying the condition of a complex coral reef ecosystem is

a difficult task. These communities are shaped by intricate and

highly variable interrelationships between numerous ecological

factors. It is unlikely that the condition of a multifaceted coral

reef ecosystem can be described using measures of a single

factor such as abundance of an ‘indicator species’ or through

measurements of a physiological process. However, this

investigation offers evidence that a series of key ecological

metrics can be used to define the ecological status of a coral

reef. The metrics used in this investigation are in wide use,

easily measured at low cost, and effective in identifying natural

and anthropogenic forces that influence coral reef condition.

Fourteen of the 43 metrics evaluated in this investigation had

a significant relationship with major reef fish and coral

community characteristics.

A similar quantitative evaluation of the ‘health’ and ‘value’

of the north-western Hawaiian Islands (NWHI) in relation to

the main Hawaiian Islands (MHI) has been presented by Jokiel

and Rodgers (2005). Biological information for the NWHI

region is very limited due to its extreme isolation, but sufficient

data on five important biological indicators were developed for

both the NWHI and the MHI. These included reef fish biomass,

reef fish endemics, total living coral cover, population of the

endangered Hawaiian monk seal Monachus schauinslandi, and

the number of female green sea turtles Chelonia mydas nesting

annually on each island. These diverse data sets were used in a

simple integrated scoring and ranking scheme for all the islands

of the archipelago. The resulting composite scoring graphically

illustrates the diminished condition of reef ecosystems close to

human population within the Hawaiian Archipelago. Sensitivity

analysis demonstrated that even the use of a small number of

well chosen parameters can provide a very useful biological

index of reef ecosystem condition.

Reference site model

The RSM can detect sites that strongly deviate from reference

values for selected factors in sheltered regions. While it is able

to detect values that fall outside the reference ranges at highly

impaired sites, it is not able to detect marginal degradation

because of high variability within reference sites. The RSM

based on classification of reference sites and the use of

reference values to detect degradation is effective for use in the

evaluation of levels of sedimentation. However, ranges suggest

that only severely degraded conditions of coral and fish for

specific habitat classes can be detected by this model. Possible

degradation can be detected by values of coral cover outside

the lower reference ranges at sites with sheltered wave regimes,

but not in exposed regions that typically exhibit low coral

cover. Furthermore, only strong deviations of numerical fish

abundance can be detected, due to high variability. The

importance of other influential factors such as sediment

composition, fish biomass, fish trophic level, rugosity, and

algae cannot be evaluated with this model. The RSM’s

usefulness and applicability on a broad scale was shown by

the agreement with the 2002 EPA’s ‘most impaired site’ listing

of polluted coastal waters, showing evidence of degradation by

sediments, nutrients, or bacteria. This list, revised in 2002, was

based on all available water quality data at the time. The

majority of listed sites are near streams with a high level of

adjacent urban and agricultural activities. South Moloka’i has

a long record of devegetation due to overgrazing, which has

led to widespread sedimentation on the reef flats (Roberts,

2000). Kāne’ohe Bay also has an extensive history of dredging

and sewage discharge with considerable urbanization in the

surrounding watershed (Hunter and Evans, 1993). Both

listings, however, are somewhat subjective with the 2002

EPA listing determined largely by water quality and the RSM

being derived qualitatively using ecological conditions other

than the 2002 EPA criteria.

Use of the reference site approach in this study is further

complicated because the legal definition and interpretation of

impaired waters versus unimpaired waters is continually

changing. This study initially considered the 2002 list

(Hawai’i State Dept. of Health, 2002) (219 stations, 143

sites) to be a valid document produced by resource managers.

The list was challenged in court and determined to be

inadequate. Further work by managers led to the

development of a complicated report in 2006 that was

eventually approved by the EPA in 2008 which included (844

stations, 590 sites) (Hawai’i Department of Health, 2008). This

list continues to be contentious and will be subject to further

revision. The list is growing due largely to interpretation rather

than actual changes in condition of the reefs.

The selection of Kaloko-Honokōhau for a test site

(reference category) was made because this is a National

Historical Park located along an arid, barren-lava coastline.

Subsequent events revealed another weakness of the reference

site approach. The site did indeed show values within the

reference ranges. However, its status as a fixed reference site

might end in the near future. At the southern boundary of

Kaloko-Honokōhau National Historical Park, 530 acres of

public land is proposed to be developed into a mixed use

development. The planned development includes a new 45 acre

marina basin with a minimum of 800 additional boat slips,

mixed light industrial, commercial and resort components,
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including timeshares, hotels, and interconnected water lagoons

flowing out into the existing harbour. Enlarging the harbour

will lead to increased groundwater discharge onto the reef.

Development is also occurring rapidly upslope to the east of the

Park. At present, 13 projects are underway or proposed, as well

as infrastructure improvements on water transmission lines, sewer

systems and roads. A residential and golf course development

is underway at the north end of the Park. Eventually the Park

will be in an urban setting. The cumulative impact of these

developments on the offshore reefs could be significant.

Results of this investigation show the following limitations

of using a ‘reference site’ or a ‘control reef’ in determining reef

condition.

1. The reference sites standard cannot distinguish degree of

impairment. The extremes of ‘severely impaired’ and

‘little or no impact’ can be defined, but the high

variability in range restricts the ability of reference

ranges to discriminate on a finer scale.

2. Reference site values have limited power in detecting

disturbance. High variability among most variables

prevents identification of specific causes of

disturbance. Natural heterogeneity increases reference

ranges and decreases the ability of reference sites to

detect impaired reef condition. For example, high wave

energy environments naturally have low coral cover

values that are not related to anthropogenic factors

compared with degraded sites with reduced coral cover.

3. A small sample of reference sites cannot accurately

describe the range of biological integrity encountered

among reef communities. There is high spatial and

temporal variability that cannot be encompassed by a

single reference site or a small number of reference sites.

When attempting to integrate a large number of

reference sites, conditions can overlap substantially

with non-reference sites (Figure 3).

4. Subjective selection of reference sites is flawed, even

when the sites are chosen by ‘experts’. The control and

reference sites in most studies are chosen by researchers

in order to make a point, and thus may be deliberately

or unconsciously biased. No two reefs are exactly alike

in all respects, and agreement on appropriateness of any

‘control’ or ‘reference’ reef cannot generally be attained,

especially when litigation concerning reef damage is

involved. Quantitative analysis showed poor separation

between reference and non-reference sites (Figure 3).

Determination of optimal reef conditions is obscured by

the lack of knowledge of the anthropogenic history of a

site and sliding baselines that change over time. The

reference concept is defective largely because it does not

embrace the diversity of unaffected reef communities.

5. When comparison of non-reference sites is made against

reference sites for use in the evaluation of impairment,

comparison among non-reference sites is unattainable.

Although the reference site paradigm was not found to be

applicable in the Hawaiian marine environment for the

purposes of identifying anything other than severely impaired

reef condition because of the complexity and extreme

heterogeneity of coral reef ecosystems it may be useful for

other applications. The RSM approach may have utility in

situations in systems that are less complex than coral reefs. For

example, a reference site approach is widely employed in fresh

water streams (United States Environmental Protection Agency,

2008). Coral reefs are characterized by high biotic diversity and

contain orders of magnitude more species than streams.

Further, coral reef habitats are diverse and characterized by

extreme variation in environmental conditions. Reviews of

available information emphasize the difficulties in applying the

basic biocriteria concepts to coral reef communities (Jameson

et al., 1998, 2001). High variability among candidate reference

sites should be expected on coral reefs, so it would be prudent to

use more than one site as a reference for any investigation based

on the reference site model. The practice of using expert opinion

to select reference sites may be of use for certain purposes. For

example, the RSM as used in this study was able to identify the

most impaired coral reefs. Given the observed variation, it is

important to use a group of reference sites rather than a single

reference site. In general, however, the use of hand picked

reference sites should be avoided. Our conclusions are

supported by Whittier et al. (2006) who conducted a

comparison of physical and chemical disturbance measures

and biotic indices at ‘handpicked reference stream sites’

provided by resource agencies and at sites selected by a

probability design. Most of the handpicked reference sites

fell into the category of intermediately disturbed, and 12.5%

were classified as most-disturbed. Thus only a small subset of

the handpicked reference sites represented least-disturbed

conditions. The authors concluded that all agencies using

reference sites critically review such reference sites with a set of

explicit criteria, using field-collected physical, chemical and

biological data as well as mapped information.

Ecological gradient model

The EGM was developed to overcome the limitations noted

above for the RSM. Many factors combine to influence coral

reef communities, but most explain a very small portion of the

variability. Both natural factors (rugosity, depth and wave

energy) and anthropogenic factors (organics, human population,

management protection and distance from a stream) influence

biotic assemblage characteristics (Table 3). Distance from stream

is a natural factor, but with an anthropogenic component.

Streams are the primary agent in delivery of sediment and other

materials from a human-impacted watershed to the reef.

Although these factors are the most influential in explaining

the observed variability in coral community structure, many

other factors such as sediment composition and grain size,

substrate type, water quality factors, and fishing pressure

combine to varying degrees to influence biological populations.

Stratification of coral reef organisms is controlled

principally by depth, topographical complexity, and wave

regimes. Accretion, growth, and community structure of most

coral reefs in the Hawaiian Islands are primarily under the

control of wave forces (Grigg, 1998). The dominant wave

regimes show quite different patterns of wave height, wave

periodicity, intensity and seasonality (Jokiel, 2006) and slight

differences in exposure, and have a profound impact on reef

coral development (Storlazzi et al., 2005). Large waves and

strong currents in exposed areas flush contaminants from reefs.

In general, anthropogenic impacts dominate in environments

where wave forces are not the major controlling factor (Dollar

and Grigg, 2004). Along open coastal sites, anthropogenic
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effects often are undetectable relative to natural factors that

affect coral community structure (Dollar and Grigg, 2004).

This observation has led to the suggestion of a management

framework that concentrates efforts on embayments and areas

with restricted circulation (Dollar and Grigg, 2004). That is

not to say that we can ignore such wave-swept communities

because they are more resistant to loading of pollutants. For

example, large volume of sugar mill waste dumped into the

ocean along the coastline of Hamakua, Hawai’i exerted a

major negative impact on this wave exposed coastline (Grigg,

1985). Upon termination of discharge strong waves and

currents swept away the deposits of sediment and cane

bagasse and the reefs recovered at a rapid rate (USEPA,

1971). Use of these physical factors to define the major habitat

groups is similar to the HGM approach of classifying wetlands

based on their geomorphic setting and hydrodynamics

(Brinson, 1993; Brinson et al., 1995). This approach is also

equivalent to systems of terrestrial botanical zonation, which

are primarily based on elevation, topography and rainfall.

These oceanic, geologic, and meteorological differences

created diverse habitats, supporting varied biotic

distributions and abundances making selection of reference

sites difficult. Unlike the attributes used to create an index of

biotic integrity (IBI) for freshwater systems (Karr and Chu,

1999), most marine attributes are not composed of distinct

ranges, but instead follow continuous gradients.

Multiple variables that have an influence on the biological

communities follow overlapping and often dissimilar
continuous gradients that confound defining of boundaries.

Thus, it is advantageous to use a large number of sites within
each habitat classification and rank the sites along a

continuum by purely objective criteria. In this way the
condition of the reef can be defined in comparison with a

wide range of other reefs within its habitat classification. The
EGM method continues to grow in power as the number of

sites, parameters and classifications are increased.

This EGM approach provides a quantitative method for

ranking coral reef condition based on extensive data, rather

than depending on an arbitrary ‘reference site’ or a rigid set of

standards. As shown by the example (Figure 4), the use of

computers allows for a rapid comparison of a site under

evaluation with a large range of other comparable sites.

Furthermore, this approach permits the operator to alter and

define criteria appropriate to a specific question. A low ranking

can assist management in identifying degraded areas that may

need further investigation, monitoring or restoration. A high

ranking can identify sites that may be suitable for consideration

as marine protected areas (MPA) or avoided for dredging or

construction projects. Comparing rankings can aid in assessing

compatibility of experimental and control sites for use in

manipulative field experimentation. A link to specific types of

disturbance may be highlighted in these rankings. For example,

a high ranking of silt/clay and organics can be indicative of

areas strongly affected by sedimentation. Different areas within

a region can be compared to identify the range and type of

impact. The EGM’s quantitative assessment has the capability

to be used as a valuable management tool upon which to base

effective administrative decisions.

The approach taken in this study was to describe

relationships between physical, anthropogenic, and biological

parameters on Hawaiian coral reefs. The techniques used in

this study are widely used, cost-effective, non-destructive,

inexpensive, biologically meaningful and within the technical

capabilities of most researchers and managers of coral reef

areas. The model uses widely available software for calculations.

The work was successful in identifying those coral reef metrics

that are useful indicators of general reef condition. Thus

physical, anthropogenic, and biological attributes were

incorporated into the EGM. The next step will be to develop

and test an index of biological response that relates directly to

anthropogenic impact. The Index of Biotic Integrity (IBI) was

developed by Karr (1981) as a means to identify and classify

water pollution problems. The IBI is based solely on biological

characteristics, so it is useful to contrast the EGM and IBI and

discuss the design and applications of the two approaches.

There is a great deal of interest in developing such an IBI for

coral reefs, which has proven to be an elusive and formidable

task (Jameson et al., 1998, 2001). A potential coral reef IBI can

be viewed as a subset of the EGM and could be derived using

the biological data (e.g. coral cover, fish biomass, diversity,

trophic structure, etc.) contained in the EGM. A ranking based

entirely on biological data in the existing model can be achieved

simply by setting all physical parameters to 0 and running the

model using only the biological data. However, the weight given

to each biological factor and testing the validity of the resulting

indices in various habitats will require a great deal of effort in

the future. The metrics of wave exposure and depth were shown

to be the overriding physical factors defining the major habitats

on coral reefs of Hawai’i, so a specific index must be developed

within each habitat from biological data contained in the EGM

habitat groupings. At the present time the environmental laws

intended to protect coral reef resources from pollution in

Hawai’i are based largely on water quality criteria and not

biocriteria. Water quality data for reef locations throughout

Hawai’i are very scanty, so a great deal of additional effort will

be needed in order to link water quality criteria to the biological

criteria if this work is to move forward. Likewise, data on

pollutants entering the reefs by stream flow, surface runoff and

groundwater is poorly documented. As such data become

available, it has been suggested that the biological attributes

within each physical habitat grouping of the EGM could be

used as ‘dependent variables’ and various physical and

anthropogenic factors as ‘independent variables.’ One could

analyse such biological indices against water quality, discharge

and other anthropogenic factors in order to determine which

most strongly influence the biological condition. As a caution,

however, it has been shown that the IBI approach is an excellent

means for determining that a problem is present, but is not

effective at determining the cause of the impairment, especially

when multiple dischargers are present and/or the habitat has

been disturbed (Seegert, 2000). The ability of the EGM to

produce a relative ranking of general reef condition for a large

number of sites in comparison with a particular site being

evaluated is the greatest strength of the EGM at the present

time that should be included in the potential development of a

purely biological index.
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