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ABSTRACT

This study evaluated two short-term (size frequency distributions and

recruitment) and two long-term (monitoring coral cover and tracking individual

colonies) methods for describing coral reef dynamics and long-term trends on

three coral reefs on the island of Maui. Each technique provided useful insights,

but conclusions as to long-term trends differed by technique, station and

species. Size frequency analysis integrates recruitment, survival, growth and

other biological processes over the past and showed the best agreement with

long-term trends in cover. In contrast, short-term recruitment patterns showed

poorer concurrence.

Patterns in coral cover, size frequency distribution, and biological

processes identified stations experiencing decline, recovery, or stability. Trends

were similar at stations within each site. Honolua stations have declined since

1994 but recently show signs of stabilization. Coral communities at Puamana

stations are recovering following Hurricane Iniki in 1992. Olowalu stations

appear to be stable. Observed differences between stations are assumed to be

the result of different storm disturbance patterns.

Population structure of each species varied by station and is a function

of recruitment, growth and mortality. Montipora spp. showed high rates of larval

settlement with high mortality. Pocillopora spp. had low settlement rates, high

growth, and intermediate mortality for recruits. Porites spp. displayed low to

intermediate settlement rates, intermediate growth, and low recruit mortality.

Colony sizes for each species differed between sites, but followed the

same ranking within each site. Porites Zobata showed the largest mean size

followed in order by Porites compressa, Pocillopora meandrina, Montipora patuZa

and Montipora capitata. Species size frequency distributions reflect disturbance

regimes within a station.
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Short-term measurements are useful for many purposes, but often are not in

agreement with observed long-term changes. Therefore, detection of long-term

trends requires continual measurements of coral cover and diversity at regular

intervals over time.
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CHAPTER 1

GENERAL INTRODUCTION

In Hawai'i, coral reefs are subjected to a variety of natural and

anthropogenic stresses at several spatial and temporal scales (Grigg and Dollar

1990). The intensity and duration of such factors can both directly and

indirectly alter the physical and biological structure of the reef (Connell et al.

1997). Natural factors, such as acute wave disturbances, freshwater inputs, and

predator outbreaks can affect the shallow water reef communities at small

spatial and temporal scales (Done 1992b; Dollar and Tribble 1993; Jokiel et al.

1993). Chronic disturbances, such as non-point source pollution, are more

difficult to detect because changes to the community assemblage are subtle and

occur over longer time periods (Pastorok and Bilyard 1985). Coral researchers

are beginning to quantify the different types of disturbances and the processes

that influence coral community structure (Edmunds 2000).

Disturbances or environmental change can lead to a deteriorating or

"unhealthy" coral community. DeVantier et al. (1998) defined a "high quality" or

"healthy" reef as one with high diversity of corals and associated biota and a

strong reef-building capacity. Reef-building capacity is usually represented by

high species richness and high absolute percent cover of hard corals (DeVantier

et al. 1998). Szmant (1996) has incorporated temporal changes in her definition

by stating that shifts from reefs dominated by corals to areas dominated by

macroalgae signal the decline of a reef from a healthy to an unhealthy state.

Unfortunately, these definitions tend to depict reefs as static, steady state

systems without incorporating normal temporal variations in variables such as

coral cover, colony growth, partial mortality and recruitment. In addition,

defining reefs as "healthy" based on high coral cover is not useful in areas such

as Hawai'i that historically have lower coral cover due to various environmental
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conditions. In spite of low coral coverage, Hawaiian reefs are perceived to be in

relatively "healthy condition" compared to other regions of the world (Wilkinson

2000; Turgeon et al. 2002).

Research activities around the world have focused on the issue of coral

reef community "condition" or status using a variety of techniques to describe

spatial and temporal variation. These approaches can be divided into short-term

(0-2 years) and long-term (~4 years) studies (Table 1). The long-term designation

of ~4 years was arbitrary, but was the same time frame that Connell et al. (1997)

used when examining 22 long-term studies of coral communities. Methods

utilized in short-term studies include measurement of size frequency

distributions, recruitment rates, and various bioindicators such as disease and

zooxanthellae loss (Table 1). In long-term studies, the most widely used metric is

percent change in coral cover and usually involves transects and/or quadrats to

estimate areal coverage on the substrate. Other long-term studies have

examined coral life-history processes such as the proportion of colonies

undergoing growth, recruitment, shrinkage, and mortality (Table 1).

Both of these approaches have advantages and disadvantages. Short

term studies are rapid, cost-effective assessments of reef communities that have

played important roles in management decisions. Hughes and Connell (1999),

however, emphasized the difficulty in drawing inferences from isolated

observations and advocated longer term studies to understand the processes

underlying changes in a community. Long-term studies though, require a large

financial and logistical commitment over an indefinite period of time and will

require years of work in order to establish trends. So which approaches are most

useful in addressing coral reef community "condition"? Which methods aid in

understanding the spatial and temporal variation? Ideally, the best strategy

would be to undertake simultaneous comparisons of the various approaches
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and document what they tell us about spatial and temporal patterns in coral

reef community dynamics.

Table 1: Example of short-term and long-term approaches to examining coral
reef community "condition" or status. For a listing by bioindicator see Jameson
etal. (1998).

Duration of study Approach

Short-term (O-2 years) Measuring size frequency
distribution
Recruitment patterns both
"Invisible" and "Visible".
Bioindicators such as disease,
bioerosion, bleaching, etc.

Long-term (~4 years) Monitoring percent change in
coral cover
Life history processes

Example Reference(s)

(Bak and Meesters
1998)
(Hughes et al. 1999),
(Smith 1992)
(Richardson 1998),
(Brown 1988)
(Jaap et al. 2001)

(Hughes and Tanner
2000)

Long-term monitoring involves repeated surveys of organisms and/or

environmental parameters at selected sites over time (Rogers et al. 1994).

Documenting changes in the community structure at various spatial and

temporal scales using a statistically rigorous monitoring program can assess the

"condition" (Le. deteriorating, undergoing a phase shift, etc.) of various reefs.

Resulting patterns lead to research activities that examine causal links between

the various factors (Hughes 1993; Done and Reichelt 1998). Several programs

(e.g Great Barrier Reef Monitoring Program, Florida Keys EPA Project, and the

Hawai'i Coral Reef Assessment and Monitoring Program) have been initiated

worldwide that monitor over large spatial scales but only a few have sampled

over temporal scales longer than 4 years (Connell et al. 1997).

Connell et al. (1997) documented change in coral cover over a 30 year

period on the Great Barrier Reef and noted that type, intensity, and spatial scale

of disturbances contributed to most of the observed variation. Small-scale
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samples (permanent 1m2 quadrats) were used to measure abundance,

distribution and recruitment of corals. Later when the reef structure changed,

large-scale samples (e.g. additional quadrats, belt and line transects) were added

to obtain adequate sample sizes. Connell et al. (1997) indicated that corals

appeared to have a higher chance of recovery from acute rather than chronic

disturbances, but recovery was slower if the substrate was physically altered. In

addition, they found that corals on the wave-exposed side of the reef were

affected by disturbances on a smaller spatial and temporal scale than corals

protected from storms (Connell et al. 1997). Studies conducted at a small

temporal scale (e.g. 0-2 years) would not have detected these trends in the coral

community structure.

Examining life history processes such as growth, recruitment, shrinkage,

and mortality of corals is another long-term approach that has been utilized to

document trends in coral communities (Hughes 1985; Fong and Glynn 1998;

Hughes and Tanner 2000). This photographic technique has not been widely

employed, but it has provided detailed information on long-term processes that

could not be acquired by measuring percent change in coral cover. Predictions

about coral population trajectories can be modeled from such life history data as

well as explaining historical trends (Hughes and Tanner 2000). Perhaps the

small spatial scale of sampling (e.g. 6m2 per site in Hughes 1985) and the labor

intensive method of tracking and digitizing individual colonies have precluded

wider use of this technique.

In Hawai'i, long-term coral reef monitoring projects have been initiated

for a variety of reasons. Surveys at sites such as Kahe Point (Coles 1998),

Hanauma Bay (Hunter unpublished data), Honolua Bay, Kahekili Park,

Puamana, and Olowalu on Maui (Brown 1999a), and Molokini (Tissot

unpublished data) have been conducted to detect change in percent coral cover.
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Other sites have been surveyed to examine specific questions on coral zonation

(Maragos 1972; Hunter and Evans 1995), disease (Hunter unpublished data)

and anthropogenic stress (Grigg 1995) or to satisfy the environmental impact

statement (EIS) requirements for numerous coastline developments. Different

methods in these studies, however, make it difficult to integrate the results and

compare coral population trends at a larger spatial scale (e.g. > 1km).

Monitoring programs, however, require a substantial financial and

logistical commitment to conduct the fieldwork and analyze the data over time.

In addition, site-specific protocols and validation of methods for heterogeneous

environments must be tested to account for the spatial and temporal variability

inherent in reef systems (Edmunds and Bruno 1996). Therefore there has been

an attempt to use coral colony size frequency distributions at a single point in

time or over a short time period in order to evaluate patterns and trends in coral

communities (Richmond 1996; Bak and Meesters 1998; 1999).

Bak and Meesters (1998) have proposed that statistics of size frequency

distributions such as coefficient of variation, skewness and mode can be used to

investigate the response of coral populations to the reef environment. For

example, coral communities undergoing degradation will be more negatively

skewed toward a large colony size due to poor recruitment and survival of

smaller colonies. The mode (i.e., most frequently occurring colony size) of the

size frequency distribution has been suggested to be a threshold size where

partial mortality becomes more important than total mortality. Mode reflects

age structure of the community (Bak and Meesters 1998).

Short-term patterns in coral recruitment may explain some aspects of

reef community structure and population trends in response to various types of

disturbances. For example, successful recruitment by species such as

Pocillopora meandrina can recolonize reef areas over a short (2-5 years) time
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period after a natural disturbance (Grigg and Maragos 1974). Even though coral

recruitment is highly variable (Babcock 1988b; Smith 1992; Hughes et al. 1999)

it may still be an important indicator of trends in community structure at a local

scale of I-100m (Hughes and Jackson 1985). In addition, if the number of new

coral recruits is high and mortality is low, then the trend in coral community

structure could be interpreted as improving even if the current coral cover is

low. At small spatial scales (I-100m) recruitment patterns can also vary as a

function of larval supply, suitable substrate, rugosity, depth, sediment

accumulation, and slope which complicates the link with the adult community.

At larger spatial scales (> lOkm) recruitment would be more likely to vary

independently of the existing community structure due to the variation in larger

scale physical and biological processes.

Physical processes shape populations of structural species such as

corals (Connell et al. 1997). On a global scale these factors include levels of

atmospheric C02 (Pittock 1999), tectonic activity (Pearson 1981), sea level

change (Montaggioni and Faure 1997; Pandolfi 1999), and ultraviolet radiation

(Falkowski et al. 1990; Rosenberg and Ben-Haim 2002), At an oceanographic

scale physical factors such as temperature (Sheppard 1982), salinity (Kleypas et

al. 1999), waves (Dollar 1982), currents (Roberts et al. 1975), and tides (Roberts

et al. 1975) exert influence on community structure. At the local or regional

scale physical factors include light (Falkowski et al. 1990), sediments (Rogers

1990), precipitation (Jokiel et al. 1993), water clarity (Tomascik and Sander

1987) and nutrient levels (D'Elia and Wiebe 1990). In Hawai'i, the most

significant factor determining the structure of a reef appears to be wave energy

(Dollar 1982). Sediments also affect reef development (Sheppard 1982; Hubbard

1986; Grigg and Dollar 1995), but this factor appears to playa lesser role on

Hawai'i's reefs (Dollar and Grigg 1981). Other important factors on the reef
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include the underlying habitat complexity or rugosity of the substrate which is

shaped by both physical and biological processes (Aronson and Precht 1995).

Understanding the role of these physical processes helps explain the spatial and

temporal variation in coral communities (Jokiel et al. in press).

PURPOSE OF THE STUDY

This study investigated short-term (e.g. size frequency distributions and

recruitment) and more conventional long-term (e.g. monitoring coral cover)

methods at the same reefs to evaluate possible links in the spatial and temporal

patterns among the dominant coral species using different data sets. The long

term data sets used in this study were developed by the Pacific Whale

Foundation's Coral Reef monitoring project (1994 to 1998) and the Coral Reef

Assessment and Monitoring Program which has continued to monitor these sites

since 1999. For the purpose of this study, trends in the coral population from

the long-term monitoring program were defined as the change in percent living

coral cover at a reef over time. A viable alternative method should produce data

consistent with observed long term trends at each site. Two primary questions

were addressed:

1.) Do short-term methods (~ 2 years) such as size frequency distributions

(instantaneous) and recruitment studies (several temporal components)

document corresponding patterns in population characteristics at the same

reefs (stations)?

2.) How do these short-term approaches compare with long-term monitoring

methods (~4 years) in describing biological processes in the same coral reef

communities?
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In addition to comparing conclusions from short-term assessments to

trends in long-term monitoring data, new insight could be gained into life history

strategies for the dominant coral species. These life history strategies include

patterns in the early stages of coral recruitment and later biological processes

such growth, shrinkage, and mortality among the dominant coral species. How

these patterns varied spatially and temporally was explored within the context of

the various methods utilized.
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CHAPTER 2

SHORT-TERM EVALUATION OF REEF CONDITION: SIZE FREQUENCY

DISTRIBUTION

INTRODUCTION

Size frequency measurements have been used to explore population

dynamics for sessile marine organisms including bryozoans (Harvell et al. 1990),

gorgonian corals (Grigg 1977), and scleractinian corals (Done 1987; Babcock

1991). Clonal organisms such as corals present unique challenges in measuring

and interpreting size frequency data. First, defining individual colony

boundaries is difficult due to growth patterns and partial mortality (Stoddart

and Johannes 1978). Second, the relationship between colony size and age is

imprecise due to partial mortality and environmental conditions (Hughes 1984).

In situ observation of growth patterns and partial mortality, however, can

overcome these problems to some extent (Babcock 1991).

Recently, Bak and Meesters (1998; 1999) used size frequency

distributions to characterize coral populations in relation to changes in the reef

environment. They found that using statistical parameters (e.g., geometric mean,

coefficient of variation, skewness, and mode) based on log-normal size

distributions provided insight into the influence of past disturbances as well as

the population trajectory of various species at a site (Bak and Meesters 1998).

Bak and Meesters (1998; 1999) observed the following patterns among

populations using size frequency statistics. First, the relationship between the

geometric mean size and the coefficient of variation was negative indicating that

species with larger colonies had lower variation among colonies than smaller

sized species. Second, geometric mean size and skewness displayed a negative

relationship showing that populations of larger species were more negatively

skewed than smaller species. Third, many species showed skewness to the right
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(positively skewed). These were interpreted as healthy populations. Skewness

to the left (negatively skewed) were interpreted as indicating a degraded

populations. In these cases they concluded there were fewer small colonies as a

result of poor recruitment. This issue is confounded, however, by the amount of

available free space at a site. Finally, the mode provided information on the

threshold or critical size of colonies for a given species. The critical size was

defined as a transition point in the population structure when partial mortality

became evident in the colonies. Total mortality predominated in colonies smaller

than the mode. In comparison, percent partial mortality increased in colonies

larger than the mode representing cumulative damage.

In Hawai'i, studies on size frequency distributions have been relatively

rare (but see Polacheck 1978). This chapter examines the size frequency

distribution patterns of all coral species at selected reefs along the West Maui

coastline and compares the results to the Bak and Meesters (1998) study in the

Caribbean. Size frequency statistics were used to determine the population

structure of common coral species, elucidate disturbance patterns, and indicate

trends in the development of the coral community. In addition, data on time and

monetary costs for this technique are presented for comparison with other more

conventional methods.

METHODS

Study Sites

Three study sites along the west Maui coastline were sampled for coral

colony size and partial mortality (Figure 1). Sites were selected on the basis of

prior surveys, levels of human use, accessibility and dive conditions. Within

each study site, 2 fringing coral reefs (stations), separated by at least 200

meters, were surveyed. The 6 stations varied in depth with the north and south
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stations in Honolua Bay at water depths of 3 meters. The Puamana stations

were at 3 and 13m, and the stations at OlowaIu were 3 and 8m in depth.

Honolua Bay is characterized by high wave exposure during the winter

months and an intermittent stream that drains into the south side of the bay.

This site is also a no-take Marine Life Conservation District (MLCD) and is

subject to intense recreational use (e.g. snorkeling, diving, boating, anchoring,

etc.), especially during the summer months (Brown 1999b). The Puamana

stations are exposed to summer swells from the south and southwest. Even

though this site is at the southern end of Lahaina there is relatively little human

activity near the stations. Olowalu is protected from wave exposure but

occasionally receives a south-southwest swell that enters between Lana'i and

Kaho'olawe. Human use patterns are intermediate between Honolua Bay and

Puamana.

Field methods

At each of the 6 stations, sampling was conducted within a 2m X 100m

Coral Reef Assessment and Monitoring Program (CRAMP) corridor along the

isobath (See Brown et aI. 2004). Approximately 50 coral colonies were measured

along each of the ftxed 10m transects inside the corridor (N=10 transects at each

station). A team of 2 divers split each 10m transect into two 5m segments. Each

diver sampled the ftrst 25 colonies of any species they encountered within a 1m

x 5m swath beginning at the start of the segment. This resulted in a total of

approximately 500 measured colonies across all species at each station. A pilot

study conducted in 2001 measured 100 total colonies for 3 target species at

each station. The resulting size frequency distribution statistics were

inconclusive, both in terms of number of species and number of colonies, so

sample size was increased and all species were included.
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Figure 1. Map of West Maui showing the study sites. Each site contains 2
stations that were sampled.
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Colonies were defined as discrete structures of living tissue and dead

skeleton that had discernable physical boundaries. The presence of distinctive

calices in dead portions of the colonies was used to help distinguish colony

boundaries and included in the colony area. Colony surface area was based on

growth forms defined by Veron (2000). Greatest basal diameter (length), basal

diameter at a right angle to length (width) and height were obtained for massive

(hemispherical), branching or columnar colonies such as Porites lobata,

Pocillopora meandrina, and Porites compressa. Colony size was calculated for

these colonies using a modified formula for a spherical cap.

Surface Area in cm2 = n*((Lengthj2)*(Widthj2) + (Height)2)

For encrusting and laminar colonies such as Montipora capitata and M. patula

only length and width were recorded. In this case, colony size was calculated

using the formula for an ellipse.

Surface Area in cm2 = n*(Lengthj2)*(Widthj2)

Montipora capitata colonies sometimes exhibited vertical growth in which case

the formula for the spherical cap was used. Other growth forms that were

measured included submassive colonies and free-living individuals with colony

size calculated using one of the two geometric formulas.

Percent partial mortality was assessed for all colonies measured by

visually estimating the percentage of dead skeleton within the colony

boundaries. In cases where partial mortality created fragments of living tissue

spread over the surface of one remnant colony then the total area of the living

fragments was divided by the total hemispherical area of the remnant (Babcock

1991). Therefore, the resulting size frequency distributions displayed colony

sizes uncorrected for parts that were dead.

During the course of the field work, difficulties arose in distinguishing

colony boundaries. Even the most experienced observers had trouble delineating
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separate colonies of the same species when they were contiguous with each

other. On several occasions, the dive team members would consult with each

other underwater on difficult colonies and generate a consensus on the

individual colony dimensions. This was particularly true for colonies of

Montipora capitata, Pavona duerdeni and Porites compressa. Another area of

difficulty was distinguishing between new recruits and fragments of larger

colonies that had experienced partial mortality. Two techniques were used to the

resolve this issue. First, the substrate between colonies/fragments in close

proximity was examined to see if any residual skeleton could be discerned.

Second, new recruits tended to have a discrete colony edge that was slightly

elevated above the adjacent substrate. Fragments, on the other hand, were flush

with the adjacent substrate with residual structure connecting to other

fragments. Bak and Meester (1998) concurred that "careful observation in situ"

overcame this problem. Clearly, observers need a great deal of training not only

in identifying species but also distinguishing among colonies. The four observers

in this study had a minimum of 3 years of field experience in Hawai'i with the

most experienced diver having worked 13 years on the same reefs.

STATISTICAL ANALYSIS

Size-frequencies of various species were modeled using log (In) normal

distributions and tested for normality using the Shapiro-Wilk's W test on the

transformed data. The rationale is that natural coral populations are not

normally distributed and many population parameters can be represented by

exponential functions (Hastings 1997; Bak and Meesters 1998). In addition, a

log distribution curve allows for finer resolution of the critical small-sized colony

frequencies (Bak and Meesters 1999). Descriptive statistics such as geometric

mean, coefficient of variation (CV), skewness, and mode can then be used to
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describe the population characteristics for each species (Bak and Meesters,

1998).

A comparison of log (In) transformed surface area (colony size) among

species and stations, was conducted using a two-way general linear model (GLM)

ANOVA in Statistica 6.1. Only species with 10 or more colonies at each station

were used in the following analyses even though all colonies encountered were

measured. The sample size of 10 colonies per species is arbitrary, but in this

study it represented a major division between the most common species and the

uncommon species. The CV was used to compare variation among coral

populations regardless of differences in mean colony size. A general linear model

(GLM) ANCOVA was conducted with CV as the dependent variable, species as

the categorical predictor, and geometric mean size as the continuous predictor

(covariate) to account for differences in colony sizes among species.

Skewness reflected the symmetry of the log normal population

distribution at each station. Equations 6.9 and 7.25 to 7.30 in Zar (1999) were

utilized to test significant population skewness for each species at a station.

Skewness among species was also examined using a GLM ANCOVA with species

as the categorical predictor and geometric mean size as the covariate or

continuous predictor.

Estimates of average partial mortality were plotted for each of the size

classes and overlaid on the size frequency distributions for the species with 10

or more colonies at a station. The mode or most frequent colony size was

evaluated as a potential threshold size where total mortality became less

important than partial mortality (Bak and Meesters, 1998). Visual comparisons

were made of the plots to determine if partial mortality increased substantially

at the mode and predominated in the larger size classes for a given species.

Previous studies have documented percent partial mortality between 0.1 to 1%
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in the smaller size classes below the mode (Meesters et al. 1997; Bak and

Meesters 1998). Bak and Meesters (1998) reported that partial mortality

increased at the mode and in larger size classes, average partial mortality

represented up to 50% of the colony surface area. If the mode represents a

critical size class then this increase in average partial mortality at the mode

should be apparent across a range of species and stations.

A GLM separate slopes ANOVA was utilized to examine the relationship

between percent partial mortality and colony size by species and station. The

separate slopes model was used because the continuous predictor (colony size)

had different effects at different levels of the categorical independent variables

(station and species) and therefore could not meet the assumption of

homogeneous slopes for the ANCOVA model. Percent partial mortality was the

dependent variable and was arcsine-square root transformed.

A GLM ANCOVA analysis was run to determine if the mode for the size

frequency distribution represented a threshold size where colonies began

experiencing less total mortality and more partial mortality. Percent partial

mortality at the mode was the dependent variable with species as the categorical

predictor (5 most abundant coral species used) and mean partial mortality as

the continuous predictors. Mean partial mortality was defined as the average

mortality for a given species at a station across all of the size classes. The

purpose of including mean partial mortality in the model was to determine if

partial mortality at the mode was an appropriate predictor of threshold size. A

regression slope less than 1 would indicate that partial mortality at the mode

was less than mean partial mortality and therefore a reasonable predictor of

threshold colony size. Prior to the GLM ANCOVA, percent mortality values were

arcsine-square root transformed. A GLM homogeneity-of-slopes model

(parallelism test) was run to examine the effects of mean partial mortality for
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different species. Mean partial mortality had similar effects for the 5 species

indicating that the ANCOVA model was appropriate.

Finally, time and monetary costs associated with the size frequency

measurements were used to determine the cost effectiveness of this technique.

RESULTS

A total of 3036 coral colonies were measured from May to November,

2002 (Table 2). The stations at Honolua Bay were mainly comprised of Montipora

capitata (20% at North 3m; 11% at South 3m), M.flabellata (11%; 21%), M.

patula (13%; 18%), Porites lichen (7%; 10%), P. lobata (15%; 10%), Pocillopora

meandrina (4%; 7%), and Pavona varians (19%; 17%) (Table 2, Figure 2). The 2

stations at Olowalu had the highest species richness (3m - 18 species, 8m - 13

species) compared to the other stations and were dominated by M. capitata

(31%; 39%), and M. patula (10%; 26%) (Table 2, Figure 2). The majority of

remaining species consisted of Pocillopora meandrina (7%; 8%), Porites

compressa (9%; 4%), Porites lichen (9%; 4%), and Porites lobata (4%; 14%)

colonies. The stations at Puamana had the lowest species richness (3m - 9

species, 13m - 7 species) and included M. capitata (26%; 18%), M. patula (20%;

5%), P. meandrina (18%; 15%), Porites compressa (2%; 18%), and P. lobata (33%;

41%) (Table 2, Figure 2). Montipora flabellata and Pavona varians were

noticeably absent or low in abundance at Olowalu and Puamana. Five species

(M. capitata, M. patula, P. compressa) P. lobata, and P. meandrina) were found at

all of the sites and were used in the majority of statistical analyses.

Coral colony surface area ranged from a low of 0.03 cm2 (Dimensions: L

0.2cm x W 0.2cm) for new recruits and small colonies to a high of 320,983 cm2

(Dimensions: L 3.5m x W 3.8m x H 2.6m) for a Porites lobata colony at the

Olowalu 8m station. Porites lobata generally had the largest mean colony size at
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all of the stations, with the exception of the Puamana 13m station where P.

evennanni had the largest mean colony size (Table 2). Other species with large

mean colony size included Pavona duerdeni (Honolua North 3m, Honolua South

3m, and Olowalu 3m and 8m), and Porites compressa (Olowalu 3m and 8m)

(Table 2). Species with small mean colony size included Porites lichen,

Cyphastrea ocellina, and Psammocora verrilli.

Size frequency distributions showed extreme skewness to the right and

looked similar to each other (Appendix A) when plotted on an arithmetic scale.

Species at each of the stations were dominated by small-size classes with only a

few larger colonies present. An example is shown for Porites lobata at Honolua

North 3m (Figure 3a), Puamana 3m (Figure 3c), and Olowalu 3m (Figure 3e).

Plotting the data on a log scale produced approximately normal distributions

with several interesting patterns (Figures 3b, 3d, 3f, and Appendix A). At

Honolua North 3m (Figure 3b) Porites lobata exhibited a log normal distribution

(Shapiro-Wilk W=O.98, p=O.23) spread over a large number of size classes. In

contrast, the Porites lobata population at Olowalu 3m (Figure 3f) was non-log

normal (Shapiro-Wilk W=O.87, p=O.008) with larger colony sizes. Finally, the

Porites lobata population at Puamana 3m (Figure 3d) was log normal (Shapiro

Wilk W=O.98, p=O.06) but dominated by a large number of small colonies.

Transforming the distributions using a logarithmic function facilitated

visual comparisons among taxa (i.e. Similar X axes in Figure 4, Appendix A) and

statistical analysis among stations and species (Underwood 1997). In addition,

the finer resolution in the smaller size classes compared to the commonly used

arithmetic scale (e.g. Alino 1986; Lewis 1997), allowed subtle differences in

populations to be discerned among stations and species.
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Table 2. Number of colonies (N), mean surface area (Mean in cm2), standard deviation (SD) and percentage of measured colonies
(%) for coral species at each of the stations.

Honolua North 3m Honolua South 3m
Species N Mean SD % N Mean SD %
Cyphastrea ocellina 5 3.7 1.5 1 6 4.5 4.6 1
Leptastrea purpurea 0 2 22 9 0
Montipora capitata 93 1.2 x 102 2.9 X 102 20 58 2.1 x 102 3.8 X 102 11
Montipora flabellata 52 1.8 x 102 4.8 X 102 11 111 6.5 x 102 1.2 X 103 21
Montipora patula 63 1.3 x 102 5.5 X 102 13 97 2.7 x 102 1.2 X 103 18
Montipora studeri 9 11 11 2 0
Pavona duerdeni 9 1.5 x 103 1.7 X 103 2 3 2.1 X 103 1.8 X 103 1
Pavona varians 89 32 51 19 90 76 1.7 x 102 17
Pocillopora damicomis 0 4 79 89 1
Pocillopora meandrina 20 1.0 x 103 1.4 X 103 4 40 7.9 X 102 9.1 X 102 7
Porites compressa 27 1.0 x 103 2.1 X 103 6 17 6.2 x 102 6.4 X 102 3
Porites lichen 32 2.9 3.2 7 55 3.1 3.1 10
Porites lobata 71 6.6 x 103 1.6 X 104 15 52 1.9 x 103 3.0 X 103 10
Psammocora nierstraszi 2 4.5 x 102 6.1 X 102 0 2 2.4 X 102 3.4 X 102 0
Total 472 9.2 x 102 1.9 X 103 100 537 5.4 x 102 7.5 X 102 100
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Table 2 (Continued). Number of colonies (N), mean surface area (Mean in cm2), standard deviation (SD) and percentage of
measured colonies (%) for coral species at each of the stations.

Puamana 3m Puamana 13m
Species N Mean SD % N Mean SD %
Leptastrea purpurea 2 1.1 x 102 22 0 1 31 0
Montipora capitata 132 12 71 26 93 3 5.5 18
Montipora patula 101 12.5 34.2 20 24 3.6 5.4 5
Pavona duerdeni 1 1.2 x 102 0 0
Pavona varians 2 7.5 0.6 0 0
Pocillopora meandrina 89 4.3 x 102 4.4 X 102 18 75 1.3 x 102 3.5 X 102 15
Porites compressa 11 2.8 x 102 5.3 X 102 2 90 46 82 17
Porites evermanni 0 18 1.6 x 102 3.6 X 102 4
Porites lichen 3 1 0.8 1 0
Porites lobata 167 4.6 x 102 1.4 X 103 33 213 48 1.1 x 102 41
Total 508 2.8 x 102 3.1 X 102 100 514 61 1.5 x 102 100
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Table 2 (Continued). Number of colonies (N), mean surface area (Mean in cm2), standard deviation (SD) and percentage of
measured colonies (%) for coral species at each of the stations.

Olowalu 3m Olowalu 8m
Species N Mean SD % N Mean SD %
Cyphastrea ocellina 34 6.2 6.6 7 7 7.9 6.9 1
Leptastrea purpurea 11 4.6 x 102 1.1 X 103 3 1 33 0
Montipora capitata 156 6.4 x 102 2.0 X 103 31 196 1.5 x 103 3.7 X 103 39
Montipora flabellata 1 5.0 x 102 0 0
Montipora patula 50 1.4 x 103 4.6 X 103 10 133 1.6 x 103 4.0 X 103 26
Pavona duerdeni 31 1.9 x 103 4.9 X 103 6 8 2.5 X 103 3.1 X 103 2
Pavona maZdivensis 3 20 20 1 8 3.3 X 102 6.8 X 102 2
Pavona varians 20 1.2 x 102 2.3 X 102 4 2 1.1 X 102 89 0
Pocillopora damicornis 1 3.2 x 102 0 0
Pocillopora edyouxi 0 1 2.3 X 103 0
Pocillopora meandrina 35 9.2 x 102 1.1 X 103 7 38 9.3 x 102 1.1 X 103 8
Porites brighami 4 1.4 x 102 1.3 X 102 1 0
Porites compressa 45 4.2 x 103 1.0 X 104 9 19 1.6 x 103 1.5 X 103 4
Porites evermanni 1 3.4 x 102 0 0
Porites lichen 46 2.9 3.1 9 19 3.3 2.4 4
Porites Zobata 21 2.5 x 104 6.2 X 104 4 71 1.6 x 104 4.6 X 104 14
Psammocora nierstraszi 22 21 27 4 1 4.1 X 102 0
Psammocora stellata 6 14 27 1 0
Psammocora verrilli 14 7 8.6 3 0
Total 501 2.0 x 103 5.8 X 103 100 504 2.1 x 103 6.1 X 103 100
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The majority of the populations (30 out of 45) displayed log normal

distributions (Appendix A). Among the 5 common species, 13 out of 30

populations (43%) were non-normal with Pocillopora meandrina populations

exhibiting non-normality at 5 of the 6 stations (Figure 4). P. meandrina

populations at Honolua South 3m (Shapiro-Wilk W=0.93, p=O.OI), Puamana 3m

(W=0.89, p<O.OI), Olowalu 3m (W=0.90, p<O.OI) and Olowalu 8m (W=0.92,

p<O.OI) had a left-skewed distribution indicating that these stations were

dominated by larger size classes. In comparison, the population at Puamana

13m was also significantly non-normal (W=0.92, p<O.OI) but had a right

skewness to the log distribution indicating a large proportion of new recruits

and small colonies. Only Honolua North 3m exhibited a log normal distribution

(Shapiro-Wilk W=0.94, p=0.23). Montipora capitata (4 of 6 stations) and Porites

Zobata (3 of 6 stations) also had significantly non-normal log distributions

(Figure 4 and Appendix A).

Size frequency distributions among the 5 abundant species showed that

distributions varied by species and stations (Figure 4). Some stations such as

Puamana 3m and 13m had coral populations consisting of large numbers of

relatively small colonies (e.g. Montipora capitata and Porites Zobata). In

comparison, the Olowalu 3m and 8m stations had large numbers of larger

colonies (e.g. M. capitata) or relatively few large colonies (e.g. P. Zobata). The

stations at Honolua North and South had populations with intermediate sizes

for M. capitata and P. Zobata. Some populations such as Pocillopora meandrina

showed striking differences in the size frequency distribution patterns at

stations separated by only 200-300 meters (e.g. Puamana 3m and 13m) (Figure

4).
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Figure 3. Size frequency distributions for Porites Zobata at Honolua North 3m on
a normal (a) and logarithmic scale (b). N = 71 colonies.
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Figure 3. (Continued) Size frequency distributions for Porites Zobata at Puamana
3m on a normal (c) and logarithmic scale (d). N = 167 colonies.
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Colony size was significantly different among stations (Fs, 2267 == 183.3, P

<0.001) and species (F4,2267 == 121.7, P <0.001) for the five abundant species

found at the 6 stations (Table 3). The significant station*species interaction term

(F20, 2267 == 5.0, P <0.001), however, indicated that mean colony size also varied by

species within a station. Colony size was generally highest at the two Olowalu

stations but the relationship among species was not always consistent (Figure 5).

For example, Montipora patuZa colonies were smaller relative to Pocillopora

meandrina at the Honolua and Puamana stations. The relationship was reversed

at the Olowalu stations even though both species had larger colonies at the latter

site (Table 2 and Figure 5).

Species plotted by geometric mean size illustrated that the variation was

small in some species (i.e. Montipora capitata) compared to other species such as

Porites Zobata (Figure 6). In addition, some stations (e.g. Puamana 13m) always

had the smallest mean sizes for the 5 most abundant coral species. In contrast,

other stations such as the two Olowalu stations always had the largest mean sizes

for the abundant corals.

Table 3. Two-way Type III GLM ANOVA testing for differences in colony size among
stations and species. Model: colony size == constant + station + species +
(station*species).

SS DF MS F P

Intercept 24224.39 1 24224.39 5691.18 0.000
Station 3900.23 5 780.05 183.26 0.000
Species 2071.99 4 518.00 121.70 0.000
Station*Species 422.53 20 21.13 4.96 0.000
Error 9649.45 2267 4.26
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Figure 5. Average colony sizes for the five abundant coral species measured at
each of the 6 stations. (Mean ± ISE). Species codes Mcap = Montipora capitata,
Mpat = M. patula, Pmea = Pocillopora meandrina, Pcom = Porites compressa, Plob
= Porites lobata.
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Coefficient of variation (CV) compared variation in colony sizes of species

adjusted to mean colony size. There was a negative relationship (slope'" -0.19)

between the coefficient of variation for the 5 species taken together and the

geometric mean size (Figure 7). This suggested that relative size variation in

species with larger colonies was lower than in species with smaller mean colony

size. Upon closer examination, however, this negative relationship was due to the

high CV value (6.0) for the Montipora capitata colonies at the Puamana 3m station

resulting in a high leverage point on the regression plot. Removing this point from

the regression plot decreased the slope from -0.19 to -0.09. Consequently this

relationship should be interpreted with caution. The CV was significantly different

among species (F4, 24'" 3.2, P = 0.03) across the 6 stations (replicates) when

geometric mean colony size (Fl, 24 = 0.06, P = 0.80) was accounted for in the model

(Table 4). The ANCOVA GLM explained a significant (F4, 24 = 2.6, P = 0.05 r2=

0.35) portion of the overall variation. Post-hoc analysis using an Unequal HSD

test, however, was unable to statistically differentiate among mean CV values at

a<0.05 for each species (Table 5). Both Figure 7 and Table 5 suggest, however,

that Pocillopora meandrina and Porites compressa had lower CV values than both

of the Montipora species.

Table 4. GLM ANCOVA comparing coefficient of variation (CV) among species and
geometric mean size. Model: CV = constant + geometric mean size + species.

SS DF MS F p

Intercept 126.99 1 126.99 126.38 0.000
Geometric mean size 0.06 1 0.06 0.06 0.805
Species 12.78 4 3.19 3.18 0.031
Error 24.12 24 1.00
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Table 5: Mean coefficient of variation (CV) values and average geometric mean
(GM) colony sizes (cm2) for each species among the 6 stations. Means were not
statistically different from each other using an Unequal HSD test at a<0.05.

Species CV GM

Pocillopora meandrina 1.44 212.9
Porites compressa 1.70 333.8
Porites Zobata 2.45 857.3
Montipora capitata 2.95 53.9
Montipora patuZa 3.10 67.7
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Figure 7. Relationship between coefficient of variation and geometric mean size for
the coral populations at each of the 6 stations. Regression for all species
combined: Coefficient of variation = 3.15 - 0.19*ln(x), n = 30, r2 = 0.12.
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In the 45 sampled coral populations that had at least 10 colonies for each

species, four of the populations (Pocillopora meandrina at Puamana 3m, Olowalu

3m, and Olowalu 8m; and Porites lobata at Olowalu 3m) had negatively skewed

populations significantly different from zero (Figure 4, Appendix A). Five

populations (Montipora capitata at Puamana 3m and Puamana 13m; Montipora

patula at Honolua North 3m and Puamana 3m; and P. meandrina at Puamana

13m) had a significant positive skew (Figure 4, Appendix A). Across stations,

Olowalu 3m had two populations with a significant negative skew (P. meandrina

and P. lobata) compared to one at Puamana 3m (P. meandrina) and Olowalu 8m

(P. meandrina). Puamana 3m also had two populations (M. capitata and M. patula)

with a significant positive skew along with Puamana 13m (M. capitata and P.

meandrina) (Figure 4).

Skewness did not differ significantly (F4, 24 = 2.6, P = 0.07) among species

using the 30 sampled coral populations that had species common to all stations

(5 species x 6 stations). The GLM ANCOVA, however, explained a significant (r2 =

0.53, p = 0.002) proportion of the total variation for skewness. Geometric mean

size covaried significantly (FI, 24 = 9.9, P = 0.004) with skewness (Table 6). Plotting

skewness values for each species at a station against geometric mean size showed

a negative relationship (Figure 8). In general, the Porites spp. had populations that

were more negatively skewed in contrast to the Montipora spp. that were on

average positively skewed. The negative relationship illustrates the predominance

of larger colonies in Porites spp. populations compared to the abundance of small

colonies in the Montipora spp. populations.
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Table 6. GLM ANCOVA comparing skewness among species and geometric mean
size. Model: Skewness = constant + geometric mean size + species.

SS DF MS F P

Intercept 0.00 1 0.00 0.01 0.909
Geometric Mean 1.46 1 1.46 9.90 0.004
Species 1.51 4 0.38 2.55 0.065
Error 3.54 24 0.15
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Figure 8. Relationship between mean skewness and geometric mean size.
Regression: Skewness = 0.71 - 0.19*ln(x), r2 = 0.53, p = 0.002.
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Percent partial mortality generally increased with increasing colony size

but this was not a consistent pattern among the 5 most common species (Figure

9, Appendix B). For example, partial mortality increased either at the mode or

with slightly larger colony sizes for Porites Zobata at Honolua North 3m, Puamana

3m, and Olowalu 3m (Figure 9). Partial mortality in other populations (e.g.

Montipora capitata at Olowalu 8m, M. jlabellata at Honolua South 3m, M. patuZa

at Olowalu 8m, and Porites Zobata at Honolua South 3m and Olowalu 8m) was

actually lower in the largest size classes than in smaller size classes. The mode, or

most frequently occurring size class (some species had multiple modes), is

depicted in Figure 9 and Appendix B with an uppercase letter M.

There was a significant difference in percent partial mortality among

stations (Fs,2237 = 16.6, P <0.001) and species (F4,2237 = 6.6, P <0.001). However,

the interaction term was also significant (F2o,2237 = 2.0, P =0.005) indicating that

the relationship between partial mortality and species varied among stations

(Table 7 and Figure 10). Porites compressa, for example, had the highest mean

partial mortality at Honolua South 3m (50%), Olowalu 3m (35%), and Olowalu 8m

(51%), yet had the lowest mean partial mortality at Puamana 3m (6%) and 13m

(4%) (Figure 10). In contrast, Pocillopora meandrina had the highest mean partial

mortality at the 2 Puamana stations (28% at 3m, 24% at 13m) among the 5

abundant species but had low partial mortality values at the other 4 stations

(Figure 10). Mean partial mortality for Porites Zobata displayed similar patterns to

P. compressa but the range of values was lower. Both Montipora capitata and M.

patuZa had consistent (7-20%) partial mortality across all of the 6 stations. The

overall GLM separate slopes ANOVA explained a significant proportion (r2 = 0.39,

p<O.OOl) of the variation in partial mortality.

35



60

60

80

20

80

40

40

20

20

80

60

60

40

60

%
40

20

80

80

M

Olowalu 8m

01 d1 I· J JO

0J,....C;' ,......--;: 7b JO

20

20

r:t'! 10

30, E3 Number of Colonies 1100
__ % Avg. Partial Mortality

3D, E3 Number of Colonies 100
__ % Avg, Partial Mortaiity

10

10

20

10

30 E3 Number of Colonies 1
100

-- % Avg. Partial Mortality

), H L "" JO

E3 Number of Colonies 100
30 -- % Avg. Partial Mortality

10

20

40 1E3 Number of Colonies )100
__ % Avg. Partial Mortality

80

80

60

40

20

40

20

60

20

80

60

20

40

40

60

80

80

fJ::
10 100

,,.-;-)( ! 1
0

Olowalu 3m

L'-x.;;; ~!r=;=:-m. JO

E3 Number of Colonies j 100
-- % Avg. Partial Mortality

10

30 , E3 Number of Colonies i 100
-- % Avg. Partiai Mortality

Ib;;;:;=! J lib 10

30 I E3 Number of Colonies ]100
__ % Avg. Partial Mortality

20

20

10

20

10

,I L 10
30

1E3 Number of COlonies 1
100

-- % Avg. Partial Mortality

20

30

10

20

40
1E3 Number of Colonies 1

100

........ % Avg, PartiaiMortality

60

60

20

40

80

80

40

20

20

40

20

40

60

60

80

40

20

60

80

80

Puamana 13m

I ........ .L. -~'J 1
0

==--:----,,-,--,------;, 100

r--==o--~-,-,--:-----;100

l>-l H'"i' 1
0

I==---,c-c-,-----,100

)1 \1 10
), 1100

J 10

30 i E3 Number of Colonies ,100
-%Avg.PartiaIMortality

20

40

20

60

60

40

80

20

80

20

80

60

60

60

40

20

40

20

40

80

80

Puamana 3m

10)1--'" b ...... 1
10

0
)1,......-, •.

30

frnrl .....=t ! 10

30 , 8 Number of Colonies ,100
-- % Avg. Partial Mortality

20

"" 1 I 17%d= 10
40 , E3 Number of Colonies ,100

-- % Avg. Partial Mortality

30

10

20

)1.4 "Y'm 10

40 I E3 Number of Colonies j 100
-- % Avg. Partial ~ality

M

SOt E3 Nl.lmberofColonies )100
-- % Avg. Partial Mortality

40

20

60

80

80

60

40

20

20

40

40

20

20

60

60

80

80

60

40

80

)b! =:J Jo
), 1100

Honolua South 3m

17:>Ii....... I J
O

30 t E3 Number of Colonies 1
100

-- % Avg. Partial Mortality

I rb! I>"":>-J 6. 10

30 1E3 Number of Colonies )100
-- % Avg. Partial Mortality

20

20

10

10

)I..L ':;;;;;=-:! '0

30 I 8 Number of Colonies j 100
-- % Avg. Partial Mortality

10

20

30 I E3 Number of Colonies j 100
__ % Avg. Partial Mortality

20

20

40

20

40

60

80

60

80

20

20

40

20

80

40

60

60

80

60

40

80

M

)1 L J 1
0

), BNumberofColonles 1
100

__ % Avg. Partial Mortality

Honolua North 3m

.l!l
2 20

.Q

'"~ 10

&

ct:I Obt \L. 1 d""W'W'i1 JO
.c:: 30100
-§ I~ ~u;:,~.r;:;:II~~e;al~ I
15
~ 20

~8. 10

Q
13o 0 1 1·-e>.J b JO

a.. 30 E3 NumberofColonies 100
~ __ % Avg. Partial Mortality

'"@ 20

~
\.) 10

'".l!l
'I::
o 01 r:1 r# ~ 10
Qm, 100

E3 Number of Colonies
-- % Allg. Partial Mortality

.!!!.a
~
ro 20

~
~t:: 10

~

.E! 30

1

E3 Number of Colonies 1
100

CtJ -- % Avg. Partial Mortality

:a
~ 20

~
8. 10

~

~

en
Q)
·C
o
(5
()o
~

Q)
..a
E
::J
Z

,I ..c::< L...- 10 0' .< • J '0
• u_ 10001000aOOooo 1 10 100 10001000000000

Size (cm2
)
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Table 7. GLM separate slopes ANOVA comparing percent partial mortality
among stations and species with colony size as the covariate. Model: Partial
mortality = constant + colony size (station*species) + station + species +
station*species.

SS DF MS F P

Intercept 1.85 1 1.85 23.45 0.000
Colony Size*Station*Species 67.91 30 2.26 28.66 0.000
Station 6.54 5 1.31 16.55 0.000
Species 2.07 4 0.52 6.57 0.000
Station*Species 3.17 20 0.16 2.00 0.005
Error 176.69 2237 0.08

There was no significant difference in partial mortality at the mode

among species (ANCOVA, F4,24 = 1.0, P =0.41) (Table 8). The GLM ANCOVA

explained a significant proportion (FS,24 = 14.9, r2 = 0.76, P <0.001) of the

variation in partial mortality at the mode. Percent partial mortality at the mode

for the 5 most abundant species averaged 21.1 ± 3.7SE but variation among

stations ranged from a high of 13.6% SE for Pocillopora meandrina to a low of

1.5% SE for Montipora capitata (Table 9).

The regression slope (1.38) greater than 1 indicated that partial mortality

at the mode was higher than mean partial mortality for the abundant species

(Figure 11). This relationship suggests that partial mortality was evident in

colonies smaller than the mode. Bak and Meesters (1998) by their definition

would have predicted a slope less than 1. Consequently, in this study the mode

does not appear to be an appropriate predictor of threshold size. Raw percentage

values are presented for ease of interpretation but the regression slope (1.35)

using the transformed values was quite similar to the slope using the original

data.
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Table 8. GLM ANCOVA comparing percent partial mortality at the mode among
species with mean partial mortality as a covariate. Model: Partial mortality at the
mode = constant + colony size(station*species) + station + species +
station*species.

SS DF MS F P

Intercept 0.07 1 0.07 3.84 0.062
Mean Mortality 1.02 1 1.02 55.25 0.000
Species 0.08 4 0.02 1.03 0.414
Error 0.44 24 0.02
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Table 9: Mean partial mortality at the size frequency distribution mode for the 5
abundant species.

Species N Mean SE

Montipora capitata 6 9.2 1.5
Montipora patula 6 11.1 3.0
Pocillopora meandrina 6 35.2 13.6
Porites compressa 6 29.2 7.9
Porites lobata 6 20.7 5.6
Average 21.1 3.7

It took approximately 22 hours of dive time spread over 13 field days to

measure the 3036 colonies (Table 10). The 2 stations at Puamana had smaller

and more discrete colonies than at the other sites which explains the higher

numbers (97 and 93) of colonies measured per hour. It took almost twice as long

to measure the same number of colonies at the 2 Honolua stations, which is due

in part to the more complicated community structure of the corals. The fact that

the 2 stations at Honolua were also the first stations to be sampled probably

contributed to the longer time due to the inexperience of some of the

researchers. Total data entry was estimated at 10.4 hours for the 3036 colonies,

which averaged about 293 colonies per hour.

Table 10. Time statistics associated with colony measurements in the field for a
minimum team of 2 divers.

Site Colonies Days Dive Time (Hr:Min) Colonies/ hour

Honolua North 3m 472 2.25 9:02 52.3
Honolua South 3m 537 2.75 10:36 50.7
Olowalu 3m 501 2.00 7:35 66.1
Olowalu 8m 504 2.50 7:42 65.5
Puamana3m 508 1.50 5:13 97.4
Puamana 13m 514 2.00 5:33 92.6
Summary 3036 13.00 Total 21:41 Avg. 70.7
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Equipment costs unique to this method were minimal (-$40 per diver)

and consisted of a flexible 1m tape measure, a 20-30m transect line, and a slate

to record the data. Costs common to other methods such as tank rental, scuba

gear, safety equipment, and transportation to and from the sites were assumed

to be equal.

DISCUSSION

In this study, statistical parameters (e.g. variation in geometric mean,

coefficient of variation, and skewness) of log transformed size frequency

distributions were used to detect station-specific and species-specific differences

in coral populations. The diversity of these log-normal size frequency

distributions not only lends insight into differences among stations and species

but can also be used to describe disturbance and recovery patterns that

influence community development at a reef.

Spatial patterns in size frequency distributions

The skewness of size frequency distributions coupled with geometric

mean colony size for the common species provided an indication of station

specific disturbance patterns. At Olowalu 3m, large colonies of Porites compressa

and P. lobata (Table 2) and negatively skewed populations of Pocillopora

meandrina and P. lobata (Figure 4) suggests that this station is characterized by

less disturbed populations of the common coral species compared to the other

stations (Karlson 1999). The frequency, intensity or duration of disturbances

produces a complex mix of interactions that can influence a site. Consequently,

for the purposes of this discussion, disturbance is defined as a combination of

all three parameters into low (e.g. low frequency, low intensity, and short

duration), intermediate, and high. Lower disturbances would result in species
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attaining larger sizes. One could argue that a high disturbance regime removes

many of the small colonies leaving only the large colonies. Past storm evidence,

however, does not support this (Woodley et al. 1981). The populations at

Olowalu 8m showed similar patterns to the Olowalu 3m station (except for P.

lobata skewness) and also indicated a less disturbed environment than the other

4 stations.

In contrast, the small colony sizes and right skewed populations at the

Puamana 13m station (Figure 4) suggest a high disturbance regime with

possibly a recent disturbance (e.g. hurricane Iniki). The 3m station showed

similar population structures, which also indicated a disturbed environment

(Table 2, Appendix C). Size frequency distributions for P. meandrina, however,

differed between the Puamana stations and will be discussed below. The

geometric mean colony sizes at the two stations in Honolua Bay were

approximately equivalent (Appendix C), implying that the disturbance regime at

both stations was similar and intermediate compared to the other stations. Size

frequency distributions of some species (e.g. Montiporapatula), however, differed

between stations suggesting that the South station is subjected to a lower

disturbance regime than the North station.

Disturbance history at a reef can be evaluated using size frequency

distributions of species (e.g. Pocillopora meandrina) that display similar

maximum colony sizes among stations (Figure 4, Appendix C). Using known

growth rates and maximum size for P. meandrina one could estimate the most

recent disturbance at a reef assuming that this species reflected the disturbance

history for the entire reef community. Estimating disturbance history at a

station would be more difficult with species exhibiting a wide range of colony

sizes due to the poor relationship between age and size (Hughes and Jackson

1980). Only the P. meandrina populations at the Puamana stations were utilized
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to interpret disturbance history. The rationale is that colonies of P. meandrina

in the maximum size range most likely represent initial recruits after Hurricane

Iniki cleared the site. The two stations at Puamana were unique in that colonies

for all species were decimated following hurricane Iniki in 1992 «1% coral cover,

Brown 1999a) which enabled observation of the succession sequence in the

coral community and verification of the disturbance history. At other sites it

appears that massive corals such as Porites Zobata survived the Hurricane.

Some of the colonies are 3-4 m in diameter and must be several hundred years

of age.

The most recent disturbance at the Puamana stations was back

calculated using the mean colony radius for P. meandrina colonies in the largest

log size class in 2002. Mean colony radius was 10.7 cm at Puamana 3m and 9.8

cm at Puamana 13m. These colonies were roughly half the maximum size for

this same species at the other 4 stations (Appendix C). This species has a mean

annual growth rate (L\ radius) of 1. 17cm reported by Polacheck (1978) and a

linear growth rate independent of colony size (Polacheck 1978; Kinzie and

Sarmiento 1986). Thus it is possible to calculate that a disturbance event took

place at Puamana at least one year before settlement of the largest colonies in

1993 (between 9.1 and 8.4 years ago). This timeframe (10 years prior to

sampling) is consistent with the disturbance of Hurricane Iniki in September

1992 which was the last hurricane to hit Hawai'i. Brown (1999a) noted that

after Hurricane Iniki devastated Puamana, the first species to visibly appear at

both stations was P. meandrina.

Site-specific size frequency distributions can also indicate the

developmental stage of a reef community following a disturbance. Grigg and

Maragos (1974) noted that Pocillopora meandrina was the most successful

colonizing coral species at a site that had experienced the most recent
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disturbance. This species has been labeled as a "pioneer" or fugitive species with

determinate growth (Maragos 1972; Grigg and Maragos 1974). Large species,

such as Porites compressa (competitively superior) and P. Zobata (wave tolerant)

ultimately dominate deeper (>2-3m) reef communities in exposed habitats in

Hawai'i (Dollar 1982; Grigg 1983). In more protected habitats such as Kane'ohe

Bay, there is also an abundance of Montipora capitata (Maragos 1972; Jokiel et

al. in press).

Based on the population structures in this study, the two Puamana

stations are at an earlier stage of community development than the other 4

stations. The Puamana 13m station could be considered in the initial stages of

community development because of the right skewed P. meandrina population in

comparison the left skewed population at the 3m station (Figure 4). Honolua

North 3m followed by Honolua South 3m would be more developed with larger

colony sizes and log normal distributions. Finally, the coral populations at

Olowalu indicate a more mature or "climax" community that would be expected

to occur on an exposed Hawaiian coastline. The stations are characterized by

large colonies of Porites compressa and P. Zobata, several left skewed populations

(Pocillopora meandrina at 3m and 8m and P. Zobata at 3m) and a large number of

Montipora capitata colonies. Reefs in more protected environments or

embayments such as Kane'ohe Bay, O'ahu, are dominated by large colonies of

Montipora capitata and Porites compressa (Alino 1986). Maragos (1972) equated

a community assemblage dominated by these two species to be at the final stage

of development in protected lagoons with patch reefs. These stations, including

the Kane'ohe Bay size frequency data, represent a gradient of community

development patterns that can be used for spatial and temporal comparisons

with other Hawaiian reef communities.
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Difference in P. meandrina skewness patterns between the two Puamana

stations suggests that the Puamana 13m station is taking longer to recover from

the hurricane than the shallower 3m station. This difference in recovery time

was apparent in other species such as Montipora capitata and Porites Zobata,

which had larger colonies at Puamana 3m, compared to the 13m station (Table

2). Variation in recovery time between the two Puamana stations is most likely

the result of differences in storm impact. Connell et al. (1997) found that

recovery time increased after acute disturbances that altered the substrate in

comparison to disturbances that simply caused coral mortality. Unfortunately,

substrate data is not available for both stations prior to the hurricane. Anecdotal

information suggests that the much of the sand at the 3m station was

transported to the offshore reef. The increase in sand at the 13m station may

have covered suitable substrate, thereby limiting recruitment success (Hodgson

1990). In addition, high levels of sediment resuspension may have caused

extensive post settlement mortality among the few surviving recruits (Gilmour

1999) thus, delaying the recovery time at Puamana 13m.

Hurricane Iniki did not have the same destructive impact on the two

Olowalu stations even though these stations have southwestern exposures

similar to the Puamana stations. Differences in bottom topography, colony sizes

prior to the storm, and coastal geomorphology (e.g. presence of Hekili Point in

Figure 1) may explain the differential impacts of the storm between the two sites

and the resulting size frequency distributions. The Olowalu stations have a more

extensive reef structure than the stations at Puamana (Coyne et al. 2003). This

topography would have dissipated the wave energy over a broader expanse of

reef thus possibly reducing destructive wave forces at the Olowalu stations (e.g.

Young 1989). Modeling storm waves moving into shore at both sites would

clarify this possibility but it is beyond the scope of this study.
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The larger colony sizes of Montipora capitata, M. patula, Porites

compressa, and P. lobata colonies at the Olowalu stations (Figures 4 and 5)

suggest that colony sizes may have been large enough to survive the storm

waves during Hurricane Iniki (e.g. Woodley et al. 1981). Another possibility is

that storm waves produced higher mortality in small colonies at the Olowalu

stations resulting in the left skewed distributions. Woodley et al. (1981),

however, found that large colonies that survived hurricane Allen off Jamaica

provided shelter for smaller adjacent colonies in their lee. Therefore, it is

possible that left skewed distributions with a few small colonies were present

prior to hurricane Iniki. In addition, the presence of larger colonies at the

Olowalu stations for all 5 abundant species (Figures 4 and 6) suggest that the

disturbance regime is lower than at Puamana otherwise large colonies would

seldom appear in the size frequency distribution (Karlson 1999).

Finally, coastal features such as Hekili Point (Figure 1) may have

deflected the southwesterly hurricane waves providing more shelter for the

Olowalu stations compared to the Puamana stations. Wave models from the

Naval Oceanographic website have displayed lower wave heights at the Olowalu

stations depending on the swell direction (e.g. May 4, 2003 nowcast). Thus, it

appears that all three factors (bottom topography, large colony sizes prior to the

storm, and the presence of Hekili Point) explain the differential impacts from

hurricane Iniki between Olowalu and Puamana. The stations at Honolua Bay

with a northwestern exposure were not influenced by hurricane Iniki as the

storm swell approached Maui from the southwest.

Spatial variation in colony sizes and corresponding size frequency

distributions have been inferred from anthropogenic impacts (Alino 1986; Bak

and Meesters 1998; Meesters et al. 2001). In Hawai'i, Alino (1986) found that

smaller colonies predominated in the southern part of Kane'ohe Bay which he
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equated to population recovery following cessation of pollution input in 1978.

Reefs in the northern part of Kane'ohe Bay were characterized by larger colonies

with low diversity suggesting a less disturbed environment (Alino 1986). In

comparison, Meesters et al. (2001) concluded that sites characterized by left

skewed populations were experiencing limited recruitment and suffering from

environmental degradation. Unfortunately, their study did not provide

information on available free space, which may have also limited successful

recruitment. If the larger colonies occupied a high percentage of the substrate

then larval settlement would be restricted to the few remaining unoccupied

areas. Osman and Whitlach (1995) reported similar patterns with adult

ascidians that usurped space and limited larval settlement. Consequently, the

left skewed distributions in Meesters et al. (2001) may not be indicative of

disturbance from a degraded environment but rather a consequence of limited

space for successful recruitment. Alino (1986) documented low available free

space (40 to < 10%) at the north bay Kane'ohe sites which would have limited

recruitment and resulted in the left skewed distributions. Therefore, concluding

a low disturbance environment appeared appropriate. In both studies, however,

factors other than pollution (e.g. storm events) could have influenced the size

frequency distributions thus confounding the results.

Species-specific population structure

Species with larger colony sizes (e.g. Porites Zobata) were characterized by

higher intra-specific variation in colony size (Figure 6), lower relative size

variation (Figure 7), and increasing left skewness in the population with

increasing colony size (Figure 8). Bak and Meesters (1998; 1999) equated these

patterns to environmental processes that shaped the size frequency

distributions. Comparison between studies, however, revealed differences in the
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patterns. For example, Bak and Meesters (1998) documented intra-specific

variation that was lower « 1 order of magnitude) than what was reported in this

study. Perhaps phylogenetic differences between the Caribbean and Pacific coral

fauna (e.g. Fukami et al. 2004) accounted for lower variation within a species at

the Bak and Meesters sites compared to this study. More likely, the difference in

the intra-specific variation between studies reflects the role of the disturbance

regime in shaping the size frequency distribution by influencing the rate of

recruitment, available free space, and post settlement processes (e.g. Connell et

al. 1997).

Bak and Meesters (1998) sampled across an anthropogenic gradient,

which may not have been as severe as the physical environmental gradient (e.g.

hurricane Iniki) experienced in this study. Environmental differences among

their study sites were attributed to a eutrophication gradient in front of an

urban area on Curacao (Meesters et al. 2001). Meesters et al. (2001) stated that

colony size actually varied less in the degraded areas. Perhaps the chronic

nature of the anthropogenic disturbance lowered the intra-specific variation by

inhibiting growth in the larger colonies and limiting recruitment. In this study,

the acute disturbance from hurricane Iniki reduced the vast majority of colony

sizes for all species at the Puamana stations (From -11-12% coral cover to < 1%

at Puamana 13m, Brown 1999a), but appeared to have little impact on the

Olowalu stations. This differential impact could account for the large intra

specific variation among species in the present study. In the case of P. Zobata, its

massive morphology not only allowed colonies to attain refuge from severe

disturbances (Done and Potts 1992), but perhaps maintained overall reef

integrity by providing refuge for the other smaller species (Woodley et al. 1981).

The strong environmental gradient in this study could also account for

the lower relative size variation in species with larger colonies (e.g. Porites Zobata)
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due to the disproportionate impact on species with smaller colony sizes (e.g.

Montipora capitata). The relationship between CV and geometric mean size was

weak, however, due to the high leverage point for Montipora capitata and the fact

that typically large species such as Porites Zobata had high CV values. There are

several explanations for this weak relationship. First, the number of stations

sampled was small so increasing the sample size by including more stations

might clarify this relationship. Second, there were relatively few sPecies at each

station that had enough colonies to compare among the stations. Increasing

sampling effort within each station might result in size frequency distributions

that adequately characterize population structure compared to populations such

as Pocillopora meandrina at Honolua North 3m. Third, the chronic nature of the

environmental gradient that existed at the Bak and Meesters (1998; 1999) sites

may have resulted in high inter-specific variation rather than the high intra

specific variation (i.e. high variation in the geometric mean) seen in this study.

Finally, this study did not encompass the entire breadth of habitats found in

Hawai'i, and may have under represented colony size range in species that

predominate in other environments (e.g. M. capitata in protected Kane'ohe Bay).

Further information on disturbances, available open substrate at a site, and

biological processes (e.g. fragmentation rate and recruitment) would clarify

differences in relative colony size variation.

Species characterized by large colonies (e.g. Porites Zobata) and left

skewed distributions indicated the influence of disturbance impacts and post

settlement processes (e.g. absence of recruitment in recent years) at the

stations. For example, the P. Zobata size frequency distribution pattern at

Puamana 13m was comparable to the 3m station (e.g. log normal with small

colonies, Figure 4) suggesting that post settlement patterns (e.g. high

recruitment) were similar. The difference in colony sizes, however, implied that
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disturbance impacts were different which could be attributed to depth or

substrate suitability (See below with Pocillopora meandrina). Larger P. lobata

colony sizes and left skewed distributions (e.g. Olowalu 3m) identified differences

in disturbance impacts that were even more pronounced.

The similarity in the left skewed Pocillopora meandrina size frequency

distributions at several stations (e.g. Puamana 3m, Olowalu 3m, and Olowalu

8m, Figure 4) may reflect determinate growth patterns for this species (Maragos

1972). P. meandrina populations did not display a strong negative relationship

between population skewness and geometric mean size as observed in the other

species (Figure 8). In addition, populations had a truncated size frequency

distribution with similar maximum sizes among stations (Figure 4). These

patterns are consistent with determinate growth but other possibilities exist.

First, infrequent pulses of recruitment or changes in mortality in young colonies

may result in a few cohorts dominating the size frequency distribution in the

larger size classes. Second, structural limitations in colony morphology might

restrict maximum size rather than slower growth rates. As the colony grows,

surface area becomes high relative to the base and may result in removal of the

colony from the substrate during storms (Jokiel and Morrissey 1986). Finally,

Polacheck (1978) found that growth rates in the largest colonies did not

decrease. In addition, mortality was high for the largest colonies. He concluded

that the limitation in colony size was the result of decreased colony survival with

increasing size rather than determinate growth. Therefore, determinate growth

does not appear to be a plausible explanation for the truncated P. meandrina

size frequency distributions observed in this study.

The contrasting P. meandrina skewness patterns between the two

Puamana stations (Figure 4) indicates differences in post settlement mortality,

availability of suitable substrate and/or disturbance impact as a function of
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depth. Both stations had similar maximum colony size (Appendix C) which

implies that initial settlement occurred at the same time. Perhaps the large

quantity of sand at the Puamana 13m station (Appendix H) resulted in higher

mortality in the larger colonies due to the unstable substrate (Figure 4).

Differential impacts from waves as a function of depth could also explain the

contrasting skewness patterns. Hobson et al. (1995) found that storm effects on

P. compressa increased with depth, which they attributed to less tolerant growth

forms of this species at their deeper sites. In addition, the longer wave lengths

often associated with severe storms would have a greater influence on deeper

habitats than substrates closer to shore (Denny 1988). In this study, the P.

meandrina colonies at Puamana 13m may have been less tolerant of storm

damage than colonies at the 3m station. Therefore, a recent disturbance such as

hurricane Iniki could explain the predominance of right skewed distributions

and smaller colony sizes at the deeper station. Lower light levels at the deeper

station may also limit P. meandrina growth but contrasting juvenile growth

patterns between the stations do not support this (Table 44). More likely, it was

a combination of differences in mortality, suitable substrate, and depth, which

contributed to the dissimilar distribution patterns for P. meandrina.

Partial mortality

Partial mortality generally increased with increasing colony size, but this

varied among stations and species (Figures 9 and 10, Appendix B). Variation in

partial mortality could be attributed to observer error, samplingtime period,

and/or station-specific characteristics. Partial mortality is a subjective

measurement based upon the total colony surface area, so it is quite possible

that estimated percentage mortality varied depending on colony morphology. For

example, species with branching morphologies (e.g. Pocillopora meandrina and P.
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compressa} might be more difficult to accurately estimate in comparison to

massive (Porites lobata) or encrusting species (e.g. Montipora capitata). Partial

mortality could be directly measured in the field rather than estimated.

However, techniques used in other studies (e.g. Meesters et al. 1996; Lirman

2000) have only measured small lesions «-llcm diameter). This measuring

technique may not be applicable to the larger dead sections encountered in this

study. In addition, accurately measuring partial mortality would be too time

consuming for this "rapid" sampling approach. As a result, accurate

measurements of partial mortality across a wide range of colony sizes appear

difficult using a quick sampling method.

The sampling time period may also be a source of variation in partial

mortality. It is possible that sampling took place after a disturbance when the

corals suffered recent injury (3-5 days) in all size classes for certain species.

Possible evidence for this pattern was seen in the Pocillopora meandrina partial

mortality plot at Puamana 13m (Figure 9). Cumming (2002) found that small

pocilloporid colonies (0-20cm diameter) were more likely to suffer total mortality

following recent injury to the colony than larger colonies. If sampling had taken

place a month later then many of the smaller colonies would have died and not

been measured. The resulting size frequency distribution would have been left

skewed and displayed a more typical relationship between partial mortality and

colony size. Wave models, however, did not show any large storm events striking

the Puamana stations just prior to sampling. Therefore, sampling time period

failed to explain the variation in partial mortality. Another possibility is that

station-specific differences in environmental processes (e.g. sedimentation,

Brown 1999a) negatively impacted the smaller colonies resulting in higher

partial mortality. Wesseling et al. (2001) found higher partial mortality in

smaller Porites colony sizes in the Philippines. They hypothesized that this
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pattern was the result of site-specific differences in human reef exploitation

(Wesseling et al. 2001). In any event, the lack of apparent patterns in partial

mortality among stations and species in this study requires different approaches

to address this biological process.

Increasing partial mortality with increasing size of colonies has been

reported in other studies (Lewis 1997; Nugues 2002). Partial mortiality has also

been shown to be related to colony morphology (Meesters et al. 1996; 1997).

Colonies that displayed branching growth forms were less likely to suffer type II

lesions (on colony edge) and were able to gain a height refuge with increasing

size. In contrast, type II lesions were more frequent on massive colonies but

these species had smaller type I lesions (surrounded by living tissue) and were

less likely to become dislodged (Meesters et al. 1996). Morphology also plays a

role in colony recovery with branching forms having a higher regenerative ability

than tabular or massive forms (Hall 1997). Lirman (2000), however, found that

colony size did not affect tissue regeneration in Acropora palmata. Based on

these studies, one would expect differences in partial mortality between

branching species (e.g. Porites compressa) and massive species (e.g. P. lobata)

but the data were inconclusive.

It has been suggested that the size frequency mode is a critical point in

the size frequency distribution where total mortality (complete death of the

colony) becomes less important than partial mortality for a given species (Bak

and Meesters 1998; 1999). Bak and Meesters (1998) noted from visual analysis

of the data that average partial mortality increased at the colony size mode. They

equated this turning point in mortality phenomena to a critical colony size where

colonies were less susceptible to colony edge processes that caused total

mortality (Meesters et al. 1996). In this study, the fact that partial mortality at

the mode was usually greater than the mean partial mortality (regression
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slope> 1, Figure 11) indicated that partial mortality was already apparent within

the species populations. Knowing the proportion of colonies that had suffered

total mortality would clarify the relationship between partial mortality and size.

Unfortunately, locating dead colonies using the snapshot approach in this study

would be difficult, especially for the smaller colonies. Incorporating a temporal

component in the size frequency protocol could track the fate of tagged colonies

that had suffered partial mortality (e.g. Cumming 2002). Other studies have not

verified the relationship between the size frequency mode and partial mortality

(e.g. Lewis 1997; Wesseling et al. 2001). In addition, the threshold size for

partial mortality also varied in populations that had a more negative or left skew

in their log distribution (e.g. P. Zobata at Honolua South 3m, Figure 9).

Consequently, there did not appear to be any justification for designating the

size frequency mode as a critical colony size class.

Sampling effort

Cost estimates for the different techniques are important in decisions on

sampling design, but this information is rarely provided in the literature (but see

Brown et al. 2004). This study showed that measuring size frequency

distributions of corals can be done relatively quickly in the field. Data entry and

post-processing were also rapid. One station could be sampled and processed in

approximately 3 days with a given sample size of 500 colonies per station. Small

sample sizes for some of the common species resulted in size frequency

distributions that did not display any apparent pattern (e.g. Pocillopora

meandrina at Honolua North 3m). Uncertain distribution patterns could be

improved by increasing sampling effort for all species or maintaining the current

sampling effort and just focusing on the common species. Increasing sampling

effort by measuring more colonies per station would not only increase the
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resolution of the size frequency distributions for the common species but also

incorporate additional species for the inter- and intra-specific comparisons (e.g.

geometric mean size vs. skewness). It is possible that measuring additional

colonies would become prohibitive in cost. Focusing on just the common

species, however, might be difficult if one does not know the species distribution

prior to the survey. Even across the small spatial scale of this study (~30km,

Figure 1), coral assemblages varied considerably (Figure 2). In addition, useful

information on common and rare coral species has important implications in

marine reserve design. If the goal of the study, however, is to examine trends

and developmental sequence in community structure then focusing on the

common coral species makes more sense with limited sampling resources.

Therefore, assuming that the coral assemblages in this study are representative

of reefs in Hawai'i, one could optimize the sampling strategy by just measuring

the 5 common species used in this study and maintaining similar sampling

effort.

Summary

This chapter demonstrates that statistics from size frequency

distributions can elucidate the "condition" of coral populations and disturbance

patterns influencing these assemblages. In addition, species-specific differences

in population structure were revealed. Even though some limitations exist with

this method, measurment of size frequency distributions is a quick and

inexpensive technique for assessing coral populations. The predominance of

smaller mean colony sizes and positively skewed populations (e.g. Pocillopora

meandrina at the Puamana 13m station) indicated that coral populations at the

2 stations at Puamana appeared to be in the early stages of community

development after being decimated by hurricane Iniki in 1992. At the other end
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of the spectrum, the two Olowalu stations were in later stages of community

development as shown by large colonies of Montipora and Porites and left skewed

populations (e.g. Porites lobata at Olowalu 8m). The Honolua stations appeared

intermediate in the development of their coral populations with differences in

disturbance regimes detected among stations.

Species-specific differences in mean colony size and intra-specific

variation were documented and ranked for the 5 abundant species as follows;

Porites lobata>Porites compressa>Pocillopora meandrina>Montipora

patula>Montipora capitata. Species with large mean colony size (e.g. P. lobata)

had lower relative size variation than species with smaller mean colony sizes

(e.g. M. capitata), reflecting the disproportionate impact of environmental factors

(e.g. waves) on smaller colony sizes. Population distribution of species with large

colonies (e.g. P. lobata) became left-skewed with increasing colony size. P.

meandrina populations displayed truncated, left-skewed distributions

suggesting a determinate growth pattern. Previous evidence, however, indicated

that the left-skewed P. meandrina distribution resulted from decreased colony

survival in the larger size classes rather than termination of growth. Partial

mortality generally increased with increasing colony size. Mean partial mortality

varied among species and was ranked as follows; Porites compressa>Porites

lobata>Pocillopora meandrina>Montipora patula>Montipora capitata. The size

frequency mode in this study does not appear to be a critical colony size class

where partial mortality becomes more important than total mortality.
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CHAPTER 3

SHORT-TERM EVALUATION OF REEF CONDITION: RECRUITMENT

INTRODUCTION

Spatial and temporal variability in coral recruitment poses challenges in

predicting coral community development. Studies dealing with coral recruitment

are recent (within the last 30 years) and have been primarily centered in the

Caribbean (Bak and Engel 1979; Smith 1992) and on the Great Barrier Reef

(Harriott 1985; Wallace 1985b; Hughes et al. 1999). Reported rates of coral

recruitment have varied from 6 to 370 colonies m-2 yr-2 in the Caribbean (Smith

1992) to over 4250 colonies m-2 yr-2 along the Great Barrier Reef (Hughes et al.

2000). Since the majority of coral larvae are smaller than 1mm in diameter

(Harrison and Wallace 1990), two principal scales of detectable size have been

used to investigate recruitment patterns in these areas. At the microscopic scale

«2mm), natural (Harriott 1985; Wallace 1985a) and artificial (Birkeland 1977;

Birkeland et al. 1981; Hughes et al. 1999) substrates have been placed in the

environment and subsequently removed to document early "invisible"

recruitment. Invisible recruitment varies considerably in time and space

(Hughes et al. 1999). Studies using larger detectable sizes (>2mm) have focused

on recruits visible in the field (Bak and Engel 1979; Hughes 1985; Smith 1992).

Some photographic studies on coral recruitment in the field use an even larger

size (> 1cm diameter) as the minimum detectable dimension (Hughes 1985).

These differences in the minimum detectable size used in various studies can

have a significant impact on the reported recruitment patterns. Fitzhardinge

(1993), found that the relative abundance of species at a site differed depending

on which minimum detectable size was measured. She attributed this to size

specific mortality and growth patterns (Fitzhardinge 1993).
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In Hawai'i, coral recruitment has been studied at several different levels.

Previous studies on visible recruitment (detectable size>2mm) have focused on

the population biology of specific species (Polacheck 1978), existing community

structure (Dollar 1975), and community development and succession (Grigg and

Maragos 1974). Dollar (1975) used artificial asbestos sheets (surface area

(1. 12m2) along the central Kona coast of Hawai'i but did not observe any coral

recruitment during his 10 month study (Table 11). Polacheck (1978) measured

recruitment in Kane'ohe Bay (1 site) using cut plates of dead Porites colonies

(surface area 0.03m2) over a 9 month period. He also examined recruitment in

142 - 1m2 fixed plots offWaikiki (2 sites). No recruitment was documented on

his plates in Kane'ohe Bay and low recruitment (mean 0.2m-2 ) was observed at

the two WaiklkI sites (Table 11). Grigg and Maragos (1974) measured colonies on

dated lava flows off the island of Hawai'i. They found that Pocillopora meandrina

was the first species to colonize an area. This species facilitated early reef

recovery over a short (2-5 years) time period. Full recovery of the reef

community, however, appeared to take up to 50 years at sheltered locations

(Grigg and Maragos 1974; Grigg 1983). Neither Grigg and Maragos (1974) or

Grigg (1983) used natural or artificial substrates in an experimental setting but

they did provide a developmental sequence of community structure in relation to

potential recruitment patterns in Hawai'i.

Fitzhardinge (1993) examined recruitment in Kane'ohe Bay at the

microscopic scale (invisible recruitment <2mm) using concrete blocks (surface

area 0.24m2) as a substrate (Table 11). Pocillopora damicomis initially colonized

the substrate and attained the largest colony sizes, but after 3 years relative

abundance of Porites compressa recruits increased compared to the other

species, most notably P. damicomis (Fitzhardinge 1993). Montipora capitata

recruits were uncommon in her study despite the abundance of this species in
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the adult community assemblage (Maragos 1972; Alino 1986). Demers (1996)

also used concrete blocks (surface area 0.19m2) at a patch reef in Kane'ohe Bay

to document coral recruitment. His recruitment rate was lower (mean 7.8m-2)

than the results reported by Fitzhardinge (1993) in the same area (Table 11). In

comparison to other regions around the Pacific, reported recruitment rates are

low in Hawai'i, even at sites with high coral cover (Smith 1992).

Table 11. Recruitment rates in Hawai'i reported from previous studies.

# of Recruits m-2 yr1

Mean SD
Study

Dollar (1975)
Polacheck (1978)
Polacheck (1978)
Fitzhardinge (1993)
Demers (1996)

Detectable
size
>2mm
>5mm
>5mm
<2mm
<2mm

Substrate
Used
Asbestos
Natural
Coral
Concrete
Concrete

Surface
area (m2)

1.12
1.00
0.03
0.24
0.19

o
0.2

o
33.7

7.8

0.2

55.2
6.4

Several possibilities exist to explain the relatively low recruitment rates

documented in Hawai'i. First, recruitment patterns from the previous studies

may represent a real phenomenon, which might suggest that these reefs are

recruitment limited. Second, coral recruitment in Hawaii may be episodic and

these short-term studies failed to capture the event. This appears likely given

the long life span of corals relative to the study period. Third, recruitment

patterns in the previous studies may not be representative of recruitment rates

found elsewhere in the archipelago. Finally, some aspect of the materials or

methodology may not have been conducive to coral recruitment. Harriott and

Fisk (1987) found that ceramic tile was the best surface for settlement in terms

of number of spat. None of the previous studies in Hawai'i utilized this substrate

and therefore may have underestimated larval availability. The present study

examined recruitment in Hawai'i at reefs on exposed coastlines, over a 30 month
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time period, and utilized terracotta tiles (ceramic clay), which is one of the most

commonly used substrates in recruitment studies (e.g. Mundy 2000). In

addition, this study also investigated post settlement processes (growth and

survivorship) as a precursor to adult community processes, which will be

explored in later chapters. In this chapter, recruitment refers to corals that

survived until the first observation after initial settlement (at least 1-2 months)

on the tiles.

Three principal questions about coral recruitment are addressed using a

minimum detectable size of 0.5mm colony diameter. First, what are the rates of

coral recruitment by genus at the 6 stations across time? Second, do growth

rates of small colonies of the common genera differ among the 6 stations? Third,

what is the mortality rate and ultimately the survivorship of recruits of the

various coral species at the 6 stations across time? Patterns in coral recruitment

rates, growth and survival can then be compared to the abundance of adult

colonies in an attempt to explain the existing community structure and provide

inference on reef condition (e.g. Connell et al. 1997; Hughes et al. 2000).

METHODS

Coral recruitment at each of the 6 stations (Honolua North 3m, Honolua

South 3m, Puamana 3m, Puamana 13m, Olowalu 3m, and Olowalu 8m) was

examined using a minimum detectable size of >0.5mm colony diameter. This

approach focused on recruitment during the critical early stages of development.

Settlement plates were 9cm X 9.5cm X lcm unglazed terracotta tiles with a total

surface area of 0.02m2 for all 6 faces. Two plates were bolted together with a

Plexiglas insert between them creating a "sandwich" with a ~0.7cm gap. The

uniquely numbered plate pair was then glued to a short 4cm X 2cm PVC pipe

that could be freely inserted and removed from a PVC cross. Two plate pairs
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were affIxed to the PVC cross sitting atop a 48cm X 2cm PVC pipe with a 1.5m

galvanized metal stake through the center. This created a plate array (sampling

unit) with one pair oriented horizontally and the other pair aligned vertically

(Plate lA - series 1). In addition, 2.5cm PVC rings were clipped onto the corner

of each plate to facilitate handling without touching the surface of the plate.

Seven plate arrays were installed at each station (spatial scale 100m) with a

total of 14 per site (spatial scale 200-300m within a site). Each array was

positioned at a height of 15cm above the substrate following the protocol of

Harriott and Fisk (1987). The rationale for 7 arrays was that storm damage

and/or human intervention might eliminate some of the stakes, maintaining a

minimum sample size of 5 arrays at each station. To assess possible

conditioning effects on larval abundance over time, a second set of plates (Series

2) was installed on the existing arrays in April 2000 (Plate IB). Conditioning

effect was defined as the percentage of free space and/ or suitable substrate that

differed as a function of the time that plates were in the field. Arrays were

deployed haphazardly at the 6 stations within the 2m X 100m Coral Reef

Assessment and Monitoring Program (CRAMP) grid (Jokiel et al. in press). The 6

stations crossed an environmental gradient from high (Honolua North 3m and

South 3m) to low (Olowalu 3m and 8m) wave energy at a spatial scale> 10km.

The plates were installed in March 1999 and retrieved from the plate

arrays at each site approximately every 6 months for 2.5 years. Plates were

analyzed after the major spawning events in the summer (Fall 1999, Fall 2000,

and Fall 2001) and re-examined for survivorship of the recruits over the winter

(Spring 2000 and Spring 2001). For simplicity, the four primary time periods

(Spring 1999 to Fall 1999, Fall 1999 to Spring 2000, Spring 2000 to Fall 2000,

and Fall 2000 to Spring 2001) are referred to by the abbreviated retrieval date

throughout the text. For example, the Fall 99 label refers to the Spring 1999 to
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Fall 1999 sampling period. During the summer of 1999 and 2000, a subset of

the plates was retrieved and analyzed to check the protocol and the durability of

the arrays. These data were not included in the statistical analysis. In the fall of

2001, only 3 randomly selected arrays at each station were sampled due to time

constraints and then dried after initial analysis to verify identifications using

skeletal characteristics. Consequently, this last set was not included in the

statistical analyses for number of recruits, but the data were presented in the

figures for illustrative purposes. Growth rate estimates and proportion of

survivorship, however, could still be generated from the Fall 2001 data. The

remaining plates were left in place for longer term analysis of recruitment.

Upon removal, plates were examined for new coral recruits and growth

and mortality in previous recruits. The laboratory analysis took place at the

Maui Ocean Center, which had an open seawater system allowing the plates to

be examined in vivo under the microscope. Analysis of the plates took ~3 hours

per plate pair which resulted in retrieving plates every 4-5 days over a 3 month

time period. Each surface of the plate was viewed at lOOX magnification. Only

the 4 largest surfaces (i.e. no edges) were examined during the first sampling

period due to the lack of an appropriate microscope setup. Subsequently, the

edges were viewed at 60X magnification using an additional microscope setup.

Individual recruits were mapped out on 6 x 10 cell monofilament grid that was

suspended over the top of each plate by the PVC rings at each comer. Mapping

the recruits allowed them to be tracked throughout the course of the study.

Recruits were measured by ocular micrometer at each sampling period to

determine colony diameter. Data on each recruit included plate surface (inner

horizontal, inner-vertical, under, upper, and vertical), a unique alphanumeric

location within the grid, genus (species if possible), number of polyps, length,

width, height if applicable, fate code (dead, alive, partial mortality, bleached,
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fission, fusion, and "phoenix"-risen), and old or new. After completion of the

analysis the plates were returned to the site and afftxed to the array in the same

location and orientation.

New recruits (# m-2) were enumerated for each plate surface instead of

simply using the overall plate area as in some previous studies (e.g. Harriott

1999). The number of recruits m-2 were extrapolated from the small surface area

of the plates for comparisons with other studies. Differentiating among plate

surfaces compensated for multiple surfaces on each plate regardless of overall

orientation. For example, horizontal plates had horizontal planes divided into an

upper, under, and inner-horizontal surface but also had small vertical surfaces

where recruits could settle (Figure 12). Vertical plates had much smaller

horizontal upper and under surfaces with larger vertical faces including the

inner-vertical surface. This approach enabled statistical comparisons of surface

preferences.

STATISTICAL ANALYSIS

Recruitment rate was examined using a General Linear Model (GLM)

repeated measures ANOVA with number of recruits (# m-2 6-months-1) as the

dependent variable (N=5 plate arrays) and station (6 - Honolua North 3m,

Honolua South 3m, Puamana 3m, Puamana 13m, Olowalu 3m, and Olowalu

8m), time period (4 - Fall99, SpringOO, FallOO, and Spring01), and plate surface

(5 - Inner-Horizontal, Inner-Vertical, Under, Upper, and Vertical) as factors.

Three separate tests were run for each of the dominant genera (Montipora spp.,

Pocillopora spp., and Porites spp.). Genus effect was not incorporated into the

analysis since the primary focus was to investigate differences in recruitment of

the 3 dominant genera in comparison to the other factors. In addition,

interactions involving
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Plate 1. A. Recruitment tile array at Honolua North 3m from March 1999 to
March 2000 - Series 1 plates. B. Recruitment tile array at Honolua North 3m
from April 2000 to November 2001 - Series 1 + Series 2 plates.
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genera would partially reflect differences in reproductive biology not accounted

for in the model.

Effect of conditioning on recruitment rates (# m-2 6-months-1) was tested

separately using a repeated measures ANOVA model. Only the fall 2000 data

were used when both sets of plates were installed simultaneously and the

contrast was greatest between the series 1 plates (conditioned) and the series 2

plates (less conditioned). Additional factors in the model included station (6

levels) and genera (3 levels for the dominant genera). All recruitment data were

In(x+ 1) transformed to meet the assumptions of normality and homogeneity of

variances. Post-hoc multiple comparisons among means were conducted using a

Tukey Unequal HSD test when ANOVA results detected significant differences

for various factors.

Growth rate of coral colonies by species was expressed as (Present Size in

mm2-Previous Size)/Time in weeks. Colony size was calculated using the

formula for an ellipse where

Surface area (SA) in mm2 =1t*(Length/2)*(Width/2).

If a colony exhibited vertical growth then a modified formula for a spherical cap

was used to calculate size (http://mathworld.wolfram.com/SphericalCap.html).

SA (mm2) = 1t*((Length/2)*(Width/2) + (Height)2).

Growth rate over the first 6 months was used in the statistical analysis

since multiple measurements on the same colony were not considered

independent. Recruits also had to be alive at each of the sampling intervals to be

included in the analysis. Differences in initial growth rate by genus among

stations, seasons, and surfaces were explored in four separate stages. First,

scatterplots were generated for the 3 abundant genera (Montipora, Pocillopora,
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and Porites) of corals to visually examine growth rates as a function of initial size

(cm2). For these analyses, growth data for each genus were pooled across sites

due to the small sample size at certain stations (e.g. Honolua South 3m and

Olowalu 3m). Second, growth rate was examined using a separate slopes GLM

with stations and genera as categorical predictors and initial area as the

continuous predictor or covariate. The separate slopes model had to be used for

each of the comparisons due to the different effects of initial size at different

factor levels. Third, an additional GLM was run with time periods or seasons as

a categorical factor in place of station and initial size as the covariate. Fourth, a

separate slopes GLM was run with surface as a categorical factor and initial size

as the covariate. The full model with stations*time*species*plate surface could

not be constructed due to the lack of growth data for all of the levels in each

factor.

Both growth rate data and initial area were In(x+ 1) transformed to

control for non-normality and heterogeneity of variances. A constant larger than

1 was considered so that data from coral recruits that experienced large negative

growth rates could be incorporated in the analysis. Unfortunately, larger

constants greatly affect the results of the parametric tests when the dependent

variable is small (Krebs 1999). Therefore, a total of 5 measurements (0.6%) or

outliers were omitted from the ANCOVA model. This removal might introduce a

bias towards positive growth rates but was considered negligible.

To explore possible differences in growth as recruits matured, maximum

diameter of coral recruits that survived more than 6 months was plotted over 24

months (5 time periods) for the 3 common genera (Montipora, Pocillopora, and

Porites). Maximum diameter was used instead of area to simplify the

interpretation. No statistical analyses could be performed due to the lack of

measurements at each level but data from the Puamana 13m station were used
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for the plot since this location had the full complement of genera and

observational periods.

Proportion of survivors for the 3 common genera (Montipora, Pocillopora,

and Porites) was tracked for 4 cohorts over various observation periods (Table

12). Initial mortality at time zero was calculated as the proportion of dead

settlers vs. live settlers at the time of first observation. Separate survivorship

curves were generated for each cohort and plotted by genus.

Table 12 Cohorts tracked over various observation periods for the 3 common
coral genera.

Cohort Observation period Time (Months)

1 Fall 99 - Fall 01 24
2 Spring 00 - Fall 01 18
3 Fall 00 - Fall 01 12
4 Spring 01 - Fall 01 6

Finally, survivorship (# m-2) was investigated using the oldest (18

months) recruits that had the greatest potential to contribute to the adult

community. A 3-way GLM ANOVA was used with station, surface, and genus as

factors and number of recruits alive (# m-2 ) as the dependent variable. The

number of recruits was In(x + 1) transformed to meet the assumptions of

normality and homogeneity of variances. For comparative purposes the original

values were converted to number of recruits m-2 for the statistical analysis.

RESULTS

Recruitment levels

A total of 4,588 new coral recruits was recorded among all of the stations

during the course of the study including the Fall 2001 sampling period (Table
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13). The highest number of new recruits was documented at the Puamana 3m

station (2,383) followed by the Puamana 13m station (1,224). The Olowalu

stations had intermediate levels of recruitment (3m - 376, 8m - 416) compared

to the Honolua stations which had the lowest recruitment levels (North - 113,

South - 76) (Table 13).

Eight hermatypic coral taxa were recorded on the plates as well as one

ahermatypic coral. This is a conservative estimate since it is quite possible that

some of the recruits were congeners of the recorded taxa (e.g. Montipora patula

instead of M. capitata). Consequently, the average number of new recruits (# m-2)

was grouped by genera for presentation and subsequent analysis. The dominant

genera among the stations were Montipora spp., Pocillopora spp., and Porites spp.

(Table 13).

During the course of the study 19 plate pairs were lost or damaged out of

the 164 that were deployed. Eight were removed by unknown persons at

Honolua (2 on the North 3m station and 6 on the South 3m station) and never

found. Four were found on the beach at Olowalu 3m. Six were buried by sand

drift at Puamana 3m and never recovered. The final plate pair broke off the

Plexiglas insert at Puamana 3m and was never located. Unequal sample sizes at

each station resulted in a one-time, random removal of plate pairs from the

analysis so that the final sample size was 5 per station for the site comparison.

This was done as the repeated measures model in Statistica could only handle

balanced designs.

Recruitment rates - conditioning effect

Plate conditioning had a significant effect on recruitment with the series

1 plates (conditioned over 1.5 years) exhibiting twice as many recruits as the

series 2 plates (conditioned over 0.5 years) (Figure 13c; Fl.4 = 18.2 P =0.01,
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Table 14). This was due, however, to the higher number of Montipora spp.

recruits on the series 1 plates compared to the series 2 plates at Puamana 3m

(Figure 13c). This particular recruitment pulse by Montipora spp. explained the

significant station*genus (FlO,40 = 25.8, P <0.001) interaction and the first order

station (Fs,2o = 6.3, P =0.001) and genus (F2,8 = 7.3, P =0.02) terms (Table 14).

The conditioning*station*genus interaction was not significant (FlO,40 = 1.6,

p=0.15), however, indicating that the conditioning effect was similar across

Table 13. Average number of new recruits (# m-2) by genus at each station across
seasons. N = total number of new recruits for all plates sampled.

Site Station Genus N 1999 2000 2000 2001 2001
Fall Spring Fall Spring Fall

Honolua North Montipora 39 12.2 2.5 28.0 4.6 0.0
3m Pavona 1 0.0 0.0 0.0 0.0 7.3

Pocillopora 27 7.3 18.7 9.4 0.8 7.3
Porites 46 21.9 1.6 21.5 10.6 24.4

South Montipora 35 14.6 8.2 45.8 5.9 1.6
3m Pocillopora 19 4.9 9.3 25.1 0.0 17.1

Porites 22 4.9 10.6 21.2 1.0 2.4
Puamana 3m Montipora 2216 325.8 86.9 1733.6 222.9 1450.7

Pavona 1 0.0 0.0 0.4 0.0 0.0
Pocillopora 140 131.6 90.0 52.6 18.9 12.2
Porites 27 27.2 32.9 5.7 4.0 0.0

13m Montipora 1018 108.6 12.9 697.9 104.0 801.0
Pavona 1 2.1 0.0 0.0 0.0 0.0
Pocillopora 164 77.3 197.0 90.2 7.9 99.1
Porites 39 33.4 30.3 4.2 0.4 19.6
Unknown 1 0.0 6.3 0.0 0.0 0.0

Olowalu 3m Cyphastrea 16 4.2 15.0 1.1 5.9 0.9
Leptastrea 3 2.1 6.5 0.0 3.7 0.0
Montipora 24 29.2 7.9 1.1 0.4 2.4
Pavona 5 2.1 0.0 0.7 0.8 0.0
Pocillopora 56 35.5 27.8 7.8 17.6 8.5
Porites 272 60.6 76.9 135.1 93.5 151.1

8m Culicea 10 0.0 0.0 1.0 1.4 2.4
Cyphastrea 13 4.2 0.0 7.5 6.8 23.2
Leptastrea 4 2.1 0.0 0.4 0.7 0.0
Montipora 109 52.2 37.3 27.9 5.5 49.6
Pocillopora 55 39.7 12.9 26.1 3.8 17.9
Porites 224 41.8 94.7 112.6 76.6 139.7
Unknown 1 2.1 0.0 0.0 0.0 0.0

Total 4588 1047.4 786.0 3056.9 597.6 2838.4
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Table 14. GLM repeated measures ANOVA results comparing number of recruits
(# m-2 6-months-1) as a function of conditioning level by stations and genus.
Note: only data from the Fall 2000 time period was used. Model: Recruit
abundance = constant + conditioning + station + genus + interaction terms.

SS DF MS F P

Intercept 1387.87 1 1387.87 253.95 0.000
Error 21.86 4 5.47
CONDITION 11.70 1 11.70 18.15 0.013
Error 2.58 4 0.64
STATION 101.10 5 20.22 6.34 0.001
Error 63.75 20 3.19
GENUS 65.61 2 32.80 7.34 0.015
Error 35.75 8 4.47
CONDITION*STATION 3.72 5 0.74 0.47 0.792
Error 31.50 20 1.57
CONDITION*GENUS 0.47 2 0.24 0.20 0.823
Error 9.53 8 1.19
STATION*GENUS 452.89 10 45.29 25.75 0.000
Error 70.35 40 1.76
CONDITION*STATION*GENUS 34.32 10 3.43 1.59 0.145
Error 86.34 40 2.16

stations and among genera. Recruitment rates for the Fall 1999 (Figure 13a) and

Spring 2000 (Figure 13b) sampling intervals are also displayed for comparison.

Overall, the level of plate conditioning did not appear to be a significant factor on

recruitment rates except for Montipora spp. at one station (Puamana 3m) during

the Fall 2000 sampling period. In comparison, subsequent analysis in the

Spring 2001 showed equivalent recruitment rates for both series of plates

(Figure 13d). Consequently, the data from the 2 plate series were pooled and

used in the full model for each genus.

Montipora spp. had higher rates of recruitment compared to equivalent

recruitment rates of Pocillopora spp. and Porites spp. (Figure 14). No statistical

analysis was conducted at this level but the figure clearly shows the difference

in overall recruitment rates among genera. Therefore, separate analyses for each

genus seemed appropriate to reduce the complexity of the analysis and compare
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Figure 14. Mean number of new recruits (# m-2 per 6 month interval) by genus
averaged over all stations, time periods, and surfaces. Mean ± 1SE.

recruitment among stations, time periods and surfaces without significant

interactions related to differences among genera.

Recruitment rates among stations - Montipora spp.

Among stations, significantly higher rates of Montipora spp. recruits were

observed at the two Puamana stations compared to the other 4 stations (Fs, IS =

18.3, P <0.001, Figure 15) but this varied by time (station*time FIS,4S = 4.8, P

<0.001) and surface (station*surface F2o,6o = 5.4, P <0.001) (Table 15a). The

station ranking for recruitment was Puamana 3m=Puamana 13m>Olowalu

8m=Honolua South=Olowalu 3m=Honolua North. This pattern was consistent

except during the Spring 2000 when Montipora spp. recruitment at Puamana

13m was equivalent to the two Olowalu and Honolua stations (Figure 13b).
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Table 15. Separate GLM repeated measures ANOVA results comparing number
of recruits (# m-2 6-months-1) for each genus among stations and times for all 5
surfaces. Model: Recruit abundance = constant + station + time + surface +
interaction terms.

a.) Montipora spp.

SS DF MS F P

Intercept 1100.00 1 1100.00 654.31 0.000
Error 5.04 3 1.68
STATION 541.45 5 108.29 18.28 0.000
Error 88.85 15 5.92
TIME 277.59 3 92.53 98.23 0.000
Error 8.48 9 0.94
SURFACE 316.84 4 79.21 26.88 0.000
Error 35.36 12 2.95
STATION*TIME 224.70 15 14.98 4.76 0.000
Error 141.70 45 3.15
STATION*SURFACE 269.71 20 13.49 5.35 0.000
Error 151.28 60 2.52
TIME*SURFACE 50.72 12 4.23 2.08 0.045
Error 73.22 36 2.03
STATION*TIME*SURFACE 166.40 60 2.77 1.01 0.459
Error 492.02 180 2.73

b.) Pocillopora spp.

SS DF MS F P

Intercept 440.36 1 440.36 304.00 0.000
Error 4.35 3 1.45
STATION 82.74 5 16.55 4.18 0.014
Error 59.44 15 3.96
TIME 49.17 3 16.39 3.06 0.084
Error 48.19 9 5.35
SURFACE 326.80 4 81.70 43.88 0.000
Error 22.34 12 1.86
STATION*TIME 49.72 15 3.31 1.82 0.062
Error 82.11 45 1.82
STATION*SURFACE 176.46 20 8.82 4.61 0.000
Error 114.89 60 1.91
TIME*SURFACE 56.58 12 4.71 2.84 0.008
Error 59.76 36 1.66
STATION*TIME*SURFACE 145.68 60 2.43 1.24 0.142
Error 352.33 180 1.96
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Table 15. (Continued) Separate GLM repeated measures ANOVA results
comparing number of recruits (# m-2 6-months-1) for each genus among stations
and times for all 5 surfaces. Model: Recruit abundance = constant + station +
time + surface + interaction terms.

c.) Porites spp.

SS DF MS F p

Intercept 665.95 1 665.95 233.89 0.001
Error 8.54 3 2.85
STATION 393.29 5 78.66 23.71 0.000
Error 49.76 15 3.32
TIME 26.79 3 8.93 3.19 0.077
Error 25.23 9 2.80
SURFACE 277.02 4 69.26 23.96 0.000
Error 34.68 12 2.89
STATION*TIME 91.68 15 6.11 1.81 0.064
Error 152.07 45 3.38
STATION*SURFACE 194.59 20 9.73 3.48 0.000
Error 167.56 60 2.79
TIME*SURFACE 32.13 12 2.68 1.50 0.168
Error 64.10 36 1.78
STATION*TIME*SURFACE 141.49 60 2.36 1.29 0.103
Error 329.16 180 1.83

stations. Higher numbers of Mpntipora spp. recruits were seen in the Fall 2000

compared to the other 3 time periods (Fall 2000>Fall 1999>Spring 2001 >Spring

2000, F3,9 = 98.2, P <0.001, Table 15a). This temporal pattern was steady among

stations except at Olowalu 3m where recruitment was higher in Fall 1999

compared to Fall 2000 (Figures 13a and 13c). There were a surprising number of

Montipora recruits seen on the spring plates at Puamana 3m and 13m

suggesting long larval competency periods (Figures 13b and 13d) at these

stations. Recruitment was highest in the Fall 2000 sampling period for each

surface except the upper surface with low numbers of recruits at all time periods

(time*surface F12,36 = 2.1, P =0.04, Table 15a). The highest recruitment was

found on the under and vertical surfaces with other surfaces being equivalent

(Under=Vertical>Inner-vertical=Inner-horizonta1=Upper, F4,12 = 26.9, P <0.001,
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Table lSal. The under surfaces generally showed the highest recruitment rates

except at Puamana 3m and 13m and the Spring 2000 sampling period when

recruitment was higher on the vertical surfaces. The exposed upper surface and

the cryptic inner-horizontal surfaces had the lowest recruitment rates.

Recruitment rates among stations - Pocillopora spp.

Pocillopora spp. recruitment was statistically different among stations

(FS,lS = 4.2, P =0.01, Table lSbl with higher rates documented at Puamana 3m

and 13m (Figure 15). Mean recruitment rates among stations, however,

overlapped statistically making it difficult to identify distinct spatial patterns

(Table 16). In addition, Pocillopora spp. recruitment among stations varied by

surface (station*surface F20,60= 4.6, P <0.001, Table lSb) with the higher

recruitment at the two Puamana stations observed on the vertical surfaces.

Similar recruitment rates for Pocillopora spp. were recorded across time (Fall

1999=Fa112000=Spring 2000=Spring 2001, F3,9= 3.1, p =0.08) but differed

among surfaces with higher recruitment observed in Spring 2000 on the vertical

surfaces (time*surface F12,36 = 2.8, P =0.008, Table lSb). Pocillopora spp.

preferred the vertical surfaces of plates (Vertical>Under>Inner-vertical=Inner

horizontal=Upper, F4,12 = 43.9, P <0.001, Table lSb) in comparison to all other

surfaces. Surface preferences varied across time as noted with higher

recruitment rates on vertical plates in Spring 2000, inner-horizontal in Fall

2000, and inner~verticalin Fa111999. The highly significant terms involving

plate surface indicate the importance of settlement orientation in this genus. It

is possible that some of the Pocillopora spp. recruits were of the species P.

damicomis which is a brooder. This could account for differences in plate

surface orientation among seasons. Larger Pocillopora spp. recruits at the end of
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the study, however, were identified as P. meandrina so it appears that most of

the recruits on the plates belonged to this species.

Table 16. Comparisons of the mean number of Pocillopora spp. recruits per
m 2 per 6 months among stations using an Unequal N HSD post-hoc test. Means
(# / m 2) are raw values.

Honolua Honolua
Puamana Puamana Olowalu North Olowalu South

3m 13m 3m 3m 8m 3m
Grouping A A A A A

B B B B B
Mean 56.3 48.2 23.1 18.6 7.2 6.4

Recruitment rates among stations - Porites sPp.

Higher Porites spp. recruitment was observed at Olowalu 3m in

comparison to the other 5 stations (Olowalu 3m>Olowalu 8m=Honolua

North>Puamana 13m=Puamana 3m=Honolua South, FS,lS= 23.7, p <0.001,

Figure 15, Table 15c). This spatial pattern, however, varied by surface with

higher recruitment rates seen at Olowalu 8m compared to Olowalu 3m for the

upper surface (station*surface F20,60 = 3.5, P <0.001, Table 15c). Porites spp.

exhibited equivalent recruitment across the 4 sampling periods (Fall 1999=Fall

2000=Spring 2000=Spring 2001, F3,9 = 3.2, P =0.08, Table 15c) which was

consistent among stations and surfaces. Porites spp. occurred on the under and

vertical surfaces at statistically equivalent rates followed by inner-vertical, inner-

horizontal, and upper surfaces (Under=Vertical>Inner-vertical=Inner-

horizontal=Upper, F4,12 = 24.0, P <0.001, Table 15c). This pattern varied,

however, among stations with higher recruitment rates on the under surfaces at

the Puamana 3m and 13m stations. The vertical surfaces ranked second at

these stations and produced a similar pattern to that observed in Montipora spp.
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In summary, Montipora spp. had the highest rates of recruitment among

genera at the two Puamana stations (Figure 15). In comparison, Porites spp.

were the dominant recruits at Olowalu 3m and 8m. The highest rates of

Pocillopora spp. recruits were documented at Puamana 3m and 13m with

equivalent rates of recruitment to Montipora spp. at the Olowalu stations. Higher

recruitment took place in the fall compared to the spring for the 3 dominant

genera with a strong pulse of Montipora spp. recruits documented in the Fall

2000 sampling period (Figure 16). Settlement was higher on the under and

vertical plate surfaces compared to the more exposed upper and cryptic inner-

horizontal surfaces (Figure 17).
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Figure 15. Mean number of new recruits (# m-2 per 6 month interval) among
stations and by genus. Raw data used for figure (FlO,30 = 22.6 P <0.001). Mean ±
1SE.
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Growth

Length and width were not measured for coral colonies at Olowalu

during the fall 1999 sampling period due to the lack of an ocular micrometer, so

only number of polyps was recorded. Therefore a series of linear regressions for

number of polyps vs. basal area was run using the fall 2000 data for new

recruits at each Olowalu station (Appendix E). The regression formulas were

then used to estimate area for the fall 1999 data. The relationship between

number of polyps and area varied among genera and the two Olowalu stations

(R2= 0.24-0.95, Appendix E). The poor fit for Montipora was due to the high

number of recruits with just 1 polyp compared to 1 recruit that had 2 polyps.

For small sample sizes (N<5 colonies genus -1 station-I) only mean area polyp-I

was calculated rather than attempting to fit a regression line (Appendix E).

Growth data (mm2 weekI) were obtained for 800 recruits (21.9%) out of a

possible total 3,658 recruits recorded in the study (925 new recruits from the

last sampling interval were excluded from the total as they were only measured

once). Additional measurements of recruits surviving more than 2 time periods

provided a total of 1,151 growth rates at different time intervals. Mean diameters

for the 3 dominant genera were broken down by observation period and pooled

by station across the seasons (Table 17). Diameter measurements for other

genera are included in Appendix F. The largest initial recruits on average were

Pocillopora spp. (diameter: 4.3mm ± LOSE), followed by Porites spp. (1.7mm ±

0.2SE), and Montipora spp. (0.9mm ± O.ISE).

Differences in growth rates among genera over the first 6 months (N=800)

were recorded across stations (Table 18). Some genera displayed mean negative

growth at certain stations (e.g. Pocillopora spp. and Montipora spp. at Honolua

South 3m) during the spring sampling period. Rates were averaged by season

due to small sample sizes at the two Honolua stations. Subsequent comparisons
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Table 17. Mean diameter (mm) measurements of coral recruits of the 3 dominant genera for various observational periods by
season (Total N = 800). SE = Standard Error. Recruits are broken out by observation period (months) and the season that the
measurements were taken. Sample size (N) = number of recruits tracked at the beginning and end of each time period. Each
coral is tabulated for the longest available record.

Genus Observation N Fall 99 Spring 00 Fall 00 Spring 01 Fall 01
Period Diameter SE Diameter SE Diameter SE Diameter SE Diameter SE

Montipora spp. 24 1 0.70 1.20 2.80 2.60 7.00
18 8 0.81 0.05 1.67 0.19 2.17 0.36 2.25 0.60
18 2 0.80 0.10 * 0.80 0.00 0.75 0.15
12 4 0.68 0.03 1.07 0.21 1.40 0.32
12 1 1.60 2.10 2.90
12 62 0.74 0.05 1.29 0.10 1.56 0.14
6 27 0.82 0.08 0.98 0.09
6 3 1.33 0.21 1.03 0.06
6 322 0.72 0.02 1.06 0.03
6 15 1.05 0.13 1.57 0.42

Pocillopora spp. 24 13 2.04 0.30 6.83 0.60 14.35 1.50 17.53 1.87 17.53 3.37
18 8 2.55 0.31 7.56 1.03 15.24 2.25 17.33 1.87
18 19 8.27 1.21 11.87 1.69 14.59 2.09 15.02 2.60
12 5 1.57 0.25 2.72 0.68 3.22 1.05
12 18 8.18 0.73 15.18 1.81 17.78 2.27
12 26 2.67 0.36 6.33 0.89 11.44 1.43

6 24 1.83 0.19 3.32 0.60
6 4 3.08 1.78 2.85 1.21
6 36 2.38 0.31 5.28 0.67
6 6 10.57 4.40 11.50 6.40

* Both Montipora spp. recruits were not found during the Fall 00 sampling interval but were subsequently relocated alive at later
sampling periods.
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Table 17. (Continued) Mean diameter (mm) measurements of coral recruit genera for various observational periods by season
(Total N = 800). SE = Standard Error. Recruits are broken out by observation period (months) and the season that the
measurements were taken. Sample size (N) = number of recruits tracked at the beginning and end of each time period. Each
coral is tabulated for the longest available record.

Genus Observation N Fall 99 Spring 00 Fall 00 Spring 01 Fall 01
Period Diameter SE Diameter SE Diameter SE Diameter SE Diameter SE

Porites spp. 24 15 1.96 0.31 3.65 0.41 6.02 0.57 8.61 1.05 8.46 1.18
18 13 1.50 0.29 2.94 0.53 4.49 1.12 4.92 1.63
18 7 1.96 0.42 3.39 0.73 5.63 1.48 6.13 1.51
12 8 1.48 0.36 2.93 0.50 2.79 0.60
12 14 2.74 0.58 3.94 0.72 4.81 0.94
12 29 1.58 0.15 3.63 0.37 3.88 0.48
6 20 1.24 0.15 2.07 0.27
6 12 1.90 0.26 2.63 0.43
6 47 1.10 0.09 2.35 0.34
6 15 1.07 0.20 1.85 0.37

Total recruits 800
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Table 18. Initial growth rate measurements ((Present size - initial size) weekI) of coral recruit genera by reef and season for the
first 6 months (Total N = 800). Rate is shown for both change (~) in mean diameter (mm weekI) and change (~) in mean area
(mm2 weekI). SE = Standard Error. Each coral record appears in only one season.

Site Reef Species Spring ~ in ~ in Fall ~ in ~ in
N Diameter SE Area SE N Diameter SE Area SE

Honolua North 3m Montipora 5 0.004 0.001 0.005 0.005
Pocillopora 3 0.005 0.001 -0.003 0.024
Porites 8 0.027 0.002 0.066 0.029 1 0.032 0.074

South 3m Montipora 1 -0.009 -0.005
Pocillopora 2 -0.008 0.001 -0.012 0.012 3 0.092 0.008 0.424 0.267
Porites 3 0.004 0.000 0.004 0.002 2 0.054 0.001 0.201 0.081

Puamana 3m Montipora 196 0.013 0.000 0.023 0.003 12 0.004 0.000 0.004 0.004
Pocillopora 36 0.065 0.002 0.401 0.098 2 0.272 0.036 52.128 52.096
Porites 10 0.078 0.002 0.265 0.064 6 0.024 0.002 0.148 0.070

13m Montipora 214 0.015 0.000 0.029 0.003 14 0.007 0.001 0.029 0.025
Pocillopora 67 0.165 0.002 1.808 0.279 39 0.143 0.006 3.829 1.107
Porites 14 0.037 0.002 0.123 0.038 6 0.072 0.003 0.352 0.134

Olowalu 3m Cyphastrea 4 0.142 0.003 0.650 0.127 5 0.027 0.003 0.105 0.079
Pocillopora 2 -0.004 0.000 0.004 0.001 2 0.011 0.001 0.021 0.018
Porites 61 0.047 0.001 0.227 0.044 22 0.026 0.001 0.126 0.047

8m Culicia 1 0.003 0.003
Cyphastrea 3 0.262 0.019 3.834 1.928 2 0.092 0.008 0.454 0.383
Leptastrea 1 0.033 0.065
Montipora 2 -0.009 0.001 0.016 0.020 1 0.142 0.943
Pocillopora 2 0.032 0.000 0.068 0.023 1 0.003 0.004
Porites 33 0.077 0.002 0.494 0.127 14 0.024 0.002 0.152 0.069



of growth rates among stations and across time only used the three common

genera (Montipora spp. N '" 445, Pocillopora spp. N '" 154, and Porites spp. N =

180) due to the lack of growth rate information for all genera at each station.

Scatterplots of growth rates over 6 months as a function of initial area

highlighted the differences among genera and also indicated that many recruits

shrank in size after initial settlement (Figure 18a-c). Montipora spp. recruits

started off smaller than other genera and also grew slower over the first 6

months (Figure 18a). In contrast, Pocillopora spp. recruits had the largest initial

size with the fastest 6 month growth rates (Figure 18b). The large initial size for

Pocillopora spp. recruits was probably a result of early spring spawning for

Pocillopora meandrina (a common species in the area) (Fiene-Severns 1997).

Porites spp. recruits were intermediate in initial size and growth rate (Figure

18c). To compare growth rates among genera and account for differences in

initial size, a subset of the data (Montipora spp. N=443, Pocillopora spp. N=71,

and Porites spp. N=143) was used in the ANCOVA test. An arbitrary cutoff of 3.5

mm2 for initial size was used because it represented a suitable size range for the

smaller Montipora spp. recruits and still incorporated initial sizes for the other

two genera. Initial size was used as a covariate in the General Linear Model

ANCOVA design comparing growth rates (dependent variable) of new recruits

over 6 months among the 3 dominant genera (categorical predictor).
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Figure 18. Scatterplot of growth rate for the first 6 months ((Present area - initial
area) weekI) vs. Initial area (mm2) for Montipora spp. (a), Pocillopora spp. (b), and
Porites spp. (c) recruits for all stations using the raw data. Note different scales
on axes. Regression equations generated using the transformed data.
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Growth rates over the first 6 months of observation were not significantly

different among stations (FS,624 = 0.3, P =0.91) and genera (F2,624 = 0.7, P =0.52)

(Table 19). The interaction between genus and station was not significant (FS,624

= 0.5, p =0.89) even though Pocillopora spp. recruits exhibited high growth at

Puamana 13m (Figure 19). The model design explained 57% of the variation in

growth rate (F32,624 = 25.4, P <0.001) but contained missing cells due to the lack

of growth rate information for Montipora spp. at Olowalu 3m (i.e. no recruits

survived to 6 months). Consequently, comparisons among genera are not

conclusive due to the incomplete design. The separate slopes model in the GLM

was used because initial size had different effects on growth rates at different

stations in the homogeneity-of-slopes model (station*initial area, F3,624 = 3.4, P

=0.02).

Table 19. Univariate tests of significance for growth rates among stations and
genera using a separate slopes GLM with initial area as the covariate. Model:
Growth rate = constant + initial area (station*genus) + station + genus +
station*genus.

SS DF MS F P

Intercept 0.00 1 0.00 0.13 0.721
Initial Area 2.93 16 0.18 10.75 0.000
Station 0.03 5 0.01 0.31 0.907
Genus 0.02 2 0.01 0.65 0.520
Station*Genus 0.06 8 0.01 0.45 0.890
Error 10.64 624 0.02

Growth rates differed among gener~ (F2,633 = 3.6, P =0.03; Figure 20) but

not across seasons (F3,633 = 2.4, P =0.07) in the separate slopes GLM with

season as a factor instead of station (Table 20). Growth rates among genera

varied, however, among the different seasons (F6,633 = 2.2, P =0.04) due to the

lower growth rate for Pocillopora spp. recruits in the Fall 2001 compared to the
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Figure 20. Average growth rates ((Present area - initial area) weekI) among
genera using the raw data. Mean rate (mm2 weekI) ± ISE. The same letter
denotes homogenous means using an Unequal HSD post-hoc test on
transformed data (F2,633 = 3.6 P =0.03).

Table 20. Univariate tests of significance for growth rates among seasons and
genera using a separate slopes GLM with initial area as the covariate. Type VI
Model: Growth rate = constant + initial area (season*genus) + season + genus +
season*genus.

SS DF MS F P

Intercept 0.09 1 0.09 4.66 0.031
Season*Genus*Initial Area 4.36 12 0.36 17.95 0.000
Season 0.14 3 0.05 2.37 0.069
Genus 0.15 2 0.07 3.62 0.027
Season*Genus 0.27 6 0.04 2.18 0.043
Error 12.82 633 0.02
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other seasons (Table 20; Figure 21). Montipora recruits generally had the slowest

initial growth rate during any sampling period except Fall 2001 whereas Porites

spp. recruits had intermediate growth rates throughout the year (Figure 21). The

whole model explained 48% of the variation in growth rate (F23,633 = 25.0,

p<O.OOl) and the complete design substantiated results for the genus and

season factors.

Plate surface orientation (F4,643 = 6.4, P <0.001) explained a significant

portion of the variation in growth rate along with genus (F2,643 = 4.2, P =0.01)

(Table 21). The surface*genus interaction was significant, however, indicating

that the relationship among genera was not consistent among surfaces (F6,643 =

5.6, P <0.001) (Table 21, Figure 22). Montipora spp. had consistently low growth

rates regardless of the surface (Figure 22). In contrast, Pocillopora spp. recruits

grew faster on the vertical surfaces compared to the inner-horizontal and were

the principal reason for to the significant plate surface factor. Porites spp. had

intermediate growth rates except on the inner-horizontal surface where the

recruits exhibited the fastest growth rates among the 3 dominant genera. In

addition, the high growth rate on the upper surface was attributed to one Porites

spp. recruit at Puamana 13m that survived 6 months and subsequently died.

The significant differences in growth rates among genera were the same as noted

earlier in the separate-slopes model with season. The model design explained

39% of the variation in growth rate (F13,643 = 32.1, P <0.001) but again contained

missing cells due to the lack of growth rate information for Montipora spp. and

Pocillopora spp. on the upper surfaces. ANCOVA was appropriate for this model

since the homogeneity-of-slopes model found no significant effect of initial area

on growth rate by surface (surface*initial area, F3,632 = 1.0, P =0.39) or genus

(genus*initial area, F2,632 = 0.9, P =0.51).
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Inner-Horizontal. Mean rate (mm2 weekI) ± lSE. (F6,643 = 5.6 P <0.001).

Table 21. Univariate tests of significance for growth rates among surfaces and
genera using an ANOCVA GLM with initial area as the covariate. Type III Model:
Growth rate = constant + initial area + surface + genus + season*genus.

SS DF MS F P

Intercept 0.00 1 0.00 0.06 0.811
Initial Area 2.04 1 2.04 88.33 0.000
Surface 0.59 4 0.15 6.39 0.000
Genus 0.20 2 0.10 4.23 0.015
Surface*Genus 0.77 6 0.13 5.55 0.000
Error 14.85 643 0.02
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Growth rates for recruits in each genus with multiple growth

measurements were grouped by length of observation period and pooled by

station across the seasons (Table 22). Pocillopora spp. recruits exhibited the

fastest average initial (first 6 months) growth (2.4mm2 weekI ± 0.8SE) compared

to Cyphastrea spp. (1.0mm2 weekI ± 0.6SE) and Porites (0.3mm2 weekI ±

0.03SE) recruits. Montipora spp. recruits (0.04mm2 weekI ± O.OlSE) had the

slowest initial growth on average. These patterns continued throughout the

course of the study indicating that at least in the early stages of coral recruit

development, Pocillopora spp. recruits grew faster than other genera regardless

of season and size. In contrast, Montipora spp. recruits generally had the slowest

growth rate with Porites spp. recruits intermediate. It is possible that species

specific differences may be confounding growth rate patterns, but additional

grow out experiments would be needed to resolve this issue. The growth pattern

for all 3 genera at the Puamana 13m station shows that growth is approximately

linear at prior to vertical growth in some genera such as Pocillopora spp. (Figure

23). There does appear to be a decrease in basal diameter growth for Pocillopora

spp. recruits after 18-24 months that coincided with vertical growth in some of

the colonies.

Survivorship

The fates of 2,850 recruits from the 3 dominant genera (Montipora spp.,

Pocillopora spp., and Porites spp.) were tracked during the course of the study

and grouped into cohorts (Table 23). Cohort 1 consisted of recruits recorded on

the plates during the first observation period (Fall 1999) and tracked throughout

the study until fall 2001. Recruits in cohort 4 were only tracked from spring

2001 to fall 2001. Proportional mortality values at the initial observation were

conservative since many of the recruits that died after initial mortality values at
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Table 22. Growth rate measurements ((Present size - previous size) weeki) for coral recruits by genera across seasons (N = 247).
Change (il) in mean area (mm2 weeki). SE = Standard Error. Recruits are grouped by length of observation period (months) and
the season that the growth measurements were taken.

Genus Observation N Fall 99 Spring 00 Fall 00 Spring 01 Fall 01
Period (mo.) (Start) il Area SE il Area SE il Area SE il Area SE

Cyphastrea 12 1 0.58 1.19
12 1 0.15 2.22
12 3 2.28 1.61 5.19 3.33

Montipora 24 1 0.03 0.20 -0.03 0.91
18 7 0.07 0.02 0.10 0.03 0.04 0.06
12 3 0.03 0.02 0.01 0.02
12 2 0.04 0.04 0.03 0.03
12 60 0.04 0.01 0.04 0.01

Pocillopora 24 13 1.48 0.23 5.61 1.47 6.45 1.91 19.07 11.80
18 8 2.39 0.85 7.00 1.92 -1.60 1.81
18 17 2.71 1.06 5.09 2.04 6.40 2.60
12 5 0.20 0.11 0.27 0.34
12 18 5.78 2.05 7.63 4.85
12 26 1.55 0.44 4.88 1.39

Porites 24 15 0.40 0.09 0.53 0.14 1.06 0.29 0.09 0.26
18 12 0.30 0.13 0.55 0.37 0.55 0.40
18 7 0.24 0.12 0.84 0.39 0.57 0.31
12 8 0.23 0.07 0.02 0.10
12 14 0.25 0.08 0.44 0.28
12 26 0.37 0.08 0.24 0.10

Total recruits 247
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the initial observation were conservative since many of the recruits that died

after initial settlement were most likely overgrown or removed prior to the first

examination of the plates. Montipora spp. recruits had the highest proportional

mortality at any given observation period in contrast to Pocillopora spp. and

Porites spp. recruits (Table 23). At the end of 24 months, the proportional

mortality for Montipora spp. recruits was 0.99 compared to 0.86 for Pocillopora

spp. and 0.70 for Porites spp. recruits (Table 23). Conversely, survivorship for

Montipora spp. recruits was the lowest among the 3 genera followed by

Pocillopora spp. and Porites spp. (Figures 24a-c). The survivorship plots

indicated a type III survivorship curve with high mortality early in life that

leveled off to a more constant rate of mortality (Krebs 1972). This pattern is

clearly shown for Porites spp. with older cohorts (e.g. cohorts 1 and 2) displaying

moderate, exponential line fits compared to steeper slopes for younger cohorts

(e.g. cohorts 3 and 4) (Figure 24c).

Table 23. Average proportional mortality for each genus by observation period
and cohort. Cohort 1 = Fall 99 to Fall 01, Cohort 2 = Spring 00 to Fall 01,
Cohort 3 = Fall 00 to Fall 01, Cohort 4 = Spring 01 to Fall 01.

Observation Period
Genus Cohort Initial 6 12 18 24
Montipora spp. 1 0.32 0.85 0.95 0.97 0.99

2 0.44 0.94 0.95 0.96
3 0.35 0.82 0.94
4 0.77 0.91

Pocillopora spp. 1 0.21 0.65 0.82 0.85 0.86
2 0.07 0.55 0.62 0.62
3 0.08 0.60 0.65
4 0.54 0.63

Porites spp. 1 0.04 0.38 0.63 0.69 0.70
2 0.14 0.53 0.69 0.82
3 0.06 0.69 0.77
4 0.63 0.76

Average 0.30 0.69 0.78 0.82 0.85
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Out of 497 recruits that were observed during the first sampling period

(cohort 1), a total of 58 (11.7%) survived until spring 2001 (Table 24). The

majority (34 - 6.8%) were documented alive during each sampling interval.

Twenty recruits (4.0%) suffered partial mortality but were still alive whereas 4

"Phoenix" recruits (0.8%) were scored as dead sometime during the course of the

study and were later observed in a healthy condition. Puamana 13m had the

highest number of surviving recruits with 30 (6.0%) compared to 0 surviving

recruits at Honolua South 3m. Across all stations, 28 Porites recruits (5.6%)

survived until the end of the study compared to 21 Pocillopora recruits (4.2%).

Only 9 Montipora recruits (1.8%) made it to the end of the study in spite of

having the highest initial recruitment rates.

Table 24. Survivorship by station and genus for 18 month old recruits that were
documented from fall 1999 to spring 2001.

Station Genus Alive Partially Phoenix Dead Grand
Alive Total

Honolua North 3m Porites 1 1 2
Honolua South 3m Pocillopora 1 1
Puamana3m Montipora 5 1 1 7

Pocillopora 1 1 2
Porites 1 2 3

Puamana 13m Montipora 1 2 3 6
Pocillopora 14 6 2 22
Porites 6 1 1 8

Olowalu 3m Cyphastrea 1 1
Porites 8 2 1 3 14

Olowalu 8m Pocillopora 1 1
Porites 4 1 2 2 9

Grand Total 34 20 4 18 76

Station (F5,465 = 3.4, P =0.006) and plate surface (F4,465 = 4.5, P =0.001)

explained a significant portion of the variation in survivorship for cohort 1 (Table

25). There was no significant difference in survivorship among genera (F4,465 =

2.4, p =0.09) even though the results suggested that more Porites spp. recruits
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survived than either Montipora spp or Pocillopora spp. recruits (Figure 25).

Survivorship among genera did vary by station (Figure 26; station*genus; FlO,465

= 4.6, P <0.001), with higher survivorship documented for genera at certain

stations and not others. For example, Montipora recruits were the principal

survivors at the Puamana 3m station whereas Pocillopora recruits did well at the

Puamana 13m stations (Figure 26). At the Olowalu 3m and 8m stations, Porites

recruits were the only corals alive after 18 months.

Table 25. Univariate tests of significance for survivorship among stations,
surfaces, and genera using a 3-way ANOVA. Model: Survivorship = constant +
station + surface + genus + the higher order interaction terms.

SS DF MS F P

Intercept 28.37 1 28.37 29.82 0.000
Station 15.94 5 3.19 3.35 0.006
Surface 17.21 4 4.30 4.52 0.001
Genus 4.62 2 2.31 2.43 0.090
Station*Surface 35.93 20 1.80 1.89 0.012
Station*Genus 43.78 10 4.38 4.60 0.000
Surface*Genus 5.56 8 0.70 0.73 0.664
Station*Surface*Genus 46.11 40 1.15 1.21 0.181
Error 442.42 465 0.95

The relationship between survivorship and genus was consistent among

stations and plate surface orientations (surface*genus: FS,465 = 0.7, P =0.66 and

station*surface*genus: F40,465 = 1.2, P =0.18, Table 25). Figure 27 shows higher

survivorship on vertical surfaces for all 3 genera in comparison to under

surfaces that had higher survivorship for just Porites spp. recruits. The inner-

horizontal and upper surfaces both had low survivorship for all 3 genera (Figure

27). These results for the plate surfaces correspond to higher recruitment rates

on the respective surfaces (Figure 17) indicating that recruits which

preferentially selected particular surfaces or microhabitats also experienced

higher survivorship.
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DISCUSSION

Coral recruitment rates

Recruitment rates among genera varied spatially, temporally and by

surface. Spatially, the proportions of recruits by genus varied among sites but

were similar at stations within a site (Figure 15). For example, the plates at

Olowalu 3m and 8m were characterized by higher rates of Porites spp. recruits

compared to Montipora spp. and Pocillopora spp. (Figure 15). This pattern

implies that variation in recruitment rates was at a spatial scale> 10km and that

the water column was relatively homogeneous within a site.

The curvature of the West Maui coastline with numerous bays and points

(Figure 1) suggests that eddies may be forming that disrupt longshore larval

movement patterns. These eddies could retain larvae from the local adult

population resulting in self-seeding of the reef. High Montipora spp. recruitment

at the two Puamana reefs, however, did not correspond to high percent cover of

the local adult populations. Instead the two reefs at Puamana were dominated

by Pocillopora spp. and Porites spp. colonies (Figure 28). Most likely the

Montipora spp. larvae were transported from nearby reefs that were outside the

long-term transects used to sample the adult population. This current pattern

could also explain the high Montipora spp. adult cover at the Honolua and

Olowalu stations in relation to the low recruitment rates (Figures 15 and 28). In

this case, however, these stations would be functioning as the source population

rather than as a sink. Another likely possibility is larval input from outside the

study area. Some species such as Montipora spp. have a larval competency

period >200 days (Kolinski 2004) which allows for long distance dispersal.

Preliminary USGS data has shown that surface currents can transport drogues

between islands. Localized current patterns in Hawai'i, however, are poorly

understood at this time but efforts are underway to understand this critical
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component and the relationship to coral spawning events. In addition, not

knowing the origin of the new recruits makes it difficult to distinguish between

locally derived recruits versus recruits transported from distant sites that by

chance settled on the recruitment tiles.

Larval recruitment in reference to current patterns has been investigated

in other studies. Harriott (1992) found similar taxonomic composition of coral

recruits among her stations at Lord Howe Island which is an isolated sub

tropical island in the South Pacific. She attributed this pattern to the

predominance of brooding corals (e.g. pocillopords and poritids) that could

survive the long distance dispersal and also settle more quickly within the

island. These results contrast to the dominance of acroporid recruits at a larger

spatial scale along the Great Barrier Reef (Harrison and Wallace 1990; Hughes

et al. 1999). Understanding current patterns at sites along the Great Barrier

Reef (GBR) can help explain recruitment rates at a variety of spatial scales

(Oliver et al. 1988). A spatially extensive system such as the GBR creates

numerous possibilities for larval dispersal patterns during spawning events.

Hughes et al. (2000; 2002) implied that recruits were distributed uniformly

among adjacent reefs at a spatial scale of 10-15km rather than transported

down the reef tract, i.e. larvae were advected away from their natal reef but only

to nearby reefs. Sammarco and Andrews (1988) found even tighter local

recruitment at a spatial scale of 1-2km which suggested that reefs may be even

be self-seeding. Molecular work by Ayre and Hughes (2000) on the GBR

supported these observations and also suggested that even though most

recruitment was local, enough larvae were dispersing at a larger spatial scale to

form panmictic populations on the GBR.

Temporal observations indicated that broadcast spawners (e.g. Montipora

and Porites spp.) which typically release gametes during mass spawning events
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in the summer months (Kolinski and Cox 2003), contributed to the majority of

new recruits seen during the fall sampling periods compared to the

winter/spring months (Figure 16). This is consistent with spawning events

reported elsewhere in the Pacific (Harriott 1985; Harrison and Wallace 1990;

Harriott 1992). Pocillopora spp. had high recruitment in the fall of 1999, which

subsequently tapered off at 4 of the 6 stations by the end of the study period

(Figure 16). This could not be attributed to poor competitive abilities and a

requirement for newly available substrate as older series 1 plates had equivalent

recruitment rates of Pocillopora spp. compared to the newer series 2 plates.

Therefore, this pattern in Pocillopora spp. appears to be related to temporal

variability rather than substrate availability. Another surprising result of this

study was the high number of new recruits documented during the spring

sampling periods for genera that are typically broadcast spawners in the

summer. Most likely the long larval competency for some species (e.g. >200 days

for Montipora capitata) contributed to winter recruitment (Kolinski 2004). The

taxonomic resolution of recruits at genus level, however, obscured differences in

sexual mode of reproduction amongst species. For example, Pocillopora

meandrina spawns in the spring and P. damicomis broods year round (Kolinski

and Cox 2003). Therefore, some of the winter recruitment may be due to

brooding species such as P. damicomis but as noted earlier this doesn't appear

likely,

Prior studies have documented temporal variability in coral recruitment

(e.g. Hughes et al. 1999) which was evident in this study for some genera at

specific stations (e.g. Montipora spp. at Puamana 3m, 13m and Olowalu 3m;

Table 13). At other stations such as Honolua North 3m and Olowalu 8m,

however, Montipora spp. had similar rates of annual recruitment for 2 years.

Porites spp. annual recruitment was also remarkably consistent at Honolua
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North and South but varied more than six fold at the two Puamana reefs. These

results reflect episodic recruitment pulses. Low temporal variation at some

stations may also be the result of adult populations and/ or localized current

patterns that provide a constant annual supply of competent larvae from both

brooders and spawners.

Higher overall recruitment rates were found on the under and vertical

surfaces which corresponded well with other studies. Rogers et al. (1984) noted

that vertical and under surfaces were the favored locations for coral recruits in

the US Virgin Islands depending on depth. At the shallower depth (9m)

recruitment rates were quite similar between plate surfaces, but at deeper sites

the vertical surfaces were preferred (Rogers et al. 1984). In contrast, Birkeland et

al. (1981) found that vertical plates had higher rates of recruitment in the

shallow depths (6 & 12m) but at deeper sites (24 and 37m), recruits were more

likely to be found on the upper surfaces of horizontal plates. In this study,

vertical surfaces showed significantly higher rates of recruitment than other

surfaces for the 3m stations. In addition, overall recruitment rates in this study

had greater variation than observed in Guam (Birkeland et al. 1981) or the US

Virgin Islands (Rogers et al. 1984). Several studies (e.g. Harriott and Banks

1995) at high latitude (300 S) and isolated reefs have found that the upper

surfaces were the surface of choice even at depths of 6-1Om. Harriott and Banks

(1995) attributed this pattern to lower light intensities, reduction in herbivore

abundance, and competition on the under surfaces with temperate species.

Settlement choice on plate surfaces represents a compromise among

various factors (e.g. irradiance, substrate type, sediment, water motion, and

competition) assumed to influence the microhabitats. Irradiance has been

indicated as the critical component in settlement orientation, with recruits of

some species (e.g. Oxypora lacera) seeking out more cryptic or low light
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conditions and other species (e.g. Platygyra sinensis) preferring intermediate

irradiance levels (Babcock and Mundy 1996). Raimondi and Morse (2000),

however, proposed that substrate type was important in settlement choice. They

found that Agarcia humilis larvae settled preferentially on the underside of plates

occupied by the crustose coralline algae (CCA) Hydrolithon. In the present study

both the under and vertical surfaces were preferred by Montipora spp. and

Porites spp. recruits (Figure 17). Perhaps the larvae for these genera were cueing

in on both light and the dominance of CCA on the under surfaces (personal

observation). In comparison, Pocillopora spp. recruits preferred the vertical

surfaces and may be selecting both intermediate light and lower sediment levels.

High sediment levels coupled with algal cover has been shown to deter potential

Pocillopora damicomis settlers (Hodgson 1990). It is interesting to note that low

recruitment occurred in the gap between the two plates in contrast to the results

of Harriott and Fisk (1987). They inferred that the acroporid and pocilloporid

planulae showed a preference for cryptic, low light areas for settlement (Harriott

and Fisk 1987). Clearly this was not the case for the Pocillopora spp. recruits in

this study. Perhaps the gap microhabitat was too dark. Indeed, the majority of

recruits that settled in the gap were located on the plate margins suggesting that

light was a limiting factor (personal observation). Water motion around the

plates is poorly understood but is presumed to be higher on the outside surfaces

than on the inner surfaces. The multiple effects of water motion on coral recruits

are beyond the scope of this chapter but it does appear that higher recruitment

for the 3 abundant genera corresponded with assumed higher water motion on

the outer surfaces. This pattern may reflect settlement choice due to other

factors (e.g. irradiance) that coincides with higher water flow, but perhaps

attached recruits also benefit from increased water motion. Jokiel (1978)

documented higher growth and lower mortality with increased water motion for
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mature colonies of several Hawaiian corals. Competition was difficult to parse

out due to the variety of competitors and competitive interactions on each

surface. For example, coralline algae predominated on the under surface and

was a preferred substrate for settlement but later encroached on coral recruits.

In contrast, the inner surfaces were dominated by bivalves, sponges and

tunicates that appeared to preempt space prior to settlement.

Post settlement processes such as fish grazing and predation could have

affected the results for surface orientation. For example, fish grazing (e.g.

Parrotfish rasping) removed a few older recruits on exposed surfaces indicating

that new recruits may have been scraped off prior to the first sampling. The

number of older recruits removed, however, was considered insignificant

(personal observation). In addition, Birkeland (1977) commented that on the

exterior of his settlement plates fish appeared to graze around new recruits

without damaging them. Brock (1979) also found that coral recruitment was

enhanced by increased grazing pressure and the presence of refuges. Predation

effects on settlers were difficult to ascertain. The gap microhabitat would appear

to function as a predation refuge but it was not a preferred surface for

settlement. The few predators observed (e.g. Phestilla spp.) were found on all

plate surfaces and left residual coral skeletons that would still indicate surface

preferences. Thus, it doesn't appear that post settlement processes significantly

influenced the plate orientation results.

In this study, the number of recruits m-2 exceeded reported values from

the Caribbean (Rogers et al. 1984; Smith 1992) and were comparable to

recruitment rates on the Great Barrier Reef (Fisk and Harriott 1990; Hughes et

al. 1999). In Hawai'i, Fitzhardinge (1993) documented a maximum of 246 mean

recruits per m 2 per year following the major spawning events. This rate was an

order of magnitude lower than the maximum of 3,348 mean recruits per m 2 per
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6-months reported on the series 1 plates at Puamana 3m in Fall 2000 (Figure

13). The majority of new recruits in her study were Pocillopora damicomis

followed by Cyphastrea ocellina, Porites compressa, and Montipora capitata. In

this study, Montipora was numerically the dominant genus that recruited to the

plates. Porites spp. also contributed along with Pocillopora spp. Differences

between these studies could be explained by choice of artificial substrate.

Fitzhardinge (1993) used concrete blocks in comparison to the terracotta

(ceramic clay) tiles used in the present study. No known studies have directly

compared coral settlement between these two substrates but Harriott and Fisk

(1987) found that ceramic tiles were the preferred substrate compared to plastic

Petri dishes and sections of dead coral skeletons from various species.

Level of conditioning did not appear to impact the number of recruits on

the plates. The one exception was the high number of Montipora spp. recruits on

the series 1 plates (installed spring 1999) at Puamana 3m during the Fall 2000

sampling period (Figure 13). This result was probably due to chance since some

posts at Puamana 3m had similar rates of Montipora spp. recruitment on series

1 and series 2 plates in contrast to other posts with higher variation. Morse et

al. (1988) found that some conditioning (i.e. the presence of CCA) was required

to induce metamorphosis in the planula larvae for several agariciid species in

the Caribbean. Length of time for conditioning, however, was not noted in their

study. The results of this study indicated that a time period of 2-3 months prior

to spawning was sufficient to condition a plate. Hughes et al. (1999) deployed

their plates 10 days prior to the mass spawning event and documented

recruitment rates even higher than what was reported in this study. At the other

end of the spectrum, longer conditioning (> 1 year) did not enhance or detract

from recruitment rates. It appears that conditioning levels might playa role in
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initial settlement but the length of time required for different substrates and the

influence on multiple species has not been fully determined.

Growth rates

Initial growth rates (6 month time period) for the three common genera

(Montipora spp., Pocillopora spp., and Porites spp.) varied by genus, station,

season, and surface (Figures 19-23). In Kenya, the same 3 genera exhibited

similar patterns in growth rates (i.e. Pocillopora spp.>Porites spp.>Montipora spp)

for larger, visible coral recruits (diameter < 10cm) in permanent quadrats

(Tamelander 2002). In other studies, growth rates for adult colonies of the 3

dominant genera have varied by site and degree of exposure. Jokiel and Tyler

(1992) documented highest growth rates in Johnston Atoll Lagoon for Pocillopora

meandrina, followed by Montipora spp. and Porites spp. In Hawai'i, Edmondson

(1929) reported that Pocillopora meandrina was one of the fastest growing corals

on exposed reefs. Edmondson (1929) also found that Montipora capitata was one

of the slowest growing corals on the exposed reefs off WaiklkI compared to the

protected environment of Kane'ohe Bay. As Maragos (1972) noted, however,

growth rate for Montipora spp. was sensitive to environmental conditions in

comparison to other genera.

Growth rates appeared to be linear and independent of colony size

among genera although larger Pocillopora spp. recruits showed a decrease in

basal diameter growth from 18 to 24 months (Figure 23). This pattern coincided

with vertical growth in several of the colonies. Kinzie and Sarmiento (1986)

reported linear growth independent of colony size for Pocillopora damicomis but

measured linear extension of branch tips in larger colonies (range 1.9cm to

19cm) rather than changes in basal diameter of small recruits (range of mean

colony size: 0.2cm to 1.9cm). Several possibilities exist to explain this inflection
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point in the growth rate. First, it is possible that the majority of recruits in this

study were P. meandrina which may have a different relationship between

growth rate and colony size than P. damicomis. Even though both species have

similar branching morphology, P. meandrina prefers higher energy environments

than P. damicomis (Jokiel 1978) which may equate to different growth rates. A

second possibility is that growth rates remain linear when Pocillopora colonies

shift to a vertical growth axis (around 18-24 months) but growth in basal

diameter slows down. Consequently, measuring basal diameter during the

transition period might underestimate growth rate requiring a shift to branch

extension measurements.

Pocillopora spp. recruits had the largest initial size at the first

observation followed by Cyphastrea spp., Porites spp., and finally Montipora spp.

recruits (Table 17). The larger initial size of Pocillopora spp. recruits was

confounded by spawning time since some species (e.g. Pocillopora meandrina)

broadcast spawn earlier in the year around April and May while other species

(e.g. Pocillopora damicomis) are brooders that spawn year round (Kolinski and

Cox 2003). In this study it appears that the majority of Pocillopora spp. recruits

were P. meandrina based on the morphology of the largest individuals that

resembled the adults. Consequently, the P. meandrina recruits would have had

an additional 2-3 months of growth prior to the first observation resulting in the

larger initial size. Montipora spp. recruits on the other hand were almost half the

size of Porites spp. recruits even though they spawn earlier in the summer (-1

month) following the new moon (Kolinski and Cox 2003). This reflects a different

life history strategy for Montipora, with a high number of recruits rather than

large initial size. Initial size information on Cyphastrea spp. was inconclusive

due to the small sample size and the timing of the sampling intervals relative to

the frequency of spawning events. The one species in Hawai'i, C. ocellina, is a
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brooder that can spawn year round (Kolinski and Cox 2003). Therefore, settling

may have occurred at any time during the 6 month interval between

observations.

Seasonal patterns in initial growth rates were different among genera.

Pocillopora spp. recruits experienced higher initial growth during the summer

than in the winter for 2000 but not in 2001 (Figure 21). The high summer

growth rates would be expected with longer days providing higher irradiance

levels and thus facilitating faster growth (Maragos 1972; Edmunds and Davies

1989). The low growth rates documented in the fall of 2001, however, could not

be readily explained, especially since survivorship for Pocillopora spp. was high

for the various cohorts (Figure 24). Growth may simply have been stunted

during the summer of 2001 due to factors such as lower temperature or

irradiance. Porites recruits had a high growth rate in winter that was similar

across years (Figure 21). Perhaps cooler temperatures in the winter promoted

faster initial growth in this genus. Tamelander (2002) reported the highest

growth rates for both Pocillopora spp. and Porites spp. from October to February

at their study sites north of the equator in Kenya. Seasonal differences in

oceanic conditions were probably slight, however, due to the proximity of his

sites to the equator (Longhurst and Pauly 1987). Montipora spp. had low growth

rates throughout the year at all stations suggesting that growth was

independent of temperature and/ or irradiance.

Plate surface orientation influenced growth rates for Pocillopora spp. and

to a lesser extent for Porites spp. recruits (Figure 22). Pocillopora spp. recruits

grew fastest on the exposed vertical surfaces which are hypothesized to have

medium irradiance level and low predation refuge relative to the other surfaces.

The few (N = 2) Pocillopora spp. recruits on the inner-horizontal surfaces

displayed negative growth suggesting that this surface was not optimal for
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growth (Figure 22). Due to variable growth rates for Porites spp. on different

surfaces one could hypothesize that this genus was tolenint of different levels of

irradiance, predation, and sediment. Only one Porites spp. recruit was found on

an upper surface, and although it had a high growth rate, it did not survive

beyond 12 months. Montipora spp. recruits exhibited the lowest growth rates

regardless of plate surface. These results coupled with the lack of seasonal

differences in growth indicated that Montipora spp. recruits exhibit uniformly

low growth rates that were not dependent on microhabitat or temporal patterns

in abiotic factors (Figure 22).

Longer term growth measurements were consistent with initial growth

rates indicating that growth was approximately linear and independent of size,

at least prior to vertical growth (Figure 23). These patterns have important

implications for community development. For example, it has been suggested

that Pocillopora meandrina is a "pioneer" species in Hawai'i that occupies newly

available substrate prior to settlement by other species (Maragos 1972; Grigg

and Maragos 1974; Dollar 1975). Results from this study, however, indicate that

recruits from this genus don't necessarily recruit to a site faster than other

species, but simply grow faster giving the appearance that this species is the

first to colonize an area. In addition, environmental parameters also playa role

in structuring the community. Shallow habitats in Hawai'i that are heavily

influenced by strong wave action are generally dominated by Pocillopora

meandrina (Dollar 1975; Jokiel et al. in press). This pattern may result from the

structural strength of the P. meandrina colonies rather than simply being the

first to arrive in an area (Rodgers et al. 2003).

The low growth rate of Montipora spp. recruits is intriguing given that

several species (e.g. M. capitata) have high adult growth rates in Hawai'i

(Maragos 1972). Perhaps, the few surviving recruits reach a size threshold after
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many years and accelerate their growth in a nonlinear fashion. Another

possibility is that Montipora spp. recruits may remain in a dormant state until

favorable environmental conditions appear. Tracking Montipora spp. colonies in

a variety of habitats would clarify whether growth rates change with larger

colony size under different environmental conditions. The fact that Montipora

spp. predominate in either protected environments or reefs with high wave

exposure suggests alternative life history strategies to compensate for slow

growth rates in the early stages of recruitment. M. capitata has been shown to be

an excellent space competitor (Maragos 1972) and survives in habitats with high

sedimentation (Jokiel and Brown 1998) and high wave energy (Jokiel et al. in

press). Coupled with consistently high recruitment rates, corals in this genus

are abundant in various Hawaiian reef assemblages despite the slow growth and

high mortality of recruits.

Survivorship

Variation in survivorship among stations and surfaces corresponded to

variation in recruitment rates. For example, survivors of all 3 genera were found

at the Puamana stations which had the highest recruitment rates for Montipora

spp. and Pocillopora spp. recruits (Figures 15 and 26). In comparison, high rates

of Porites spp. recruitment at the Olowalu stations corresponded to high

survivorship for this species. Among surfaces, the vertical and under surfaces

had the highest survivorship and also the highest recruitment rates (Figures 17

and 27). These patterns imply that survivorship is correlated with larval supply

and suitable substrate.

In one of the few studies to examine early post settlement processes,

Babcock and Mundy (1996) noted that mortality was highest on the upper

surfaces of their recruitment plates which they attributed to high sedimentation
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levels. Their study, however, only documented survivorship over a short period

(9 months) with overall proportional survivorship of 0.02 for Oxypora spp. and

0.002 for Platygyra spp. (Babcock and Mundy 1996). This is considerably lower

than the survivorship for Porites spp. (0.30) and Pocillopora spp. (0.14) observed

in this study over twice the time period (24 months) (Table 23). Even Montipora

spp. with high initial mortality, had higher survivorship (0.03) based on 18

months. Raimondi and Morse (2000) found 25% of the original Agaricia humilis

recruits alive after 25 months at shallow depths (3-5m), but no survivorship at

deeper sites (25-27m). Babcock and Mundy (1996) examined natural settlement

and recruitment on plates in the field, whereas Raimondi and Morse (2000)

transplanted controlled numbers of recruits to plates for field deployment. The

variability in survivorship values between studies could be attributed to

methodological, species-specific, and sites-specific differences. Using

comparable methods to this study, Kolinski (2004) found similar survivorship

patterns among the same genera in Hawai'i.

Ultimately variability in survivorship of coral settlers can help explain

distribution patterns in the adult coral community and provide insights into

future population trajectories. Linking the recruitment patterns of initial recruits

with trends in the adult community requires monitoring of intermediate "visible"

(Harriott 1985) juveniles (> lcm in diameter) in situ. This will be the focus of

future work at these sites. Long-term monitoring of adult communities indicates

that percent coral cover at both of the Puamana reefs showed a marked recovery

since Hurricane Iniki in 1992 (Figure 28). In comparison Honolua Bay exhibited

a decline until 1999 and has since stabilized, while the reefs at Olowalu have

remained relatively stable during the study period. The recruitment data from

this study shows patterns that correspond to the historical trends. Puamana

had the highest overall coral recruitment among all of the stations in
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comparison to Honolua, which showed the lowest rates of recruitment. Simply

looking at recruitment rates, however, can be misleading because low growth

rates and low proportional survivorship for the abundant Montipora spp. recruits

did not translate into community dominance at the adult stage. Instead,

Pocillopora spp. and Porites spp. colonies dominated the adult and juvenile

assemblage structure at Puamana 3m, at least during the course of this study.

Perhaps Montipora spp. requires longer than 10 years in order to establish a

dominant community presence. Modeling the various biological parameters (e.g.

Leslie matrix, chapter 4) could provide additional insight into population growth

over time. In addition, continued monitoring at the Puamana stations will clarify

if present rates of Montipora spp. recruitment results in high coral cover for this

genus. Clearly, additional parameters both biological and physical playa role in

community development (Grigg 1983).
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Figure 28. Temporal trends in coral cover for the 3 most common genera at the Maui stations from 1994 to the present. Pacific
Whale Foundation (PWF) Data from 1994 to 1998 (N=2 transects). Coral Reef Assessment and Monitoring Program (CRAMP) data
from 1999 to 2002 (N=10 transects). Mean ± 18E.



Summary

Different early life history patterns have been observed for the 3

dominant genera in Hawai'i despite differences in recruitment rates, growth and

mortality among sites and seasons. Montipora spp. recruits have high

recruitment rates but grow slowly and suffer high mortality (Table 26). A

possible explanation for the observed life history patterns is that Montipora spp.

may have a longer life span than other genera coupled with the high

reproductive output (Kolinski 2004) that accounts for its dominance in various

Hawaiian teef assemblages. Pocillopora spp. recruits have low recruitment rates

and high mortality but compensate by growing rapidly. Finally, Porites spp.

recruits exhibited low to intermediate recruitment rates with high growth and

higher survivorship than the other two coral genera (Table 26). If recruitment'

rates for Porites spp. recruits represented brooding species (e.g. P. lichen,

Kolinski and Cox 2003) rather than broadcast spawners (e.g. P. compressa and

P. Zobata) then recruitment for these large, reef-building species such as

P.compressa and Porites Zobata would be episodic. Consequently, the few P.

compressa and P. Zobata recruits that did settle would display robust growth and

survivorship to account for their dominance on Hawai'i's reefs (Grigg 1983).

Table 26. Summary values of life history parameters for early developmental
stages of coral genera in Hawai'i. Mean ± 1SE.

Genus Recruitment Growth Mortality
(# m-2) (mm2 weekI) (Proportion)

Montipora 329 ± 213 0.01 ± 0.08 0.89 ± 0.03

Pocillopora 32 ± 11 0.19±0.15 0.86 ± 0.05

Porites 76 ± 39 0.16 ± 0.04 0.79 ± 0.05
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CHAPTER 4

LONG-TERM MONITORING TO EVALUATE REEF CONDITION

INTRODUCTION

In Hawai'i, coral reefs are subjected to a variety of natural and

anthropogenic stresses at several spatial and temporal scales (Grigg and Dollar

1990). The intensity and duration of these factors can both directly and

indirectly alter the physical and biological structure of the reef (Connell et al.

1997). Natural factors, such as acute wave disturbances (Dollar and Tribble

1993), freshwater inputs (Jokie! et al. 1993), and predator outbreaks (Done

1992a) can affect the shallow water reef communities at small spatial and

temporal scales. Chronic disturbances, such as nonpoint source pollution, are

more difficult to detect because changes to the community landscape are subtle

and occur over longer time periods (Pastorok and Bilyard 1985). Quantifying

different types of disturbance and the processes that influence coral community

structure is only beginning to be understood (Edmunds 2000).

Disturbances can lead to a deteriorating or "unhealthy" coral population

if recovery of the community does not occur or the community is replaced by

another perceived to be less desirable. DeVantier et. al. (1998) defined a "high

quality" or "healthy" reef as one with high diversity of corals and associated

biota and a strong reef-building capacity. The reef-building capacity is usually

represented by high species richness and high absolute percent cover of hard

corals (DeVantier et al. 1998). Szmant (1996) has incorporated temporal changes

in her definition by stating that shifts from reefs dominated by corals to areas

dominated by macroalgae signal the decline of a reef from a healthy state to an

unhealthy one. Unfortunately, these definitions tend to depict reefs as static,

steady state systems without incorporating cyclical variations in coral cover,

colony growth or recruitment. In addition, categorizing reefs as "healthy" based
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primarily on high coral cover ignores areas with low to moderate coral cover

such as Hawaii that are perceived to be in good condition compared to other

regions of the world (Wilkinson 2000). Long-term monitoring programs can

clarify natural cycles present in the system over a few time scales and provide

an overview of population trends in the reef community. In addition, long-term

monitoring is necessary to understand the role of natural and anthropogenic

processes on changes in assemblages (Hughes and Connell 1999).

Long-term monitoring involves repeated surveys of organisms and/or

environmental parameters at selected sites over time (Rogers et al. 1994).

Documenting changes in the community structure at various spatial and

temporal scales using a well-designed monitoring program can assess the

"condition" (i.e. deteriorating, improving, undergoing a phase shift, etc.) of

various reefs and lead to research activities that examine causal links among the

various factors (Hughes 1993; Done and Reichelt 1998). Examples of ongoing

long-term monitoring programs include the EPA Coral/Hardbottom monitoring

project in Florida (Jaap et al. 2001), CARICOMP (CARICOMP 2000) in the

Caribbean, and the AIMS Long-term Monitoring Program off the Great Barrier

Reef (Sweatman 1997). Programs using volunteers to collect the data include

REEF and ReefCheck (Wells 1995). Each program has developed methodologies

suitable to their region and level of expertise.

Connell et al. (1997) documented change in coral cover over a 30 year

period on the Great Barrier and noted that type, intensity, and spatial scale of

disturbances contributed to most of the variation in coral cover compared to

other factors such as recruitment. Small-scale samples (permanent 1m2

quadrats) were used to measure abundance, distribution and recruitment of

corals. Later when the reef structure changed, large-scale samples (e.g.

additional quadrats, belt and line transects) were added to obtain adequate
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sample sizes. Their results indicated that corals appeared to have a higher

chance of recovery from acute rather than chronic disturbances, but recovery

was slower when the physical environment was altered. In addition, they found

that corals on the wave-exposed side of the reef were affected by disturbances on

a smaller spatial and temporal scale than corals protected from storms (Connell

et al. 1997). Studies conducted at a small temporal scale (e.g. 1-2 years) would

not have detected these trends in the coral community structure.

Long-term coral reef monitoring projects in Hawai'i have been initiated

for a variety of reasons. Surveys at sites such as Kahe Point (Coles 1998),

Hanauma Bay (Hunter unpublished data), Honolua Bay, Kahekili Park,

Puamana, and Olowalu on Maui (Brown 1999a), and ~olokini (Tissot

unpublished data) have been conducted to detect change in coral cover at a

small spatial scale. Other sites have been surveyed to examine specific questions

on coral zonation (Maragos 1972; Hunter and Evans 1995); disease (Hunter

unpublished data) and anthropogenic stress (Grigg 1995; Grigg and Dollar 1995)

or to satisfy the environmental impact statement (ElS) requirements for

numerous coastline developments. The use of different methods among studies,

however, make it difficult to integrate the results and compare coral population

trends at different spatial (e.g. > lkm) and temporal scales (e.g. > 1year). Connell

et al. (1997) found that population dynamics at reefs varied at different spatial

and temporal scales even for reefs within 30-300m of each other. Consequently,

statistically valid methods applied over many spatial and temporal scales are

necessary to understand mechanisms that alter reef communities (Connell et al.

1997; Hughes and Connell 1999).

The purpose of this chapter was to evaluate the condition of the reef

communities at the six study areas by describing spatial and temporal variation

in percent coral cover and population dynamics of the abundant coral species.
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Two approaches were used to examine the state of each reef. First, visual

quadrats and digital video transects were used to analyze historical development

of each reef over the past 9 years. Second, a more detailed but smaller scale

approach used fIxed photoquadrats to track individual colonies over the past 4

years to document life history parameters (e.g. growth, recruitment and

mortality) of various species at each reef.

METHODS

Coral cover data was collected at 3 long-term monitoring sites along the

west Maui coastline (Honolua Bay, Puamana, and Olowalu) from 1994 to 2002.

The sites were part of a long-term monitoring program conducted by the PacifIc

Whale Foundation (PWF) from 1994 to 1998 with the author as the principal

investigator. Two stations at various depths within a site were sampled (Figure

1). Water depth ranged from 3.2 meters at Honolua Bay south station during a

low tide to 13.4 meters at the Puamana offshore station (Table 27). Sites were

selected that had existing data, high levels of human activity, perceived

environmental degradation and/or recovery, were logistically accessible, and

occurred along a wave exposure gradient (Table 27). These study sites were

incorporated into the Hawai'i Coral Reef Assessment and Monitoring Program

(CRAMP) monitoring sites in 1999 as part of the larger statewide effort to

document changes in coral cover (Jokiel et al. in press).

From 1994 to 1998, coral species richness, percent coverage and

diversity were examined at each of the stations using the planar point intercept

quadrat method (Reed 1980). Quadrats (range 12 to 48 quadrats per transect)

were randomly placed on 3 fIxed 50m transect lines at each station along a

depth contour and surveyed annually from June to August. Initial transect

selection was done haphazardly and run parallel to shore along the depth
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contour. The quadrat grid was 1m2 in area and consisted of 1 inch PVC tubing

fitted with nylon line spaced 10 centimeters apart to form a square grid with 81

intersections. Each intersection was identified using substrate categories of

sand, coralline algae, turf algae, macroalgae, Halimeda spp, and coral. Coral

species were further identified using Maragos (1977). Percent cover values for

each substrate category and coral species were derived by dividing the number

of occupied points by the total number of intersections (81) within each quadrat.

Table 27. Characteristics of each station.

Station Depth Management Wave Previous studies at the reefs
(m) Status l Exposure2

Honolua North 3 MLCD High (Environmental Consultants

Honolua South 3 MLCD High 1974; Torricer et al. 1979;

Grigg 1994)

Puamana Near 3 OA Medium (Grigg 1986; 1991)

Puamana Off 13 OA Medium

Olowalu Near 3 OA Low (Ambrose et al. 1988)

Olowalu Off 8 OA Low

1 MLCD = Marine Life Conservation District, OA = Open Access
2 High = Maximum significant wave height (Hms) > 12ft, Medium = (Hms) > 8ft,
Low = (Hms) > 6ft. Derived from US Navy WAM models.

Beginning in 1999, these sites were monitored using the CRAMP

protocol, which utilized digital video to measure changes in coral cover by

surveying ten permanent (fixed) transects at each of the 6 stations (Brown et al.

2004). Each transect was 10m in length and videotaped from a perpendicular

angle at a height of O.Sm above the substrate. The transects were initially

selected at random from a pool of 50 possible starting points located in a 2m X
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100m grid along the depth contour. The entire grid was overlaid on the existing

PWF transects so that the sampling areas were comparable. Due to the layout of

the PWF transects only 2 of the 3 permanent transects could be incorporated

into the CRAMP grid. To assist in relocating the transect grid a central spine of

11 pins was installed at 10 meter intervals with GPS marks at the beginning and

end. Total area sampled at each station was 35m2 with a sampling frequency of

once a year.

Image analysis was conducted using PointCount 99 software on 20

randomly selected non-overlapping video frames on each transect with 50

randomly selected points per frame. Percent cover was tabulated for coral (by

species), macroinvertebrates, and other benthic substrate types (coralline algae,

turf algae, macroalgaej Halimeda spp., and sand). Total mean percent coral

cover by station, mean percent coral cover by species within a station, species

richness (number of species per transect) and diversity were used as dependent

variables in this study. Average error (average observer error 1.9%,

measurement error 2.7%) for estimating total coral cover using the digital video

transects was estimated to be approximately 5% (Appendix F). Therefore, for the

purposes of this study absolute change in coral cover ~ 10 % was defined as

biologically relevant if the change was statistically significant with high

statistical power (P> 0.8 at a ~ .05) (Brown et al. 2004). The 10% criterion also

has management implications having been previously suggested as an

appropriate level for detecting change in coral cover (Maragos 1999).

To incorporate the PWF historical data with the more recent CRAMP

protocol it was necessary to conduct concurrent surveys using both methods to

evaluate any statistical difference in total coral cover or benthic assemblage

structure that might exist between the 2 methods. If a difference existed, then a

correction factor could be applied to the previously collected data. In 2000, each
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of the 6 stations was resurveyed at the same time using both the PWF quadrat

technique and the CRAMP digital video method. The same dive team conducted

both surveys to reduce observer variation.

A set of fIxed photoquadrats was used to examine growth, recruitment

and mortality of individual corals (e.g. Hughes 1985; Porter and Meier 1992).

Initial photoquadrat placement was randomly selected within the 2m X 100m

CRAMP grid and sampled at least once a year. Five photoquadrats at each

station were established in 1999 with 1 pin in each corner of the frame to

ensure accurate repositioning. The inside margin of the frame measured 0.70m

X 0.47m which captured a photographic image 0.33m2 in size. The

photoquadrat frame consisted of a Nikonos V 35mm camera with a 15mm wide

angle lens attached and mounted 0.5m above the substrate. Use of the 15 mm

lens produced a slight distortion on the edges of the image, but this allowed

detection of smaller recruits and edge effects were consistent among samples

and time periods. Further, the 15 mm lens effectively reduced the height of the

entire photoquadrat making it more compact and stable in conditions of high

wave motion typical of Hawaiian inshore reefs.

Scanned slides from the photoquadrat sampling were analyzed using

SigmaScan Pro 5.0 image-processing software to determine horizontal areal

coverage in cm2 of each coral colony by species. All colonies within the

photoquadrat frames were traced using a Wacom 9" (23cm) X 12" (30cm)

digitizing tablet. Colony data included a unique number assigned in the fIrst

year observed, species, area in cm2, and fate (dead, exposed, fusion, areal

growth, re-emerged, recruit, and shrinkage). Colonies in the fIssion category

represented any daughter colony separated from the parent colony. Fission also

included fragmented colonies that fell into the plot and were sti11loose. Recruits

were defIned as new colonies with a minimum detectable size >0.5cm in
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diameter (area 0.2cm2) and no previous record of settlement in a particular

location within the plot. Typically this size represents colonies around 1 to 2

years of age and is defined as visible recruitment in comparison to invisible

recruitment «O.Scm in diameter) (Fitzhardinge 1993). The term "exposed" was a

special distinction given to adult colonies that either grew into the plot from the

edge of the photoquadrat or were exposed when the overlying substrate (e.g.

macroalgae) receded in subsequent years. The re-emerged label was applied to

colonies that reappeared at a later sampling period in the same location within

the plot as an earlier colony of that same species. Some re-emerged colonies may

have been new recruits of the same species that by chance settled in the same

location. Since the number of re-emerged colonies was low, this possibility was

considered insignificant. In year 1, all colonies were given a unique number even

though it is highly probably that many of the colonies were the result of prior

fission events (Hughes and Jackson 1985). After the initial labeling, colonies

(including fragments from documented fission events) were followed each year to

calculate growth, shrinkage, and record total mortality. Annual probabilities of

mortality (D), exposure (El, fission (Fi), fusion (Fu), growth (G), re-emerged

effects (P), recruitment (R), and shrinkage (S) were calculated for abundant

species at each station (N) 100 colonies per station).

STATISTICAL ANALYSIS

Two statistical approaches were used to compare the two methods before

long-term trends in coral cover could be evaluated. First, a univariate approach

was used with a two-way ANOVA design in the General Linear Model (GLM) to

compare total coral cover (dependent variable) between methods (factor) at each

station (factor). Quadrats (PWF) or frames (CRAMP) were treated as subsamples
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and averaged for each transect within a station. Planned comparisons or

contrasts were then used for the paired methods at each station.

Second, a multivariate approach was utilized to examine benthic

assemblage characteristics at a finer resolution that might account for

differences if any, between the methods at each station. A permutation-based

hypothesis testing Analysis of Similarities (ANOSIM in PRIMER 5.0) was used for

the comparison of observed benthic assemblages (Clarke and Gorley 2001;

Clarke and Warwick 2001). This procedure generates an R statistic that is on a

scale from 0 or negative value (identical assemblages) to 1 (dissimilar

assemblages). The resulting p value indicates the probability that the 2

assemblages come from a similar distribution (Clarke and Warwick 2001).

Subsequently, the long-term monitoring data for both the PWF and

CRAMP coral cover data were analyzed using a General Linear Model (GLM)

repeated measures ANOVA design in Statistica 6.0. Due to the different sample

sizes and consequently unbalanced design, the data sets were split into two time

periods (PWF: 1994-1998, CRAMP: 1999-2002) for analysis. In both data sets,

coral cover was the dependent variable with transect as the sampling unit and

station and time as factors. This treated quadrats (PWF) or video frames

(CRAMP) as subsamples within each transect. Percent data were subjected to an

arcsine-square root transformation prior to testing to meet the assumptions of

normality and heterogeneity of variances (Zar 1999). Planned comparisons or

contrasts were used to examine changes in total coral cover over paired time

intervals within each of the stations. Temporal comparisons in total percent

coral cover were not conducted among stations due to differences in depth

which were potentially confounding.

Changes in benthic assemblage structure over time were analyzed for

only the CRAMP data using a one-way ANOSIM test for each station with time as
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the primary factor. The CRAMP data had greater replication than the PWF data

and thus was able to identify key substrates that contributed to the changes

over time. Multiple pairwise comparisons for each year generated an R statistic

indicating the similarity of the assemblage between years and a probability (p)

that the different years came from the same distribution. Each station had to be

analyzed separately due to the inability of PRIMER to construct a two-way

ANOSIM test with a station*time interaction term. Subsequent use of the

SIMPER routine in PRIMER identified key substrates or species that contributed

to the dissimilarity between each year comparison. Temporal changes in the

benthic categories at each station were analyzed using a non-metric

multidimensional scaling (MDS) ordination with station by year as samples (e.g.

Clarke and Warwick 2001).

Colony fates in the photoquadrats were converted to probabilities within

the eight fate categories for the 6 stations. For colonies on the edge, only the fate

of the part in the frame was recorded. This approach probably biased growth

and mortality rates in smaller colony sizes but the number of colonies on the

edge were small relative to the total number of colonies in the frame.

Probabilities were calculated for the abundant species (n> 100 colonies per

station) into 3 yearly intervals (1999-2000, 2000-2001, and 2001-2002) and

partitioned into various size classes. To facilitate comparisons among stations,

transition matrices were constructed for Montipora capitata populations at all

stations, even when sample size was less than 100 colonies. Either 3 (0-2.5cm2 ,

2.5-10cm2, and >lOcm2) or 4 size classes (0-2.5cm2, 2.5-lOcm2, 10-25cm2, and

>25cm2) were assigned to a species depending on the size structure of the

population. The size classes were chosen to focus in on recruitment in the

critical smaller sizes and also maintain a reasonable number of corals within

each size class. Comparative studies (e.g. Hughes 1984; Hughes and Tanner
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2000) have used larger size classes but have also sampled larger areas (lm2 

photoquadrats) with a larger minimum detectable size of 1cm in diameter (area

0.79cm2). These transitional probabilities were then used in a modified size

structured Leslie matrix to examine long-term predictions in population

dynamics at a station. Size stage models rather than Leslie's classic

deterministic model, are preferred for clonal organisms because size appears to

a better predictor than age of the organism's fate from year to year (Werner and

Caswell 1977). Growth plasticity in clonal organisms precludes the use of age in

the model since individuals of the same age may respond in different ways to the

same environment. The linear, time-invariant matrix model implies that

population growth is not affected by density or cover of the organisms (Werner

and Caswell 1977). Corals, however, can cover a large (>80%) percentage of the

substrate but they are long-lived with slow growth relative to the 1 year time

intervals used in estimating parameters for the model.

Hughes (1984) described the general form of the matrix model as:

where xt is a column vector of the state variable (size) at time t and A is a

square matrix which determines the population dynamics using the transitional

probabilities. The column vector of the model represents a different size class of

the population at time t (Figure 29). The rows in the model correspond to the

same size classes but at time t + 1. The intersection of each column and row

represents the probability that a coral colony will be in that size class from time

t to t + 1. Probabilities along the diagonal correspond to colonies staying the

same size from one time interval to the next. Colonies that grow during this time

period from one size class to the next will be reflected in the transitional

probabilities below the diagonal. The likelihood that colonies will contribute to

the smaller size classes through shrinkage and fragmentation is shown above
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the diagonal. Colonies that come back to life (re-emerged category) are

incorporated throughout the matrix depending on the size class that they

reappear in. Finally, colonies that fuse into existing colonies are indirectly

included in the model by increasing the size of the target colony. Modeling new

additions (i.e. recruitment) to the population during each time interval is done

by multiplying a column vector to the entire matrix that has values containing

the number of new colonies in each size class (Figure 29 and see Hughes 1984).

Long-term predictions about the populations of selected species at a

station were generated by pooling the life history events over all 5 photoquadrats

at each station for the various size classes from 1999 to 2002. As a result one

transition matrix was produced for each species that was subsequently modeled

for population growth and structure by adding new recruits each year. This

approach reduced the complexity of comparing all 3 census intervals and

generating separate predictions for each year. In addition, the larger number of

colonies in the overall matrix allowed for a more complete set of transitional

probabilities. It is possible that some disturbance within a given year would

dramatically alter the transitional probabilities of a species at a station and this

would be masked by pooling the data. At present, however, no known major

disturbances were documented during the study period. In any event, the

transition matrices for the most abundant species in each census interval were

provided in the Appendices for reference. The next stage incorporated the new

recruits by multiplying the column vector by the pooled transition matrix as

shown in Figure 29. The number of recruits in each size class was derived for

each survey interval and pooled across the 3 years. Finally, the resulting values

from the transition matrices were plotted over time to generate a future

projection of the population size for the most common species.

130



Comparisons among the matrix results and the long-term trends at each

station were evaluated using visual comparisons between the population

projections at each station and long-term trends since 1994.

Size Class at time t

1 2 3 4

1 L+I s+ 1 s+ 1 s+1 r

2 g L s+ 1 s+ 1 r
Size class at time t + 1 *

3 g g L s+ 1 r

4 g g g L r

Figure 29. Size stage matrix model modified after Hughes (1984). Each
intersection in the matrix represents the probability that a coral colony will grow
(g) into a larger size class, stay the same size (L), or contribute to a smaller size
class through shrinkage (s) of parent colonies or fragmentation (f) by daughter
colonies. Sexual recruits (r) are added to the model by multiplying a column
vector with the number of new colonies in each size class. Generally, all of the
recruits will be in the smallest size class or top row. This example shows 4 size
classes defined as: 1 = 0-2.5cm2, 2> 2.5-10cm2, 3 > 10-25cm2 , and 4> 25cm2 •

For species that were modeled using 3 size classes, the distinctions were; 1 = 0
2.5cm2 , 2 > 2.5-10cm2 , and 3> 10cm2 .
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RESULTS

Method comparison

Coral cover determined by the planar point intercept (PWF) and video

transects (CRAMP) was not significantly different (Fl,60 = 1.3, p=0.25) and the

difference between the two methods among stations was not significantly

different (FS,60 = 0.2, p=0.95) (Tables 28 and 29, Figure 30, Appendix H). Both

methods detected similar benthic assemblages at each station for the variables

measured (Multivariate ANOSIM test with majority of stations having p values

greater than 0.5, Table 30). The one exception was the Puamana 13m (p = 0.27).

The low similarity between methods at this station was attributed to the higher

percentage of sand (67% vs. 36%) and lower percentage of turf algae (24% vs.

55%) documented in the PWF quadrats compared to the CRAMP method

(Appendix H).

Table 28. Univariate tests of significance for percent total coral cover between
methods (PWF x CRAMP) and among stations surveyed concurrently in 2000.
Model: Total coral cover = constant + method + station + method*station.

SS DF MS F P

Intercept 7.88 1 7.88 1047.37 0.000
Method 0.01 1 0.01 1.33 0.254
Station 1.41 5 0.28 37.58 0.000
Method*Station 0.01 5 0.00 0.22 0.951
Error 0.45 60 0.01
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Figure 30. Mean percent coral cover at each station surveyed during 2000 using
both methods. Mean ± ISE. N=2 transects for PWF method and N=10 transects
for CRAMP method

Table 29. Planned contrasts comparing total percent coral cover for each of the
methods (PWF and CRAMP) at a station.

Station SS df MS F P

Honolua North Effect 0.00 1 0.00 0.15 0.702
Error 0.45 60 0.01

Honolua South Effect 0.01 1 0.01 1.95 0.167
Error 0.45 60 0.01

Puamana 3m Effect 0.00 1 0.00 0.07 0.795
Error 0.45 60 0.01

Puamana 13m Effect 0.00 1 0.00 0.01 0.913
Error 0.45 60 0.01

Olowalu 3m Effect 0.00 1 0.00 0.38 0.541
Error 0.45 60 0.01

Olowalu 8m Effect 0.00 1 0.00 0.27 0.605
Error 0.45 60 0.01
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Table 30: Pairwise ANOSIM test comparisons between the CRAMP protocol and
the PWF method at each site surveyed during 2000. Scale of R values is from 0
or negative values (identical faunas) to 1 (dissimilar faunas). Significance level
for the test is shown at a critical a ~ 0.008 using a Bonferroni correction.

Station R P

Honolua North 3m -0.074 0.64

Honolua South 3m -0.261 0.91

Puamana3m -0.074 0.67

Puamana 13m 0.333 0.27

Olowalu 3m -0.198 0.79

Olowalu 8m -0.165 0.77

Long-term trends in coral cover

Since 1994 coral cover at stations in close proximity to each other

(spatial scale 200-300m) appeared to respond in a similar fashion (Figure 31).

Stations at the larger spatial scale of> lOkm, however, changed in a different

manner indicating the spatial extent of influential processes. The PWF data from

1994-1998 showed that coral cover was significantly different among stations

(Repeated Measures ANOVA, Fs,s = 69.9, P <0.001) but not significantly different

among years (F4,4 = 3.6, P = 0.12) (Table 31). The term of interest, however, was

the station*year interaction term which was significant (F20,20 = 2.4, P = 0.03).

Planned comparisons using contrasts indicated that certain pairs of years were

significantly different from each other within a station. In addition, the observed

trends were different among stations or across years (Table 32). For example, at

Honolua North 3m coral cover declined significantly between 1995 and 1996

(Table 32). No other year combinations showed a significant change. Honolua
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Figure 31. Temporal trends in coral cover for the 3 most common genera at the Maui stations from 1994 to the present. Pacific
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from 1999 to 2002 (N=IO transects). Mean ± lSE.



South 3m on the other hand, showed a significant decline in coral cover from

1997 to 1998 but almost no change between 1995 and 1996 (Figure 31). Several

year comparisons were not significant (e.g. Puamana 13m, 1995-1997, Figure

31, p=0.06), however, statistical power was low for the vast majority of these

tests due to the small sample size. The only other significant change in coral

cover occurred at Olowalu 8m between 1997 and 1998 (Figure 31).

Table 31. Repeated measures ANOVA for total coral cover at each of the 6
stations using the PWF data from 1994-1998.

SS DF MS F p

Intercept 12.93 1 12.93 5523.12 0.009
Error 0.00 1 0.00
STATION 2.70 5 0.54 69.90 0.000
Error 0.04 5 0.01
YEAR 0.05 4 0.01 3.62 0.120
Error 0.01 4 0.00
STATION*YEAR 0.11 20 0.01 2.36 0.031
Error 0.04 20 0.00

The CRAMP data from 1999 - 2002 showed similar patterns to the PWF

data and provided a continuation of the long-term data set. The repeated

measures ANOVA showed that total percent coral cover was not only

significantly different among stations (FS,4S = 64.2, P <0.001) but also across

years (F3,27 = 3.3, P = 0.04) (Table 33). Again the term of interest was the

significant station * year interaction term (FlS,13S = 4.5, P <0.001) which

indicated that changes in coral cover over time varied by station. Contrasts

showed that coral cover declined significantly (p=0.04) at Honolua North 3m

from 2000 to 2002 (Table 34, Figure 31). At Honolua South 3m there was an

136



Table 32. Univariate results of total coral cover for planned comparisons among year pairs for each station using the PWF data
from 1994-1998.

Reef Years p Station Years p Station Years p

Honolua North 3m 94-95 0.53 Puarnana 3m 94-95 0.47 Olowalu 3m 94-95 0.63
94-96 0.33 94-96 0.71 94-96 0.06
94-97 0.35 94-97 0.25 94-97 0.28
94-98 0.08 94-98 0.39 94-98 0.16
95-96 0.01 95-96 0.11 95-96 0.15
95-97 0.14 95-97 0.79 95-97 0.44
95-98 0.23 95-98 0.23 95-98 0.17
96-97 0.43 96-97 0.43 96-97 0.41
96-98 0.38 96-98 0.09 96-98 0.11
97-98 0.62 97-98 0.58 97-98 0.88.....

w Honolua South 3m 94-95 0.18 Puamana 13m 94-95 0.82 Olowalu 8m 94-95 0.88
--.:J

94-96 0.94 94-96 0.59 94-96 0.40
94-97 0.30 94-97 0.64 94-97 0.92
94-98 0.19 94-98 0.94 94-98 0.24
95-96 0.46 95-96 0.40 95-96 0.35
95-97 0.22 95-97 0.06 95-97 0.91
95-98 0.14 95-98 0.25 95-98 0.29
96-97 0.14 96-97 0.79 96-97 0.56
96-98 0.08 96-98 0.10 96-98 0.80
97-98 0.03 97-98 0.15 97-98 <0.001



overall significant increase in total coral cover from 1999 and 2000 (Figure 31,

Table 34). The Puamana 3m station first had a significant increase (p=0.004) in

coral cover from 1999 to 2000 followed by a significant decrease from 2000 to

2002 (Chapter 3; Figure 31, Table 34). The deeper Puamana 13m station

experienced a series of significant increases in coral cover over the entire 4 years

and between successive years. In contrast, at Olowalu only the 8m station has

declined significantly (p=0.04) in coral cover between 1999 and 2002 but this

was a drop of 4.5% in absolute coverage (Figure 31, Table 34).

Table 33. Repeated measures ANOVA for total coral cover at each of the 6
stations using the CRAMP data from 1999-2002.

SS DF MS F P

Intercept 51.86 1 51.86 1741.91 0.000
Error 0.27 9 0.03
STATION 8.73 5 1.75 64.16 0.000
Error 1.22 45 0.03
YEAR 0.02 3 0.01 3.31 0.035
Error 0.07 27 0.00
STATION*YEAR 0.11 15 0.01 4.48 0.000
Error 0.22 135 0.00
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Table 34. Univariate results of total coral cover for planned comparisons among year pairs for each station using the CRAMP
data from 1999-2002.

Reef Years p Station Years p Reef Years p

Honolua North 3m 99-00 0.40 Puamana 3m 99-00 0.004 Olowalu 3m 99-00 0.17
99-01 0.93 99-01 0.42 99-01 0.61
99-02 0.54 99-02 0.32 99-02 0.72
00-01 0.12 00-01 0.07 00-01 0.09
00-02 0.04 00-02 0.01 00-02 0.50
01-02 0.34 01-02 0.07 01-02 0.22

Honolua South 3m 99-00 0.002 Puamana 13m 99-00 0.26 Olowalu 8m 99-00 0.54
99-01 0.09 99-01 <0.001 99-01 0.44
99-02 0.01 99-02 <0.001 99-02 0.04
00-01 0.03 00-01 0.004 00-01 0.63

l-'
00-02 0.04 00-02 <0.001 00-02 0.19w

10 01-02 0.36 01-02 <0.001 01-02 0.42



Temporal trends, combining both the PWF and CRAMP data sets, showed

that the two stations at Honolua Bay experienced a substantial decline in total

coral cover from 1994 to 1999 and have since stabilized (Figure 31, Table 35).

The Honolua North 3m station underwent the greatest decline in coral cover of

approximately 27%. In comparison the two stations at Puamana experienced an

increase in coral cover since the start of monitoring in 1994 with the Puamana

3m station exhibiting an increase in coral cover of 9% (Figure 31, Table 35). The

two stations at Olowalu experienced overall declines of 9% for Olowalu 3m and

4% for Olowalu 8m but the background variation was quite high (Table 35).

Looking at just total coral cover, however, may be somewhat misleading

or miss more subtle changes at the species level as well as other components of

the benthic assemblage. ANOSIM Multivariate analysis using multiple pairwise

comparisons between years did not always support the univariate results (Table

34 vs. Table 36). For example, the station at Honolua North 3m showed a

significant change in the benthic assemblage from 1999 to 2002 in addition to

the significant change in total coral cover seen in the univariate data set

between 2000 and 2002. The key substrates contributing to the significant

changes over the entire 4 year interval were turf algae (increased in percent

cover or +), macroalgae (+), Porites Zobata (decreased in percent cover or -),

coralline algae (-), and sand (-) (Table 36). Key substrates were only examined for

the 4 year interval to simply the interpretation. The station at Honolua South

3m showed several substantial changes in total coral cover between years (99

00,99-02,00-01, and 00-02, Table 34) compared to just the significant change

in the broader assemblage from 1999 to 2000 (Table 36). In this case, percent

cover for Montipora flabellata, M. capitata, and Pavona varians increased over the

4 years and contributed to the absolute 3% increase in total coral cover at the
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Table 35. Yearly total coral cover over 1994-2002 time period and change in absolute percent cover at each station. Protocol used
is listed at the top.

PWF PWF PWF PWF PWF CRAMP CRAMpl CRAMP CRAMP

i- Q)

.cl bll... V \I) 10 to- «Xl 0'1 0 Pol N 1:1
1:2. 0'1 0'1 0'1 0'1 0'1 0'1 0 0 0 as
Q) 0'1 0'1 0'1 0'1 0'1 0'1 0 0 0 .cl

Reef Q Pol Pol Pol Pol Pol Pol N N N 0

Honolua North 3 Mean 40.9 35.2 27.9 27.7 23.6 15.3 17.0 15.1 14.1 -26.8
SE 7.4 6.1 3.4 5.1 4.5 2.3 0.7 0.6 0.6

Honolua South 3 Mean 42.5 42.3 37.7 33.3 28.2 20.9 26.9 23.1 23.9 -18.6
SE 8.0 6.3 3.8 6.6 6.0 3.0 1.4 1.2 1.1

Puamana 3 Mean 4.2 7.5 6.5 10.1 12.4 14.9 17.7 16.0 13.4 9.2......
SE 1.3 1.9 1.3 0.5 2.0 1.5 0.6 0.9 0.6.j::.

......
Puamana 13 Mean 1.1 0.7 0.3 0.3 1.1 2.5 3.1 4.5 6.1 5.0

SE 1.0 0.6 0.2 0.3 0.7 1.1 0.7 0.8 0.9
Olowalu 3 Mean 31.7 30.4 23.5 30.0 29.6 22.9 24.7 21.5 23.2 -8.5

SE 0.4 3.1 2.6 5.2 5.1 4.0 1.8 1.6 1.4
Olowalu 8 Mean 54.8 56.3 47.5 57.3 51.0 55.4 54.0 52.6 50.9 -3.9

SE 2.1 1.8 2.9 1.5 7.5 2.2 1.0 1.2 0.9

1 Both methods were compared in 2000 but only the CRAMP data is presented in the table.



Table 36. Results of ANOS1M multiple pairwise comparisons among years using
the entire CRAMP benthic assemblage data from 1999-2002. Scale of R values is
from 0 or negative values (identical faunas) to 1 (dissimilar faunas). Significance
level for the test is shown at a critical a :::; 0.008 using a Bonferroni correction. 1

Key substrates contributing to the significant change (+ increase, - decrease, =

stayed the same) from 1999 to 2002.

Station Years R p Key substrates1 Change1

Honolua North 3m 99-00 0.14 0.041 {'Urf algae +
99-01 0.13 0.043 . macroalgae +
99-02 0.27 0.001 Porites lobata
00-01 0.08 O. 111 coralline algae
00-02 0.61 0.001 sand
01-02 0.40 0.399

Honolua South 3m 99-00 0.42 0.001
99-01 0.15 0.060
99-02 0.11 0.070
00-01 0.09 0.120
00-02 0.17 0.030
01-02 -0.04 0.630

Puamana3m 99-00 0.29 0.002 .{macroalgae +
99-01 0.55 0.002 sand +
99-02 0.29 0.001 Porites lobata +
00-01 -0.01 0.440 turf algae
00-02 0.46 0.001
01-02 0.58 0.002

Puamana 13m 99-00 0.19 0.0031turf algae +
99-01 0.28 0.002 macroalgae
99-02 0.34 0.005 sand
00-01 -0.02 0.560
00-02 0.14 0.040
01-02 0.03 0.250

Olowalu 3m 99-00 -0.06 0.790
99-01 -0.10 0.980
99-02 0.04 0.250
00-01 -0.08 0.910
00-02 -0.04 0.700
01-02 0.05 0.200

Olowalu 8m 99-00 -0.07 0.870
99-01 -0.04 0.660
99-02 -0.08 0.900
00-01 -0.05 0.700
00-02 -0.06 0.830
01-02 -0.03 0.590
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station (Figure 31). In contrast, coralline algae and turf algae decreased over the

same time period.

At the Puamana 3m station there were only 2 significant changes in year

comparisons for the univariate data compared to 5 significant pairwise

comparisons for the multivariate data set (Table 36). In contrast, the changes

were more dramatic for the univariate data set at the Puamana 13m station. At

the 3m station, macroalgae increased in percent cover along with sand and

Porites lobata compared to a slight decline in turf algae. The 13m station,

however, showed a decline in macroalgae (primarily Halimeda incrassata) with a

corresponding increase in turf algae. For the Olowalu stations, both data sets

showed similar temporal trends indicating that total coral cover as well as the

benthic community structure did not change appreciably over the four years. At

these stations there were slight decreases in percent cover for Porites lobata, and

P. compressa compared to a small increase in the amount of sand present.

Certain stations changed more dramatically than others from 1999 to

2002 and had clearly separate faunal assemblages. The MDS ordination showed

the two Honolua stations clustered near each other at the top of the plot

producing a rather cyclical temporal trend with the 2002 fauna approaching the

1999 fauna (Figure 32). In contrast, the two Puamana stations on the right of

the plot were more dynamic in their change and were both approaching each

other in 2002. Finally, the two stations at Olowalu on the left of the plot were

also showing a rather cyclical temporal trend in assemblage structure without

much overall change. The overall stress of 0.09 was low indicating that the

ordination was a good 2D approximation of the faunal relationships with no

misleading interpretations (Clarke and Warwick 2001).
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Life history parameters

The fates of 2,291 colonies and fragments were tracked in the

photoquadrats across the 6 stations for 15 species of corals during the 4 year

study (Table 37). Honolua North 3m (n=509) had the greatest number of colonies

followed by Puamana 3m (n=494), Honolua South 3m (n=426), Olowalu 3m

(n=392), Olowalu 7m (n=265) and finally Puamana 13m station which had only

205 colonies and 7 species in the photoquadrats (Table 38). The most numerous

species were Montipora capitata(n=599) followed by Porites lobata (n=428) and

Porites compressa (n=308). All of these colonies were not necessarily unique

genotypes because many of them represented fragments that broke apart from

the parent colony either prior to 1999 or sometime during the course of the

study. The rarest species recorded were Porites evermanni (n=I), Fungia scutaria

(n=2), and Porites brighami (n=2).

Life history differences among the most abundant species varied among

stations and across years for the different size classes (Appendix I). For the

smallest size class, mortality rates varied from a low of 0.06 for Pavona duerdeni

at the Olowalu 3m station during 1999-2000 to a high of 0.71 for Pocillopora

meandrina at Puamana 3m during the 2000-2001 time periods. In size class

number 2, mortality rates were generally lower than rates in size class 1, with

many species having zero mortality. Montipora patula, however, at the Olowalu

8m station had a high mortality rate of 0.67 in size class 2 from 2000 to 2001

compared to 0.20 in size class 1. Many of the annual matrices had small sample

sizes within certain size classes. Consequently, it appeared prudent to pool the

number of colonies in each size category combination and derive overall

transitional probabilities for the entire 3 year period. The average number of new

recruits, fragments and exposed colonies by species ranged from a high of 26

per 1.65m2 per 3 year census interval (crude rate not taking into account
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Table 37. Colony counts by species in each fate category for the Honolua Bay Photoquadrat data from 1999-2002. Fate codes
are; D = dead, E = exposed, Fi = fission, Fu = fusion, G = growth, P = re-ernerged, R = recruit, S = shrinkage. Species codes are;
Coce = Cyphastrea ocellina, Fscu = Fungia scutaria, Mcap = Montipora capitata, Mfla = Montiporajlabellata, Mpat = Montipora
patula, Mstu = Montipora studeri, Pdue = Pavona duerdeni, Pvar = Pavona varians, Prnea = Pocillopora meandrina, Pbri = Porites
brighami, Pcorn = Porites compressa, Peve = Porites evermanni, Plic = Porites lichen, Plob = Porites lobata, Pnie = Psammocora
nierstraszi.

1999-2000 2000-2001 2001-2002
Reef Species D E Fi Fu G R S D E Fi Fu G P R S D E Fi Fu G P R S
Honolua Mcap 12 1 13 1 30 7 28 23 4 7 5 26 4 25 13 1 9 3 30 2 20
North 3m Mfla 2 3 1 1 3 1 2 3 1

Mpat 1 3 3 2 2 1 1 2 4 2 1 4 2 1
Mstu 4 1 1 2 4 3 3 1 2 2 2 2
Pbri 1 1 1
Pcorn 6 1 3 3 22 4 12 8 1 17 3 21 1 10 21 1 15 2 14 1 13
Pdue 3 1 1 1 5 3 5 1 4 1 1 1 6 5 2
Plic 7 4 1 5 6 3 9 1 9 3 1 1
Plob 16 1 17 5 41 3 45 22 2 17 1 36 4 48 43 3 14 4 23 1 37
Prnea 3 2 1 2 2 2 1 3
Pvar 2 3 3 11 5 5 3 2 1 9 1 11 4 4 3 9 3 7
Total 56 3 38 12 119 27 109 72 7 48 12 105 0 23 107 96 5 46 13 97 0 15 84

Honolua Coce 1 4 1 1 1 1 4 1 2 4
South 3m Mcap 9 6 6 2 11 8 1 3 3 11 3 3 8 5 6 2 7

Mfla 21 3 40 12 26 4 40 32 45 16 26 2 39 38 3 53 25 22 2 27
Mpat 2 3 8 1 4 1 5 1 4 1 7 2 3 2 1 7 1 6
Pcorn 2 2 3 3
Plic 1 1 3 1 1 1 2
Plob 3 1 5 1 13 18 4 5 2 15 2 16 8 2 4 4 18 1 8
Prnea 1 1 1 2 2 1
Pvar 2 1 7 5 1 2 8 1 1 3 1 7 1 4 9
Total 39 4 52 16 65 8 82 48 3 60 22 65 1 16 75 64 8 71 31 61 1 5 63
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Table 37. (Continued) Colony counts by species in each fate category for the Puamana photoquadrat data from 1999-2002. Fate
codes are; D = dead, E = exposed, Fi = fission, Fu = fusion, G = growth, P = re-emerged, R = recruit, S = shrinkage. Species codes
are; Coce = Cyphastrea ocellina, Fscu = Fungia scutaria, Mcap = Montipora capitata, Mfla = Montiporajlabellata, Mpat =
Montiporapatula, Mstu = Montipora studeri, Pdue = Pavona duerdeni, Pvar = Pavona varians, Pmea = Pocillopora meandrina, Pbri
= Porites brighami, Pcom = Porites compressa, Peve = Porites evermanni, Plic = Porites lichen, Plob = Porites lobata, Pnie =
Psammocora nierstraszi.

1999-2000 2000-2001 2001-2002
Reef Species D E Fi Fu G R S D E Fi Fu G P R S D E Fi Fu G P R S
Puamana Coce 1 1
3m Fscu 1 1

Mcap 11 8 1 42 43 37 38 5 4 42 4 12 42 40 7 22 7 22 37
Mpat 8 5 1 15 6 11 11 2 8 1 18 11 5 9 1 1 8
Pcom 1 3 3 2 3 4 2 2 4
Plic 1 1 1 2
Plob 14 3 3 3 44 5 12 11 1 8 4 36 2 2 14 13 1 9 3 23 1 4 24
Pmea 15 33 21 6 19 40 1 16 14 1 2 24 28 12 11 3 3 17
Total 48 3 50 5 126 63 82 104 2 31 8 105 7 18 100 95 1 33 3 70 12 32 86

Puamana Mcap 3 1 1 8 1 7 7 2 8 2 15 6
13m Mpat 1 1 2 1 4 1 2 1 2 3

Pcom 15 6 23 13 6 14 10 4 2 20 1 8 11 19 1 2 27 13 9
Peve 1 1 1
Plob 3 1 8 4 3 4 5 11 3 1 2 1 3 13 4 4
Pmea 3 6 5 1 3 6 1 5 6 7
Total 21 9 2 0 37 31 10 28 11 9 2 43 1 26 15 35 2 5 0 51 0 42 19
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Table 37. (Continued) Colony counts by species in each fate category for the Olowalu photoquadrat data from 1999-2002. Fate
codes are; D = dead, E = exposed, Fi = fission, Fu = fusion, G = growth, P = re-emerged, R = recruit, S = shrinkage. Species codes
are; Coce = Cyphastrea ocellina, Fscu = Fungia scutaria, Mcap = Montipora capitata, Mila = Montiporajlabellata, Mpat =
Montipora patula, Mstu = Montipora studeri, Pdue = Pavona duerdeni, Pvar = Pavona varians, Pmea = Pocillopora meandrina, Pbri
= Porites brighami, Pcom = Porites compressa, Peve = Porites evermanni, Plic = Porites lichen, Plob = Porites lobata, Pnie =
Psammocora nierstraszi.

1999-2000 2000-2001 2001-2002
Reef Species D E Fi Fu G R S D E Fi Fu G P R S D E Fi Fu G P R S
010walu Fscu 1 1
3m Mcap 15 22 2 11 21 9 18 5 25 2 15 5 1 6 9 27 19

Mpat 1 1 1 1 2 2 1 3
Pbri 1
Pcom 15 6 24 1 11 3 15 14 1 8 11 24 10 6 1 20 12 11 2 14
Pdue 2 16 3 21 4 23 13 14 6 28 17 12 1 23 4 15 1 3 27
Plic 2 1 3 2 4 3 2 3 1 2 1
Plob 4 3 4 2 10 8 1 1 1 14 10 4 2 10 3 7 12
Pmea 1 2 1 1 1 1 1
Pnie 3 1 2 2 1 2 2 2 1 2 1 2 1 3
Pvar 1 1 1
Total 41 9 68 10 58 11 76 46 2 45 23 95 0 5 58 34 6 59 28 62 1 8 80

Olowalu Coce 2 3 3
8m Mcap 10 4 23 6 14 4 15 15 2 12 11 24 1 10 9 1 24 8 18 1 1 13

Mpat 13 4 10 8 18 7 8 3 21 3 16 3 12 18 1 19 3 21 3 13
Pdue 1 1 2 2
Plic 2 5 3 1 2 3 2 4 5 1 1 3
Plob 1 4 1 5 6 2 1 5 2 1 2
Pmea 5 3 2 3 4 1
Pvar 1 1 2
Total 28 8 38 14 44 7 30 33 5 33 14 48 0 9 31 32 2 51 11 51 1 6 32



Table 38. Number of colonies tracked in the photoquadrats from 1999 to 2002 at each reef by species.

Honolua Honolua Puamana Puamana Olowalu Olowalu Total
Species North 3m South 3m 3m 13m 3m 8m
Cyphastrea ocellina 8 1 5 14
Fungia scutaria 1 1 2
Montipora capitata 120 48 188 35 96 112 599
Montipora flabellata 9 250 259
Montipora patula 14 28 55 10 5 105 217
Montipora studeri 13 13
Pavona duerdeni 22 109 2 133
Pavona varians 39 25 1 2 67
Pocillopora meandrina 8 3 128 23 3 8 173
Porites brighami 1 1 2
Porites compressa 87 5 9 101 106 308

...... Porites evermanni 1 1-+-
\0 Porites lichen 27 5 3 13 14 62

Porites lobata 169 54 109 35 44 17 428
Psammocora nierstraszi 13 13
Total 509 426 494 205 392 265 2291



available space in the 5 photoquadrats) for Montipora capitata in size class 1 at

Puamana 3m to a low of 0 in the larger size classes (Tables 37 and 39). Overall

mortality rates (dx) per 3 year census interval were highest (mean 0.42 ± 0.04

SE) in the smallest size class and then declined in a nonlinear fashion to almost

o with increasing size. If size were strongly correlated with age in corals then

this relationship between mortality and size would indicate high loss early in life

and support the classic Type III survivorship curve (Krebs 1972). However, not

knowing the age of all of the components (e.g. fission of daughter colonies and

subsequent death) used to calculate the mortality rate it is difficult to make any

correlations regarding age and mortality.

Average mortality rates per 3 census interval varied across the stations

within the various size classes for each species (Table 39). Montipora capitata

which was the most common species, had mortality rates as high as 0.49 per

census interval at Honolua South 3m in the smallest size class compared to just

0.29 at Puamana 3m. Porites lobata also had a low mortality rate of 0.27 at this

same station but mortality was nearly twice as high (0.51) at the Honolua North

3m station. Mortality generally declined dramatically (>50%) in the next larger

size class except for Pocillopora meandrina at Puamana 3m (0.64 to 0.38), Porites

compressa at Puamana 13m (0.35 to 0.25), and Montipora patula at Olowalu 8m

(0.55 to 0.48). Several species (e.g. Montipora capitata at Olowalu 3m and 8m

and Porites compressa at Olowalu 3m) experienced whole colony mortality in the

largest size classes (Table 39).

The long-term projections of population growth with new recruits (# per 3

years) incorporated into the model indicated that population growth leveled off

for most species within 60 years (Figures 33-38). Only the abundant species

(N) 100 colonies per station) listed in Table 39 were used in the projections. At

the point equilibrium was reached, the number of new recruits equaled the
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Table 39. Transitional probabilities for various size classes of the most abundant
coral species (n> 100 colonies except for Montipora capitata which was included
for all of the stations) at each of the stations from 1999-2002. Sample sizes (n)
and mortality rates (dx) per 3 year census interval are shown for each size class.
Species with 3 size classes were coded as follows: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3
>lOcm2• Species with 4 size classes were coded: 1 = 0-2.5cm2, 2 = 2.5-10cm2, 3
= 10-25cm2, and 4 >25cm2 . Recruits represent the total number of new recruits
that entered into the photoquadrat over the 3 year interval. Appendix I contains
annual probabilities for each of the species at the stations.

Species & 1999-2002
Station size class t + 1 Size class at time t Recruits
Honolua Montipora capitata 1 2 3
North 3m Size 1 0.538 0.438 0.387 13

Size 2 0.114 0.425 0.129 0
Size 3 0.008 0.096 0.484 0

dx 0.341 0.041 0.000
n 132 73 31

Porites Zobata 1 2 3 4
Size 1 0.366 0.265 0.342 0.140 8
Size 2 0:122 0.531 0.233 0.120 0
Size 3 0.000 0.053 0.342 0.200 0
Size 4 0.000 0.009 0.055 0.540 0

dx 0.512 0.142 0.027 0.000
n 123 113 73 50

Honolua Montipora capitata 1 2 3
South 3m Size 1 0.471 0.500 0.583 7

Size 2 0.039 0.450 0.167 0
Size 3 0.000 0.050 0.250 0

dx 0.490 0.000 0.000
n 51 20 12

Montipora flabeUata 1 2 3 4
Size 1 0.486 0.435 0.476 0.504 8
Size 2 0.066 0.290 0.190 0.165 0
Size 3 0.005 0.116 0.167 0.070 0
Size 4 0.005 0.014 0.143 0.261 0

dx 0.437 0.145 0.024 0.000
n 183 69 42 115
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Table 39. (Continued) Transitional probabilities for various size classes of the
most abundant coral species (n> 100 colonies except for Montipora capitata
which was included for all of the stations) at each of the stations from 1999-
2002, Sample sizes (n) and mortality rates (dx) are shown for each size class.
Species with 3 size classes were coded as follows: 1 = 0-2.5cm2, 2 = 2.5-lOcm2, 3
>10cm2 . Species with 4 size classes were coded: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3
= 10-25cm2, and 4 >25cm2• Recruits represent the total number of new recruits
that entered into the photoquadrat over the 3 year interval. Appendix I contains
annual probabilities for each of the species at the stations.

Species & 1999-2002
Station size class t + 1 Size class at time t Recruits
Puamana Montipora capitata 1 2 3
3m Size 1 0.701 0.615 0.000 77

Size 2 0.013 0.308 0.000 0
Size 3 0.000 0.000 0.000 0

dx 0.286 0.077 0.000
n 308 13 0

Pocillopora meandrina 1 2 3 4
Size 1 0.320 0.375 0.174 0.654 11
Size 2 0.039 0.200 0.174 0.115 0
Size 3 0.000 0.050 0.435 0.013 0
Size 4 0.000 0.000 0.130 0.218 0

dx 0.641 0.375 0.087 0.000
n 103 40 23 78

Porites lobata 1 2 3 4
Size 1 0.595 0.176 0.136 0.200 11
Size 2 0.129 0.451 0.273 0.050 0
Size 3 0.009 0.255 0.273 0.100 0
Size 4 0.000 0.000 0.273 0.650 0

dx 0.267 0.118 0.045 0.000
n 116 51 22 20

Puamana Montipora capitata 1 2 3
13m Size 1 0.552 1.000 0.000 30

Size 2 0.034 0.000 0.000 0
Size 3 0.000 0.000 0.000 0

dx 0.414 0.000 0.000
n 29 1 0

Porites compressa 1 2 3
Size 1 0.564 0.250 0.000 32
Size 2 0.085 0.393 0.500 2
Size 3 0.000 0.107 0.500 0

dx 0.350 0.250 0.000
n 117 28 4
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Table 39. (Continued) Transitional probabilities for various size classes of the
most abundant coral species (n> 100 colonies except for Montipora capitata
which was included for all of the stations) at each of the stations from 1999-
2002, Sample sizes (n) and mortality rates (dx) are shown for each size class.
Species with 3 size classes were coded as follows: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3
>10cm2 • Species with 4 size classes were coded: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3
= 10-25cm2 , and 4 >25cm2 . Recruits represent the total number of new recruits
that entered into the photoquadrat over the 3 year interval.

Species & 1999-2002
Station size class t + 1 Size class at time t Recruits
Olowalu Montipora capitata 1 2 3 4
3m Size 1 0.422 0.340 0.200 0.309 1

Size 2 0.203 0.489 0.240 0.255 1
Size 3 0.000 0.064 0.360 0.164 0
Size 4 0.016 0.021 0.160 0.255 0

dx 0.359 0.085 0.040 0.018
n 64 47 25 55

Pavona duerdeni 1 2 3
Size 1 0.647 0.396 0.500 7
Size 2 0.098 0.396 0.179 0
Size 3 0.000 0.188 0.321 0

dx 0.255 0.021 0.000
n 102 48 56

Porites compressa 1 2 3
Size 1 0.292 0.229 0.316 4
Size 2 ·0.125 0.438 0.342 0
Size 3 0.083 0.125 0.329 1

dx 0.500 0.208 0.013
n 48 48 76

Olowalu Montipora capitata 1 2 3 4
8m Size 1 0.385 0.267 0.300 0.390 4

Size 2 0.096 0.200 0.100 0.183 2
Size 3 0.019 0.233 0.300 0.061 0
Size 4 0.019 0.067 0.250 0.354 0

dx 0.481 0.233 0.050 0.012
n 52 30 20 82

Montipora patula 1 2 3 4
Size 1 0.310 0.065 0.214 0.292 5
Size 2 0.143 0.323 0.000 0.169 1
Size 3 0.000 0.129 0.429 0.056 0
Size 4 0.000 0.000 0.286 0.483 0

dx 0.548 0.484 0.071 0.000
n 42 31 14 89
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number of colonies dying during each year. Four major patterns were observed

concerning the rate at which population exhibited zero population growth. First,

populations that reached equilibrium rapidly within 15 years ended up with a

low population size « 15 colonies m-2 at a station). Populations of Montipora

capitata and M. jlabellata at Honolua South 3m (Figure 34), Pocillopora

meandrina at Puamana 3m (Figure 35), and Porites lobata at Honolua North 3m

(Figure 33) are examples of this pattern. Second, other populations such as

Montipora capitata and Porites compressa at Olowalu 3m (Figure 37) and M.

capitata and M. patula at Olowalu 8m (Figure 38) reached equilibrium more

gradually (Le. 15-30 years) but still had low (i.e. <15 m-2) numbers of colonies at

the population peak.

Third, slowly developing populations of Montipora capitata at Honolua

North 3m (Figure 33), Pavona duerdeni at Olowalu 3m (Figure 38), and Porites

lobata at Puamana 3m (Figure 35) reached a population plateau after 45 years

with an intermediate population size (20-33 colonies m-2). Finally, some

populations (e.g. Montipora capitata at Puamana 3m and 8m and Porites

compressa at Puamana 8m) attained large sizes (~ 45 colonies m-2) in less than

45 years (Figures 35 and 36). All of these models did not incorporate the decline

of available space as the population grew which would probably have a negative

impact on future recruitment (See Connell et al. 1997). There is also no

information at this time on how a major storm event might influence the

transitional probabilities for a given species. Theoretically, storms would lower

the maximum population size and shorten the time required to reach this

equilibrium state (Hughes 1984).

Comparing Montipora capitata across all of the stations showed that

population growth for this one species varied considerably among stations

(Figure 39). The greatest maximum population size of 164 colonies m-2 was
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reached in 42 years at the Puamana 3m station. In contrast, the model

calculated a maximum population of only 3 colonies m-2 at Honolua South 3m

after 12 years. The longest time period to reach maximum population size was

63 years for the Honolua North 3m station. This trajectory was also quite similar

to the M. capitata population at the Olowalu 3m station. The life history trends

should be interpreted with caution, however, due to the small sample sizes at

the Honolua South 3m and Puamana 13m station that might not be giving a

true sense of the transitional probabilities for the various size classes.
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Figure 33. Population size (# m-2) over time for Montipora capitata and Porites
Zobata at Hono1ua North 3m. Curves are based on transition matrices for 1999
2002 and incorporate new recruits to the population over each 3 year interval.
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Figure 34. Population size (# m-2) over time for Montipora capitata and Montipora
jlabellata at Hono1ua South 3m. Curves are based on transition matrices for
1999-2002 and incorporate new recruits to the population over each 3 year
interval.
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Figure 35. Population size (# m-2) over time for Montipora capitata, Pocillopora
meandrina and Porites Zobata at Puamana 3m. Curves are based on transition
matrices for 1999-2002 and incorporate new recruits to the population over
each 3 year interval.
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Figure 36. Population size (# m-2) over time for Montipora capitata and Porites
compressa at Puamana 13m. Curves are based on transition matrices for 1999
2002 and incorporate new recruits to the population over each 3 year interval.
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Figure 37. Population size (# m-2) over time for Montipora capitata, Porites
compressa and Pavona duerdeni at Olowalu 3m. Curves are based on transition
matrices for 1999-2002 and incorporate new recruits to the population over
each 3 year interval.
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Figure 38. Population size (# m-2) over time for Montipora capitata and Montipora
patula at Olowalu 8m. Curves are based on transition matrices for 1999-2002
and incorporate new recruits to the population over each 3 year interval.
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new recruits to the population over each 3 year interval.
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DISCUSSION

Analysis of long-term monitoring data at stations along West Maui over

the past 9 years has documented patterns of reef decline, recovery, and stability

at spatial scales> 10km. Life history patterns (growth, mortality and visible

recruitment) of corals at the same stations varied spatially, temporally,

taxonomically, and by size. The historical patterns corroborated with predictions

of population growth modeled from the life history patterns.

Long-term trends in coral cover

Similar trends in total coral cover at the site level suggest that physical

factors (e.g. waves), biological processes (e.g. growth, recruitment, and

mortality), and/or anthropogenic impacts are operating at the same spatial scale

(200-300m). For example, absolute coral cover at the Honolua stations declined

21-27% (50-63% relative) from 1994-1999 and then stabilized (Table 35). In

contrast, absolute coral cover at the Puamana stations has increased 5-9% (325

600% relative) (Table 35). Wave disturbance regimes have been proposed as the

primary factor shaping coral reef communities in Hawai'i (Grigg 1983). The long

term trends in coral cover would suggest that the stations within a site are

experiencing similar wave disturbances. Connell et al. (1997), however, observed

that reefs in close proximity (30-300m) at Heron Island in the Great Barrier Reef

varied in their response to natural disturbances such as cyclones over a 30 year

period. Edmunds (2002) also found contrasting patterns in long-term (12 years)

cover data from two sites in the U.S. Virgin Islands separated by <lkm. He

attributed this pattern (25% relative increase at Tektite vs. 56% relative decrease

at Yawzi reef) to deeper depth and coastal features that protected the Tektite reef

from Hurricane Hugo in 1989. In this study it appears that disturbances (e.g.

waves, flooding, coastal development, etc.) over the past 9 years have not been of
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sufficient magnitude to drastically alter total coral cover between stations within

a site. Multivariate analysis, however, did detect subtle changes in benthic

components between stations (Table 36). This analysis suggests that during the

course of the study, gradual changes in benthic cover occurred within a site

versus acute disturbances that structured communities among sites.

Explanations for the contrasting patterns in long-term cover data at the site

level will be explored in chapter 5 using size frequency and recruitment data.

Biological processes such as recruitment could explain coral cover

temporal patterns at stations in close proximity. Recent evidence suggests that

many marine populations of corals, fish, molluscs, and crustaceans once

considered open to larval input at a large spatial scale, are in fact relying more

on self-recruitment than outside sources (Kingsford et al. 2002; Sponaugle et al.

2002; Swearer et al. 2002; Warner and Cowen 2002). Perhaps the coral

populations in this study are self-seeding and therefore heavily influenced by the

local adult community. If the local reef community experienced a decline in

living tissue then this would subsequently have a negative impact on

reproduction and ultimately local recruitment. For example, the initial decline in

cover at Honolua South 3m from 1994 to 1999 and subsequent stabilization

(Figure 31) could be explained by the low invisible (Figure 15, Chapter 3) and

visible coral recruitment (Table 39) rates. In addition, the matrix projections

suggest that coral populations at Honolua South 3m will not increase

substantially in the future (Figure 34). The self-seeding pattern, however, was

not evident at Puamana 3m and 13m. Montipora capitata was not prevalent in

the adult communities and long-term trends showed small increases in coral

cover for this species (Figure 31). In contrast, invisible recruitment rates (Figure

15, Chapter 3) coupled with the juvenile life history patterns predicted large

increases in the M. capitata population (Figures 35 and 36). As discussed in
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Chapter 3, several possibilities exist to explain the source of recruits (e.g.

recruitment from nearby reefs outside the sampling area). Therefore, self-seeding

may be occurring but at a larger spatial scale than the sampling area in this

study.

Life history parameters

Growth, mortality, and recruitment varied among stations, years,

species, and colony sizes within a species (Appendix I). The multitude of juvenile

life history patterns demonstrated the range of adaptation to environmental

conditions at each station rather than at the site level. The patterns even varied

within a genus (e.g. Montipora flabellata compared to M. capitata at Honolua

South 3m). The variability in the data, however, could also be due to the small

sampling scale of the photoquadrats which will be discussed under

methodological considerations.

There are few studies that have examined growth, recruitment, and

mortality on natural substrates with similar species or genera. Previous work on

recruitment and mortality of comparable species or genera in the Caribbean (e.g.

Hughes 1985; Wittenberg and Hunte 1992; Edmunds 2000; Miller et al. 2000),

Indian ocean (McClanahan 2000j, and Pacific Ocean (e.g. Connell 1973) is

summarized in Table 40. Growth rates were not included in the table as

researchers use different methods to calculate growth, precluding comparisons

among studies. Mortality and recruitment rates for each species are averaged

across stations for comparisons among studies.

Annual mortality rates in this study were lower than what has been

previously reported (Table 40). For example, Porites Zobata in this study had a

mortality rate of only 0.16 year -1 compared to values as high as 0.78 year -1 for

other Porites spp. (Polacheck 1978). Mortality rates for Pocillopora meandrina
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(0.19 yr- 1) were lower that what Polacheck (1978) reported (0.56 yr- 1). Congeners

such as P. damicomis also had higher mortality rates across the Pacific that

ranged from 0.45 yr- 1 (McKenna et al. 2001) to 0.65 yr-1 (Connell 1973). These

results could suggest that the stations in this study are doing well compared to

reefs in Hawai'i or other regions. There are other explanations, however, for the

differences in these results including methodology, species life history traits,

duration of the study, and the size classes examined. For example, the small

size of the photoquadrats in this study (0.33m2) in comparison to other studies

(e.g. Connell 1973) biases sampling towards smaller colony sizes. Theoretically,

the higher proportion of small colonies in this study should have higher

mortality rates than colonies in larger sampling units that incorporate bigger

sizes (Meesters et al. 1996). This was not the case so perhaps the lack ofa

severe disturbance within the short duration of this study represented a period

of calm conditions with low mortality rates. In contrast, storm events would

result in higher mortality rates for a variety of species (e.g. Connell et al. 1997).

Thus, the contrasting mortality patterns between studies most likely represents

different disturbance regimes and study durations that mayor may not capture

particular events.

In general, recruitment rates were higher in this study for comparable

species and genera with the exception of Porites astreoides (12.1 m-2 yr-1) in

Bermuda (Smith 1992) and Porites spp. (3.3 m-2 yr-1) in the Maldives

(McClanahan 2000) (Table 40). Connell et al. (1997) reported recruitment rates

averaging 5 m-2 yr- 1 for all coral taxa on recovering reefs subjected to periodic

cyclones in the Great Barrier Reef. In their study, however, the highest

recruitment rates (mean 8 to 13 m-2 yr- 1) occurred at reefs which experienced the

greatest absolute declines in percent coral cover (Connell et al. 1997). Smith

(1992) observed similar recruitment rates at both damaged (12 m-2 yr- 1) and

163



Table 40. Average recruitment (# m-2 yr- l) and mortality (% year-l) on natural substrates for juveniles (>0.5cm diameter) of
comparable coral species and genera in the Caribbean, Pacific, and Indian Oceans. Blank cells indicate that no data was
presented.

Site Region Genus/ Species Recruitment Mortality Reference

Hawaii Pacific Montipora capitata 0 82 Polacheck (1978)
Hawaii Pacific Montipora capitata 4.5 19 Brown, this study
Hawaii Pacific Montipora flabellata 0.3 15 Brown, this study
Great Barrier Reef Pacific Montipora joliosa 0.3 11 Connell (1973)
Great Barrier Reef Pacific Montipora hispida 0.3 50 Connell (1973)
Hawaii Pacific Montipora patula 1.0 19 Brown, this study
Maldives Indian Montipora spp. 0.4 McClanahan (2000)
Great Barrier Reef Pacific Pocillopora damicomis 0.7 65 Connell (1973)
Guam Pacific Pocillopora damicomis 45 McKenna et al. (2001)
Hawaii Pacific Pocillopora meandrina 0.2 56 Polacheck (1978),...
Hawaii Pacific Pocillopora meandrina 1.0 19 Brown, this study0\

..j::l. Maldives Indian Pocillopora spp. 0.1 McClanahan (2000)
Great Barrier Reef Pacific Porites annae 0.7 50 Connell (1973)
Barbados Caribbean Porites astreoides 6-48 Wittenberg and Hunte (1992)
Bermuda Caribbean Porites astreoides 12.1 32 Smith (1992)
Florida Caribbean Porites astreoides 1.3 25 Miller et al. (2000)
Jamaica Caribbean Porites astreoides 50 Rylaarsdam (1983)
Jamaica Caribbean Porites astreoides 74 Vaughan (1912) from Smith (1992)
Hawaii Pacific Porites compressa 0 78 Polacheck (1978)
Hawaii .Pacific Porites compressa 1.7 26 Brown, this study
Jamaica Caribbean Porites furcata 40 Rylaarsdam (1983)
Hawaii Pacific Porites lobata 1.1 16 Brown, this study
Great Barrier Reef Pacific Porites [utea 0.9 42 Connell (1973)
Florida Caribbean Porites Porites 0.4 50 Miller et al. (2000)
US Virgin Islands Caribbean Porites spp. 27 Edmunds (2000)
Maldives Indian Porites spp. 3.3 McClanahan (2000)



control (13 m-2 yr1) reefs in Bermuda. In addition, Loch et al. (2002)

documented recruitment rates of 12 m-2 yr1 at reefs in the Maldives that had

experienced severe bleaching during the 1998 El Nino event. High recruitment

rates associated with various disturbances implies that the larval sources are

not necessarily local, at least within the spatial scale of the sampled adult

community. This result concurs with the spatial patterns in this study.

In Hawai'i, the only other known study of visible recruitment on natural

substrates was Polacheck (1978), who documented Pocillopora meandrina

recruits using a similar minimum detectable size (>0.5cm). He found very low

recruitment rates (0.18 m-2 yr1) in comparison to this study (mean 1.0 m-2 yr1).

His study sites off WaiklkI may not have been conducive for good recruitment of

this species. His study was also 1 year in duration and may not have detected

episodic recruitment events.

Growth, recruitment, and mortality varied most dramatically with

smaller size (Table 39). This is expected since smaller colonies appear to be more

heavily influenced by external factors (Babcock 1988a; Tsuchiya and Yonaha

1992; Wittenberg and Hunte 1992; Meesters et al. 1994; Nandakumar and

Tanaka 1997; Bak and Meesters 1998; 1999; McKenna et al. 2001; Meesters et

al. 2001). The probability of colony growth in the transition matrix increased

with larger size classes which would be expected given the exponential nature of

growth. Hughes and Tanner (2000), however, found just the opposite trend in

Jamaica where larger colonies of Montastrea, Agarcia, and Leptoseris were less

likely to exhibit growth than smaller colonies due to shrinkage and fission. Most

likely the size decrease in their study was due to the long-term decline in coral

populations. Other possibitlities include the species studied and the size classes

used.
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Comparisons of past trends in coral cover to future projections

The long-term trends in coral cover showed similar patterns to the future

population trajectories for the abundant species within a station (Figures 31 and

33-38). For example, the two stations at Honolua experienced a decline in coral

cover from 1994 to 1999 and have since stabilized around 15-20% cover (Figure

31). Population projections for Montipora capitata, M. flabellata, and Porites

lobata in Honolua showed small (::;30 colonies m-2) population increases over the

next 75 years (Figures 33 and 34). The projections suggest that coral cover at

Honolua North and South would remain low at the current level with little

increase due the small population increases for the abundant corals. The

increase in coral cover at the Puamana 3m and 13m station over the past 9

years (Figure 31) compared favorably to large projected increases in coral

populations for Montipora capitata, Porites compressa and P. lobata (Figures 35

and 36). Both patterns suggest that current rates of recruitment are stimulating

an increase in coral cover provided growth rates and mortality remain at present

day levels. Percent cover of Pocillopora meandrina, however, has been declining

at the Puamana 3m station since 2000 (Figure 31) and the corresponding

population projection showed a rapid rise (12 years) in colony numbers but at

lower levels (12 m-2) compared to the other species. Finally, the stations at

Olowalu showed stable trends in coral cover (Figure 31) which corresponded to

slowly developing population trajectories for the various species at these stations

(Figures 37 and 38). The abundant species at the Olowalu stations took 63 or

more years to maximize population size (Figures 37 and 38) in comparison to the

abundant species at the Honolua stations which reached zero population growth

more rapidly at 12 to 15 years (Figures 33 and 34). The one exception was M.

capitata which exhibited a slowly developing population at both Honolua North

3m and Olowalu 3m (Figures 33 and 37). The trends in percent coral cover for
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Montipora spp. at these same two stations showed similar patterns to each other

with slight increases in coral cover since 1999. From the visual comparisons it is

evident that comparisons between trends in coral cover and projections in

population size match up well at the species level even across different stations.

The height and slope of the population predictions may indicate the

frequency of disturbances and the relative influence on the population

dynamics. Hughes (1984) demonstrated that with similar rates of recruitment,

populations modeled using transitional probabilities from a stormy year had

lower population numbers and a steeper rise to equilibrium than populations

modeled from a calm year. Conversely, populations that develop slowly with

moderate to high population numbers would indicate reefs that experience

relatively calm conditions compared to populations that plateau rapidly with low

population numbers at certain reefs subjected to rougher conditions. The model

predictions suggest that stations at Puamana and Olowalu have experienced

fewer or less severe disturbances during the course of the study compared to

stations in Honolua Bay. Monitoring the life history parameters following severe

storm events will help clarify these predictions.

Methodological considerations

Different methods (planar point intercept and video transect) conducted

simultaneously produced similar coral cover results from a spatial perspective

and validated temporal trends observed in both data sets. In addition, two levels

of analysis showed comparable patterns in total coral cover (Univariate) and a

larger number of benthic assemblage characteristics (Multivariate).

The difference between methods at the one station (Puamana 13m) in the

multivariate analysis can be attributed to the dissimilarity (89%) in the sand and

turf algae categories. This station is characterized by dark sand with an average
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inorganic terrigenous component of 63%, which is difficult to discern from turf

algae on video tape. The distinction between the 2 categories is much clearer in

the field due to a priori criteria that allowed testing of the substrate by hand with

the PWF method. In this case, the visual quadrat is preferred for distinguishing

substrates with similar color and texture characteristics. This limitation in

substrate identification with the video analysis can be overcome with recognition

of the station characteristics over time and using the same observer for the data

analysis to reduce observer variability (Appendix F). In addition, these difficulties

in turf algae/sand identification would not affect coral estimates so both data

sets were used to extend the temporal comparisons in coral cover.

Numerous studies have compared coral cover methods beginning with

plotless and transect techniques that are visually estimated (Loya 1978;

Ohlhorst et al. 1988; Chiappone and Sullivan 1991; Dethier et al. 1993).

Advances in technology have allowed comparisons with still photographs (Foster

et al. 1991; Porter and Meier 1992) and video transects (Carleton and Done

1995). For example, (Brown et al. 2004) reported higher coral cover values from

photographic techniques compared to planar point intercept but precision was

similar. Foster et al. (1991), however, found that point techniques in rocky

intertidal habitats generated higher (1.6-2.3X) total cover estimates, higher

number of taxa, but lower precision compared to photoquadrats. They attributed

the difference to the poor resolution of the photographic image and the ability of

the point quadrat to more accurately sample three-dimensional surfaces (Foster

et al. 1991). Differences between the point estimation approaches (3D vs. 2D

sampling) could explain the discrepancy between the two studies. Evaluating all

of the various methods, however, is beyond the scope of this study except to

note that advances in technology have resulted in a permanent visual record

(Carleton and Done 1995) with increased precision but decreased accuracy (e.g.
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Foster et al. 1991; Tomkins et al. 1999). Results from this study support this

statement.

In addition to decreased accuracy (i.e. taxonomic resolution),

photographic methods in this study were limited by the 2-dimensional

representation of the 3-dimensional surface. Both the video transects and the

photoquadrat methodology only record coral cover and life history patterns that

are attempting to characterize 3-dimensional surfaces. Coral cover estimates

(video) and colony size measurements (photoquadrats) from horizontal images

underestimate coverage and growth in species (e.g. P. compressa) that exhibit

more vertical growth (Ohlhorst et al. 1988). In the photoquadrats, mortality and

recruitment estimates among species might still be valid unless the reef has a

great deal of vertical complexity that can hide the fate of various colonies. Both

methods, however, reduce parallax common in visual techniques and compare

relative spatial and temporal patterns among species.

Difference in sampling area, however, may be critical when comparing

results between the two methods. The photoquadrats sampled 1.7m2 of the

benthos at a station compared to 35m2 using the video transects and

consequently were unable to incorporate the same spatial variation as the video

transects. Therefore, it was surprising that the matrix projections corresponded

to the long-term trends. Perhaps life history patterns within the photoquadrats

were representative of processes at a larger spatial scale. Using an approach

similar to the nested quadrat design in Hunter (1993) could test this hypothesis.

Another aspect of the small sampling area in the photoquadrat was that some

common species were simply not found within the photoquadrats at every

station (e.g. Porites compressa at Olowalu 8m). This may be indicative of species

abundance patterns at a station (e.g. low P. compressa cover at Olowalu 8m,

Appendix H), but the absence of a species in the sampling unit limits
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comparisons among stations and therefore inferences at a larger spatial scale.

One final note, available free space is an important factor regulating coral

community development (Connell et al. 1997). In this study, available free space

was not considered a limiting resource «40% at all stations) but would still be

an important parameter to incorporate in future transition matrices (Hughes

1984).

Summary

Similar trends in total coral cover at the site level suggest that physical

factors (e.g. waves) are structuring the reef community at the same spatial scale

(200-300m). Biological processes (e.g. recruitment), however, may be occurring

but at a larger spatial scale than the sampling area in this study.

The multitude of juvenile life history patterns (e.g. growth rates)

demonstrated the range of adaptation to environmental conditions at each

station rather than at the site level. Lower mortality rates in this study were

observed across various coral taxa compared to other studies. Contrasting

mortality patterns likely represented different disturbance regimes and study

durations. Recruitment rates were higher in this study for comparable species

and genera. High recruitment rates in other studies were associated with

various disturbances and implied that the larval sources were not necessarily

local. Life history patterns varied most in smaller colonies which appear to be

more heavily influenced by external factors.

The historical trends in coral cover showed similar patterns within a

station to the future population trajectories for the abundant species (Figures 31

and 33-38). The two stations at Honolua experienced a decline in coral cover

from 1994 to 1999 and have since stabilized. The projections suggest that coral

cover at Honolua North and South would remain low at the current level with
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little increase due the small population increases for the abundant corals.

Increase in coral cover at the Puamana 3m and 13m station over the past 9

years (Figure 31) compared favorably to large projected increases in coral

populations for Montipora capitata, Porites compressa and P. Zobata (Figures 35

and 36). These patterns suggest that current rates of recruitment are sufficient

to stimulate an increase in coral cover provided growth rates and mortality

remain at present day levels. The stations at Olowalu showed stable trends in

coral cover (Figure 31) which corresponded to slowly developing population

trajectories for the various species at these stations (Figures 37 and 38). The

model predictions also suggest that stations at Puamana and Olowalu have

experienced fewer or less severe disturbances during the course of the study

compared to stations in Honolua Bay.

Different methods (planar point intercept and video transect) conducted

simultaneously produced similar coral cover results. Photographic methods

compared relative spatial and temporal patterns among species with increased

precision but limitations existed due to the 2-dimensional images (i.e. decreased

accuracy) and small sampling area of the photoquadrats.

Coupling the biological information with concurrent studies on natural

and anthropogenic factors can show how these process influence the target reefs

and help shape the population trajectories (Hughes and Connell 1999). The

concurrence of the trends in percent coral cover with the population trajectories

generated from the life-history traits showed the utility of these approaches and

suggested that both methods would be best utilized as a suite rather than

individually.
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CHAPTER 5

COMPARISON OF SHORT-TERM APPROACHES TO LONG-TERM MONITORING

INTRODUCTION

Coral reefs are perceived as ecosystems undergoing significant changes

in recent decades due to a variety of natural and anthropogenic factors

(Wilkinson 1993). Assessment of reef "health" requires the determination of long

term trends of coral communities. Around the globe, marine scientists and

managers have used short-term assessments and long-term monitoring

programs to assess the condition of coral reefs. Hughes and Connell (1999) have

argued that only long-term monitoring programs can provide information on

processes shaping coral community development to determine reef condition.

Bak and Meesters (1998), however, state that one can measure elements ofa

coral community over the short-term with much less effort and expense and

derive similar types of information on community patterns. Currently, however,

no one has conducted simultaneous comparisons of the various techniques.

This study investigated two short-term (size frequency distributions and

recruitment) and two long-term (monitoring coral cover and tracking individual

colonies) methods that overlapped in space and time. The purpose was to

evaluate the results from each approach and determine what could be inferred

from the spatial and temporal patterns. In addition, these approaches provided

insight into the relationship between life history patterns of various species and

the resulting community structure.

Two primary questions summarize the focus of this chapter:

1.) Do short-term methods (~ 2 years) such as size frequency distributions

(instantaneous) and recruitment studies (several temporal components)
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document corresponding patterns in population characteristics at the same

reefs (stations)?

2.) How do these short-term approaches compare with long-term monitoring

methods (~4 years) in describing biological processes in the same coral reef

communities?

The underlying question was: "Does the pattern among stations for one

method agree with the spatial pattern observed in an alternative method?" This

comparative approach was adopted for both spatial and temporal data sets. In

theory, a viable alternative short-term method should produce data that are in

agreement with the long-term data set.

To facilitate the comparison of methods, data sets were arranged in

relation to biological processes (e.g. recruitment, growth, and mortality) within a

spatial framework. This approach facilitates interpretation of patterns in colony

size, population skewness, coral cover, and percent change in cover in relation

to disturbance events. The rationale was to identify particular data sets that

were more useful than others in the interpretation of the observed community

pattern. For example, were invisible recruitment rates at a station reflected in

the population skewness (size frequency distributions) patterns? If there was a

strong relationship (e.g. low larval availability and negative skewness) one might

conclude that the population was recruitment limited. If the relationship was

weak (e.g. high larval availability and negative skewness) then perhaps post

settlement processes such as poor growth and/ or high mortality influenced the

population structure.

Another aspect of the comparisons would be to evaluate results of the

size frequency method in relation to measured long-term trends. The

measurement of size frequency distribution may not adequately represent
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recruitment rates. This could be the case if coral cover was high and available

space for the new recruits was the limiting resource (Connell et al. 1997).

Knowing temporal trends in coral cover can provide insight into previous space

utilization at a reef.

Data on a wide range of environmental and coral population parameters

aid in the interpretation of the existing reef community patterns. A good example

was provided by Hughes et al. (2000) who examined the link between

recruitment, adult abundance, and fecundity. They found that fecundity

explained most of the variation in recruitment while adult abundance, location,

reef area, and year did not show any significant relationship with recruitment

rates (Hughes et al. 2000). In their study, however, they did not examine post

settlement processes, which may have provided additional insight into

recruitment success or failure. Ultimately, finding the right combination of

techniques is essential to streamlining the assessmentand monitoring of

community development in coral reefs. Such information is essential to our

understanding of coral reef change.

METHODS

The comparisons were put into a spatial context by utilizing the different

data sets to explain the patterns observed at each station. As noted in previous

chapters, patterns in size frequency distributions (Chapter 2), recruitment

(Chapter 3), long-term trends in coral cover (Chapter 4), growth (Chapters 3 and

4), and mortality (Chapters 3 and 4) were more similar between stations at a site

compared to stations across sites irrespective of depth. Comparisons among the

short-term (size frequency distribution and recruitment) and long-term (changes

in coral cover and colony fates) data sets, however, were complex and

necessitated exploring data sets within a station to see how well the patterns
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agreed. The data sets were organized by station and taxa using the highest

possible taxonomic resolution. Values in the data tables represent average

annual values for the specified parameter for each taxon.

Recruitment rates (# m-2 yr1), growth rate (cm2 yr1), and percent

mortality (% yr 1) were compiled from the analysis of the settlement plate data in

chapter 3 (Table 41). Number of recruits was averaged for each year by genus

and station. Annual growth rates and percent mortality were derived from

invisible recruits observed over 6 months and extrapolated to 1 year. The 6

month time period was used due to larger blocks of missing data for recruits

observed over 12 months.

Visible recruitment rate (# m-2 yr1), growth rate (cm2 yr1), and percent

mortality (% yr1) used the appropriate annual average from the photoquadrat

data in chapter 4 (Table 42). Juvenile growth rates were calculated from 2

dimensional digitized images of individual colonies within each photoquadrat

and consequently represented a conservative estimate of growth (Porter and

Meier 1992). Annual values were averaged across the 4 year time period for a

given station. Percent mortality was calculated for juvenile colonies using the

same annual time periods as the growth rates.

Average colony size (cm2) from the size frequency data (Chapter 2) was

listed for each species at a station (Table 43). The geometric mean was used as a

more sensitive measure of central tendency than the arithmetic mean because

the original data were highly skewed to the right. Values represented a single

"snapshot" measurement of colony sizes in 2002.

The population skewness statistic was derived from the log normal size

frequency distribution for each species in 2002 (Table 44). Negative values or

left-skewed distributions were characteristic of populations with a greater

number of large colonies relative to small colonies. Positive values (right skew)
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represented the reverse distribution (i.e. more small colonies than large

colonies).

Average percent coral cover and change in average percent coral cover

(Chapter 4) for each species were assembled from the long-term monitoring data

(Tables 45 and 46). Percent coral cover values were from the last survey in 2002.

The change in percent coral cover corresponded to the absolute difference in

average percent coral cover from 1994 to 2002. Comparisons with the

photoquadrat data used change in percent cover from 1999 to 2002 to sample

over the same time frame. The resulting pattern was essentially identical to

regression slopes plotted for each species at a station so the difference was used

to simplify interpretation.
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Table 41. Average invisible recruitment rate (# m-2 yr1), growth rate (cm2 yr1), and percent mortality (% yr 1) for the recruits of
the abundant genera at each of the stations. Invisible recruits were defined as having a diameter ranging from 0.3mm to <5mm.
Station codes are as follows: HoN3 = Honolua North 3m, HoS3 = Honolua South 3m, Pua3 = Puamana 3m, Pua13 = Puamana
13m, 0103 = O1owalu 3m, 0108 = O1owalu 8m. Blank cell indicates missing data.

Invisible recruitment patterns on the plates
Taxa Parameter Time Period Unit HoN3 HoS3 Pua3 Pua13 0103 0108
Montipora spp. Invisible recruitment rate 2000-2001 # m-2 yr1 31.3 49.3 1309.1 539.5 6.4 37.5

Growth rate for 6 month recruits 2000.,2001 cm2 yr1 0.002 -0.003 0.011 0.015 0.244
Mortality rate for 6 month recruits 2000-2001 %yr1 95.0 100.0 90.0 86.0 89.0 75.0

Pocillopora spp. Invisible recruitment rate 2000-2001 # m-2 yr1 10.6 13.8 47.1 80.9 19.7 16.9
Growth rate for 6 month recruits 2000-2001 cm2 yr1 -0.002 -0.006 0.093 0.483 0.006 0.024
Mortality rate for 6 month recruits 2000-2001 %yr1 94.0 93.0 81.0 67.0 84.0 98.0

Porites spp. Invisible recruitment rate 2000-2001 # m-2 yr1 24.7 13.1 12.7 13.4 235.6 154.6
~

Growth rate for 6 month recruits 2000-2001 cm2 yr1 0.035 0.043 0.130 0.117 0.060 0.137"J
"J Mortality rate for 6 month recruits 2000-2001 %yr1 89.0 93.0 60.0 75.0 76.0 81.0



Table 42. Average visible recruitment rate (# m-2 yr- I), growth rate (mm2 weekI), and percent mortality (%) for the juveniles of the
abundant taxa at each of the stations. Visible recruits (excluding asexual fragments) were defined as having a diameter ~5mm.
Station codes are as follows: HoN3 = Honolua North 3m, HoS3 = Honolua South 3m, Pua3 = Puamana 3m, Pua13 = Puamana
13m, 0103 = Olowalu 3m, 0108 = Olowalu 8m. Blank cells indicate missing data.

Juvenile patterns
Taxa Parameter Time Period Unit HoN3 HoS3 Pua3 Pua13 0103 0108
Montipora capitata Visible recruitment rate 2000-2002 # m-2yr- 1 2.6 1.4 15.4 6.1 0.4 1.2

Growth rate 2000-2002 cm2 yr- I 1.1 -0.5 -0.1 0.1 -5.4 -2.3
Mortality rate 2000-2002 % yr- I 21.9 34.9 29.2 45.0 18.6 22.0

Montipora patula Visible recruitment rate 2000-2002 # m-2yr- 1 1.4 0.4 1.2 1.0 0.0 1.2
Growth rate 2000-2002 cm2 yr- I 0.8 0.3 0.3 0.3 -7.9 -5.1
Mortality rate 2000-2002 % yr- I 23.4 10.4 32.1 37.8 19.4 27.2

Pocillopora meandrina Visible recruitment rate 2000-2002 # m-2yr- 1 0.2 0.0 2.2 3.8 0.0 0.0
~ Growth rate 2000-2002 cm2 yr- I 5.3 12.2 -10.1 2.2 -13.9 13.0
00 Mortality rate 2000-2002 % yr- I 27.6 22.2 43.6 33.7 11.1 0.0

Porites compressa Visible recruitment rate 2000-2002 # m-2yr- 1 1.2 0.6 0.6 6.9 1.0 0.0
Growth rate 2000-2002 cm2 yr- I 0.6 -5.3 0.7 0.5 0.9
Mortality rate 2000-2002 % yr- I 25.0 66.7 28.9 32.6 24.5

Porites lobata Visible recruitment rate 2000-2002 # m-2yr- 1 1.6 0.6 2.0 1.8 0.0 0.2
Growth rate 2000-2002 cm2 yr- I -1.6 0.9 2.2 1.6 -10.4 -9.1
Mortality rate 2000-2002 % yr- I 25.2 13.5 19.1 19.4 12.3 27.0
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Table 43. Average colony size (cm2) using the geometric mean for the abundant taxa at each of the stations. Station codes are as
follows: HoN3 = Honolua North 3m, HoS3 = Honolua South 3m, Pua3 = Puamana 3m, Pua13 = Puamana 13m, 0103 = O1owalu
3m, 0108 = O1owalu 8m.

Colony Size
Taxa Parameter Time Period Unit HoN3 HoS3 Pua3 Pua13 0103 0108
Montipora capitata Geometric Mean 2002 cm2 34 37 2.7 1.2 73 180
Montipora patula Geometric Mean 2002 cm2 24 36 4.5 1.6 90 250

Pocillopora meandrina Geometric Mean 2002 cm2 320 250 140 7.4 220 330

Porites compressa Geometric Mean 2002 cm2 270 300 51 12 530 830
Porites lobata Geometric Mean 2002 cm2 350 450 53 10 3400 850

Table 44. Population skewness (g) of the log normal size frequency distributions for the abundant taxa at each of the stations.
Station codes are as follows: HoN3 = Honolua North 3m, HoS3 = Honolua South 3m, Pua3 = Puamana 3m, Pua13 = Puamana
13m, 0103 = O1owalu 3m, 0108 = Olowalu 8m. Skewness value significantly different from zero denoted with * (p<0.05) or **
(p~O.Ol)

Population skewness Time
Taxa Parameter Period Unit HoN3 HoS3 Pua3 Pua13 0103 0108
Montipora capitata size frequency distribution (log) 2002 g -0.10 0.15 0.44* 0.52* 0.19 -0.16
Montipora patula size frequency distribution (log) 2002 g 0.63* 0.05 0.51* 0.44 0.04 -0.04

Pocillopora meandrina size frequency distribution (log) 2002 g 0.06 -0.66 -0.96** 0.78** -0.88** -0.80*

Porites compressa size frequency distribution (log) 2002 g -0.18 -0.41 -0.26 0.07 0.01 -0.96
Porites lobata size frequency distribution (log) 2002 g 0.03 -0.58 -0.06 -0.13 -1.25* -0.45



Table 45. Average percent coral cover for the abundant taxa at each of the stations. Station codes are as follows: HoN3 = Honolua
North 3m, HoS3 = Honolua South 3m, Pua3 = Puamana 3m, Pua13 = Puamana 13m, 0103 = O1owalu 3m, 0108 = O1owalu 8m.

Coral Cover
Taxa Parameter Time Period Unit HoN3 HoS3 Pua3 Pua13 0103 0108
Montipora capitata Average percent 2002 % 2.6 2.8 0.9 0.5 8.1 19.5
Montipora patula Average percent 2002 % 1.5 3.9 1.1 0.3 1.8 14.1

Pocillopora meandrina Average percent 2002 % 1.1 1.8 5.0 1.1 1.8 1.5

Porites compressa Average percent 2002 % 0.5 0.2 0.2 0.9 3.6 1.2
Porites lobata Average percent 2002 % 6.4 3.7 5.8 3.1 4.8 14.2

00 Table 46. Change in absolute average percent coral cover for the abundant taxa at each of the stations. Station codes are as
o follows: HoN3 = Honolua North 3m, HoS3 = Honolua South 3m, Pua3 = Puamana 3m, Pua13 = Puamana 13m, 0103 = Olowalu

3m, 0108 = Olowalu 8m. Values in parentheses correspond to absolute change in average percent cover from 1999 to 2002.

Change in Percent Coral Cover
Taxa Parameter Time Period Unit HoN3 HoS3 Pua3 Pua13 0103 0108

Pocillopora meandrina Difference in % cover

Montipora capitata Difference in % cover

Montipora patula

Porites compressa

Porites lobata

Difference in % cover

Difference in % cover

Difference in % cover

1994-2002 % -1.1 -0.4 0.8 0.5 -0.1 5.1
(1999-2002) (1.0) (0.7) (0.7) (0.4) (1.6) (-1.5)

1994-2002 % -4.2 -3.1 0.6 0.3 -3.0 -0.3
(1999-2002 (0.3) (1.0) (0.5) (0.3) (-0.7) (-1.0)
1994-2002 % 0.1 0.4 4.3 1.1 0.2 -0.8

(1999-2002 (0.4) (0.2) (-3.6) (0.8) (1.0) (-0.2)
1994-2002 % -2.0 -0.7 0.2 0.8 2.7 -1.9

(1999-2002 (-0.3) (0.0) (-0.1) (0.4) (-0.4) (-0.4)
1994-2002 % -10.8 -3.6 2.1 2.1 -7.8 -2.0

(1999-2002 _ (-2.2)_ (0.1) (0.7L (1.5) (-1.3) (-1.3)



DATA SET COMPARISON

Long-term trends in coral cover are presented for each station. Then

primary species contributing to that trend are reported. The values for the

primary species, relative to other stations, were used in the comparisons of the

different data sets to the long-term trends. Data sets were compared in the

following sequence; invisible (diameter O.3mm to <O.5mm) recruitment followed

by juvenile patterns (diameter ~ O.5mm) in visible recruitment, growth and

mortality, colony size, and population skewness. The purpose of this approach

was to determine agreement between different measured parameters and the

observed long-term trend in coral cover. Furthermore, this approach allows

comparison between the short-term methods. The pattern that will be used to

summarize the extensive data developed for each station in this investigation is

as follows:

• Trends in coral cover (Figure 31, Table 46).

• Absolute and relative change in coral cover for the primary species that

accounted for the trend (Table 46).

• Invisible recruitment rate of the primary species (Table 41).

• Invisible recruitment growth of the primary species (Table 41).

• Invisible recruitment mortality of the primary species (Table 41).

• Visible recruitment rate of the primary species (Table 42).

• Juvenile growth rate of the primary species (Table 42).

• Juvenile mortality of the primary species (Table 42).

• Mean colony size of the primary species (Table 43).

• Size frequency distribution of the primary species (Table 44).

Bold patterns indicate a good correspondence with the long-term

trends for each parameter.
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Each bulleted summary is followed by a narrative that accounts for the long

term pattern using the short-term data and compares the short-term methods to

each other.

RESULTS

The long-term trends in coral cover showed stations declining, recovering

(increasing), and remaining stable. The primary species contributing to the

trends included Porites Zobata (4 of 6 stations), Montipora patuZa (Honolua South

3m), PociUopora meandrina (Puamana 3m), and Montipora capitata (Olowalu 8m).

The various techniques also identified patterns that were comparable and

complimentary, but varied by station.

Honolua North 3m

• Coral cover at Honolua North 3m declined from 1994 to 1999 and

subsequently stabilized (Figure 31, Table 46).

• This trend was primarily due to an 11% decrease (63% relative decrease) in

Porites Zobata cover (Table 46).

• Invisible recruitment rate: low in comparison to Olowalu 3m and 8m.

• Invisible recruitment growth: growth rate -50% of Puamana 3m,

Puamana 13m and Olowalu 8m and comparable to Olowalu 3m which

also experienced a large decrease in P. lobata cover.

• Invisible recruitment mortality: high.

• Visible recruitment: high and similar to Puamana 13. This station, however,

experienced an increase in P. Zobata cover compared to Honolua North 3m.

• Juvenile growth: declining but not as severely as Olowalu 3m and 8m.

• Juvenile mortality: high and similar to Olowalu 3m.

• Mean colony size: intermediate.

• Size frequency distribution: not skewed.
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Bold patterns indicate a good correspondence with the long-term

trends for each parameter.

The invisible recruitment patterns indicated low recruitment and

corresponded to the declining coral cover data. Low juvenile growth and high

mortality coincided with a 2.2% decline (26% relative decline) in Porites lobata

coral cover since 1999. High visible recruitment rates, however, did not agree

with the long-term data. Visible recruitment, growth rate, and percent mortality

suggested that the population should be slowly increasing or relatively stable.

Small to intermediate colonies should be present in the population in spite of

the high juvenile mortality. The size frequency data show a wide range of colony

sizes, which could indicate increasing coral cover through successful

recruitment. The presence of larger colonies, however, could also suggest a

population in transition that is beginning to decline in cover. Consequently,

conclusions regarding the P. lobata size frequency data and the long-term trend

in cover were uncertain.

In the short-term comparisons there was no apparent pattern between

Porites lobata invisible recruitment parameters and the size frequency data. The

invisible recruitment data documented strong post settlement processes (i.e. low

growth and high mortality) which would result in few small colonies and

negatively skewed distributions. This pattern was not entirely evident in this

species due to the intermediate colony sizes and log normal distribution.

Honolua South 3m

• Coral cover at Honolua South 3m also declined from 1994 to 1999 and

subsequently stabilized (Figure 31, Table 46).
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• This trend was primarily due to a 4% decrease (50% relative decline) in

Porites lobata cover and a 3% decrease (44% relative decline) in Montipora

patula (Table 46).

• Invisible recruitment rate: Low for P. lobata compared to Olowalu 3m

and 8m. Low for M. patula compared to Puamana 3m and 13m.

• Invisible recruitment growth: Low for both species.

• Invisible recruitment mortality: High for both species. No Montipora

spp. recruits survived.

• Visible recruitment rate: Low for Montipora patula and low to moderate

for Porites lobata.

• Juvenile growth: Intermediate for both species.

• Juvenile mortality: Low for both species.

• Mean colony size: Intermediate sizes for both species.

• Size frequency distribution: Colonies for both species were not skewed. M.

patula exhibited a normal distribution in comparison to P. lobata.

Bold patterns indicate a good correspondence with the long-term

trends for each parameter.

The low Montipora spp. recruitment, low growth, and high mortality

observed on the plates agreed with the 3% decline (44% relative decline) in coral

cover. In comparison, intermediate visible recruitment rates for Montipora

patula, coupled with intermediate growth and low mortality, indicated that the

population might be increasing rather than declining. The correlation between

the size frequency data and the coral coverage data was also poor due to the

large relative decline in M. patula coral cover. The normal distribution suggested

a stable population with recruitment replacing older colonies.
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The invisible recruitment patterns suggested low recruitment success

which did not correspond to intermediate colony sizes, lack of skewness, and

little change in coral cover for Montipora patula.

The low Porites lobata invisible recruitment patterns concurred with the

large relative decrease (50%) in coral cover. In contrast, the intermediate juvenile

recruitment, growth, and low mortality suggested a slowly improving or stable

population. The size frequency data partially concurred with the long-term

trends in coral cover because the size frequency distribution was approaching a

left-skewed pattern. This distribution could be interpreted as a P. lobata

population in decline (Meesters et al. 2001). However, the distribution pattern

could also indicate a population that was stable (See chapter 2) which would

agree with the cover data since 1999 (Table 46).

Intermediate colony sizes and the P. lobata distribution corresponded

reasonably well to the invisible recruitment patterns. The intermediate colony

sizes and non-normal pattern implied that the population may be declining but

this was uncertain.

Puamana3m

• Coral cover at Puamana 3m increased 13% (325% relative increase) from

1994 to 2000 and then declined 4% (25% relative decrease) (Figure 31, Table

46).

• This trend was primarily due to a corresponding 8% (1200% relative

increase) increase in Pocillopora meandrina cover followed by a 3% decline

(38% relative decrease) (Table 46).

• Invisible recruitment rate: intermediate and half of Puamana 13m.

• Invisible recruitment growth: reasonable growth.

• Invisible recruitment mortality: intermediate to low mortality.

185



• Visible recruitment rate: good in recent years from 1999-2002.

• Juvenile growth: negative in recent years from 1999-2002.

• Juvenile mortality: highest in recent years from 1999-2002.

• Mean colony size: medium sized colonies.

• Size frequency distribution: left-skewed.

Bold patterns indicate a good correspondence with the long-term trends

for each parameter.

The Pocillopora spp. invisible recruitment patterns suggested a

population that was increasing. High recruitment rate correspond to increasing

coral cover trends from 1994 to 1999. Since 1999, however, when the

recruitment plates were installed, P. meandrina coral cover decreased by half

(Tables 45 and 46). Therefore, the invisible recruitment patterns did not appear

to match up with the current trends. In contrast, patterns in the juveniles

suggest that the recent decline in P. meandrina population was due to low

growth and high mortality despite good recruitment rates (Table 42). The initial

increase followed by a decline in coral cover also corresponded to the medium

colony sizes and negative skewness.

Patterns in invisible recruitment concurred with the intermediate colony

sizes but the significant negative skewness complicated the comparison.

Consequently, correspondence between invisible recruitment patterns and coral

coverage was rated as poor in comparison to the size frequency data that

showed moderate agreement. Good agreement was seen between the juvenile

Pocillopora meandrina and the colony sizes coupled with the negatively skewed

distribution (Tables 42, 43, and 44). These patterns imply that the initial settlers

after hurricane Iniki have survived, but subsequent recruitment has been poor.

The result is a negatively skewed distribution with smaller maximum size.
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Puamana 13m

• Coral cover at Puamana 13m increased 5% (550% relative increase) since

1994 (Figure 31, Table 46).

• The 2% increase (3 fold relative increase) in Porites lobata cover was the

principal reason for the increase in total coral cover (Table 46).

• Invisible recruitment rate: low and < 10% of Olowalu stations.

• Invisible recruitment growth: high.

• Invisible recruitment mortality: intermediate.

• Visible recruitment rate: high and similar to Puamana 3m and Honolua

North 3m. Honolua North 3m, however, did not experience an increase

in P. lobata cover.

• Juvenile growth: good.

• Juvenile mortality: intermediate.

• Mean colony size: smallest.

• Size frequency distribution: normal with abundance of small colonies

(Figure 4).

Bold patterns indicate a good correspondence with the long-term trends

for each parameter.

High juvenile recruitment and good juvenile growth agreed with the large

relative increase in coral cover for Porites lobata. The invisible recruitment data,

however, did not suggest a population increase due to the low number of new

recruits. The size frequency data concurred with the coverage data because

numerous small colonies indicated an increasing population from successful

recruitment. The invisible recruitment patterns suggest low recruitment, which
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does not correlate with the abundance of small colonies and log normal

distribution for Porites Zobata.

Olowalu 3m

• Coral cover at Olowalu 3m decreased 9% (28% relative decline) from 1994 to

1999 (Figure 31, Table 46). Since 1999, coral cover has stabilized.

• An 8% decline (62% relative decrease) for the primary species Porites Zobata

contributed to the overall decline (Table 46). Coral cover in this species, also

appears to stabilized since 1999.

• Invisible recruitment rate: highest.

• Invisible recruitment growth: intermediate and similar to Honolua stations.

• Invisible recruitment mortality: intermediate.

• Visible recruitment rate: none.

• Juvenile growth: negative and lowest among stations.

• Juvenile mortality: low and similar to Honolua South 3m.

• Mean colony size: largest.

• Size frequency distribution: left skewed.

Bold patterns indicate a good correspondence with the long-term trends

for each parameter.

The high invisible Porites spp. recruitment coupled with intermediate

growth and mortality implied that populations were slowly increasing. In

comparison, lack of P. lobatajuvenile recruitment and negative growth implied a

declining population. The low juvenile mortality rate could be interpreted as an

increasing population. The negative growth, however, indicated that colonies

were undergoing fission (negative growth) rather than suffering total mortality.

Neither data set agreed with the long-term trend. The lack of visible recruitment

188



and negative growth corresponded to cover decline in the previous time period

(1994-1999) but not to the current time period. Large colonies and negative

skewness suggested a decline that concurred with the decrease in coral cover

since 1994. Since 1999, however, the other abundant species have shown little

change in coral cover suggesting that populations may be stabilizing (Table 46).

Olowalu 8m

• Coral cover at Olowalu 8m appears to be stable even though overall cover

has decreased 4% (8% relative decline) since 1994 (Figure 31, Table 46).

• Montipora capitata cover increased 5% (35% relative increase).

• Invisible recruitment rate: low compared to Puamana 3m and 13m.

• Invisible recruitment growth: highest.

• Invisible recruitment mortality: lowest.

• Visible recruitment rate: low and similar to Honolua South 3m.

• Juvenile growth: low and negative.

• Juvenile mortality: low and similar to M. capitata in Honolua North 3m

and Olowalu 3m.

• Mean colony size: Largest and at least twice the size of colonies at

other stations.

• Size frequency distribution: non-normal with a high proportion of small

colonies documented.

Bold patterns indicate a good correspondence with the long-term trends

for each parameter.

The stability at the station was attributed to the increase in Montipora

capitata cover and the corresponding decrease in Porites compressa and P.

Zobata cover (Table 46). High invisible recruitment growth and low mortality for
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Montipora spp. indicated moderate recruitment success despite the low invisible

recruitment. This pattern partially agreed with the increase in coral cover at this

station. In comparison, the low M. capitata visible recruitment rate, negative

growth, and low mortality indicated either stable or declining populations. The

larger colony sizes and lack of skewness suggested a stable population. The

presence of small colonies in the distribution, however, implied that some

recruitment was taking place and could be contributing to increases in coral

cover. Therefore, it appeared that the size frequency distribution and invisible

recruitment patterns could explain increases in M. capitata cover.

Invisible recruitment patterns agreed with the size frequency data due to

the low mortality that suggests some recruitment was taking place. This could

account for the large number of small colonies in the size frequency distribution.

Summary of data set comparisons

In the previous comparisons at least one of the short-term methods

concurred with the long-term trends at 5 of the 6 stations. Subjectively, the

invisible recruitment data showed good agreement with the trends at Honolua

North and South 3m. The size frequency distributions compared favorably with

the long-term patterns at Puamana 3m, 13m, and Olowalu 3m. Data sets that

partially explained the long-term patterns included the size frequency

distributions (Honolua North 3m, South 3m, and Olowalu 8m), juvenile patterns

(Olowalu 3m), and invisible recruitment (Olowalu 8m). Contrasting patterns,

however, were observed at Puamana 3m, Puamana 13m, and Olowalu 3m. At

these stations the invisible recruitment data fared poorly in explaining the long

term trends by predicting opposite patterns. These results suggest that the

instantaneous size frequency measurements would be better suited for

predicting long-term trends at a reef than sampling of invisible recruitment.
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Comparisons between the short-term methods revealed that data sets

were not in agreement at the majority of stations (Honolua North 3m, South 3m

Montipora patula, Puamana 13m, and Olowalu 3m). Invisible recruitment rates

did not predict the observed abundance of small colonies in populations at these

stations. For example, at Honolua South 3m, the invisible recruitment patterns

suggested recruitment failure but numerous small colonies were present in the

size frequency distribution. The poorest correlations were between the invisible

recruitment data and the juvenile patterns (photoquadrat) at all 6 stations.

Either post-settlement processes are operating at different spatial scales or

sampling techniques failed to accurately characterize biological processes.

DISCUSSION

This study represents one of the first efforts to integrate data sets from

short-term and long-term methods to examine linkages between biological

processes and the resulting coral reef community patterns. It is evident from the

results that the various techniques identified patterns that complimented each

other. Results of different methods, however, did not agree at many stations. It

is useful to summarize data set comparisons prior to explaining among stations

(spatial comparisons) differences and species comparisons and life history

patterns.

Short-term vs. Long-term methodology: Do short-term patterns reflect long-term

trends?

Short-term methodology produced data that provided useful insights into

population and community dynamics, and to some extent showed agreement

with long-term trends. In the final analysis, however, the short-term

methodolgy did not consistently predict long-term trends. Therefore, short-term
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measures cannot replace the rigor of long-term studies directed at describing

and understanding processes that influence coral reefs (Hughes and Connell

1999).

Of the two short-term methods, the size frequency data of the principal

species agreed with the long-term trends in coral cover more often than the

invisible recruitment data. Comparison of these data sets indicated that the size

frequency measurements integrated temporal changes in coral cover, but did not

always reflect observed long-term trends based on a 9 year record.

Size frequency distributions that had a wide range of colony sizes can be

interpreted in several ways. For example, the population of Montipora capitata

at Olowalu 8m showed large colony size and lack of skewness, which could

easily suggest either stable, increasing or decreasing populations. In fact, the

long-term data showed an increase in coral cover for that species.

In addition, it was difficult to explain the population skewness patterns

without coverage data on available space (Chapter 2). For example, a left-skewed

distribution could indicate a population in decline (Meesters et al. 2001) but if

available space was limited then this could result in the same distribution

pattern in a "healthy" population. Therefore, measuring coverage data would be

necessary to accurately interpret the size frequency data. Size frequency data,

however, provide information on species-specific population structure and

community succession. Therefore, measuring size frequency distribution along

with long-term repeated measures of coral cover provides a very powerful data

set for interpreting population and community dynamics.

Comparisons between the two short-term methods produced a number of

poor correlations. The contrasting patterns in invisible recruitment success

versus abundance of small colonies in the size frequency data can be partially

explained by the highly variable nature of recruitment events (Hughes et al.
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1999). Perhaps, the time lag (1 year) between short-term methods was

insufficient to reflect recruitment patterns in the size frequency distribution that

are integrated over a number of years. This result is also not surprising given

the poor correlation between recruitment rates and the local adult community

assemblage and density noted in previous studies (Rylaarsdam 1983; Hughes et

al. 1999; 2000).

Poor correlations were observed between the invisible recruitment data

on the plates and the visible recruits and juveniles shown in the photoquadrat

data. Numerous possibilities exist to explain the lack of concordance. First,

visible recruitment rates may not reflect invisible recruitment rates over short

time periods due to differences in growth rates among taxa. For example, the

slow growth for Montipora spp. recruits seen on the recruitment tiles may have

precluded them from being observed until 3-4 years after initial settlement

(Table 22). Second, the visible recruitment recorded in the plots may represent

asexual fragments previously hidden from view rather than new sexually derived

recruits. Third, artificial tiles may not represent actual conditions and processes

on the natural substrate. The spatial sampling scale was similar (~lm2 for the

tiles compared to 1.7m2 for the photoquadrats) but perhaps other factors (e.g.

level of conditioning, predation, and competition) varied between the two

substrates. Finally, the taxonomic resolution of the invisible recruits at the

genus level did not appear to facilitate good comparisons in biological processes

at the species level due to species-specific differences in life history parameters.

For example, at Honolua South 3m Porites spp. invisible recruitment patterns

were similar to P. compressa visible recruitment but not to P. lobata (Table 41,

Appendix I). These two species vary in growth rates (Edmondson 1929) and

colony morphology (Maragos 1972). The difficultly in discerning species among
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new recruits limits comparisons of juvenile patterns. Consequently, using these

two methods to predict reef condition would be challenging.

Spatial comparisons

These data sets can provide explanations for long-term trends even

though there is a lack of a consistent pattern between the various data sets. At

Honolua North, 3m low overall invisible recruitment for these species coupled

with low growth rates and high mortality suggested that the station at Honolua

North 3m was experiencing low recruitment success (Table 41). This agrees with

past trends. The low rates of recruitment, low growth and high mortality shown

by the short-term methods suggest that disturbances in the future could result

in further degradation of reef structure at Honolua North.

Honolua South 3m also appeared to be in decline. Contrasting patterns

were seen between long-term data sets and the photoquadrats and size

frequency distributions. Montipora capitata and Pocillopora meandrina

populations appeared to be stable in comparison to Porites compressa and

Porites Zobata populations, which were declining (Tables 42-46). Perhaps the reef

communities are undergoing a shift in community structure from Porites spp. to

Montipora spp. This does not appear likely given the 3.1% decline in M. patula

cover from 7% to 3.9% over the past 9 years (Table 46). Instead, the prognosis

for this reef community appears to be a slow steady decline in several abundant

species. In addition, the remaining species show no evidence of increase in

cover.

Data sets for all of the abundant species at Puamama 3m, except for

Pocillopora meandrina, indicated a reef community in recovery following

hurricane Iniki. High growth rates for recruits and juveniles of Porites compressa

and Porites Zobata played a major role in community development at Puamana
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3m (Figure 15). In contrast, P. meandrinajuvenile biological processes, size

frequency distributions, and trends in coral cover all suggested a population in

decline. These patterns indicate that P. meandrina experienced an initial

colonization event that increased overall coral cover. Subsequent low

recruitment, however, has failed to replace the older colonies that are dying. At

present, the reef appears to be in transition with other species occupying space.

The decline in total coral cover since 2000 suggests that this shift in community

composition is proceeding slowly.

Patterns at Puamana 13m also suggested increasing populations for all

of the abundant species including Pocillopora meandrina (Tables 41-46).

Contrasting patterns in the size frequency distributions and long-term trends in

coral cover suggest that the P. meandrina population at the 13m reef has

reached a different population growth stage than the 3m reef even at a distance

of only 200-300m (Chapter 2). This difference in population structure could be

attributed to differential storm impacts as a function of depth (Chapter 2).

Populations of Montipora spp. and Porites spp., however, displayed similar

patterns in the size frequency distributions and coverage data between the two

Puamana reefs.

The Olowalu 3m station displayed varying trends in community status.

Some species such as Montipora capitata, M. patula, and Pocillopora meandrina

appeared to be in transition or remaining stable. Within each of these species

different trends were predicted by the data sets. As a result of these variable

patterns, the "condition" or status of Olowalu 3m is considered transitional and

undergoing a shift with P. compressa replacing P. lobata in the assemblage.

At Olowalu 8m, the high number of poor and moderate correlations

between data sets in species other than the key species did not provide a clear

pattern in community development. For example, patterns in Montipora capitata,
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M. patuZa, and Porites Zobata indicated increasing populations in contrast to

Pocillopora meandrina. The community at this station could be considered

transitional but the evidence does not show distinct patterns, even within a

species (e.g. P. Zobata). Therefore, overall trends in community development were

considered inconclusive due to the variability in the other data set comparisons.

Differences in community patterns among stations led to several

observations concerning data set comparisons. First, there was high agreement

in data sets for communities that were recovering or increasing (e.g. Puamana

3m and 13m). The patterns in the data sets were distinct and showed good

correspondence with each other. Second, communities that had populations

going in opposite directions (e.g. Honolua South 3m and Olowalu 3m) appeared

to signify a transitional state rather than constancy in the community

assemblage. This may be simply a function, however, of the short duration of

this study that did not incorporate the natural oscillations of a community in a

steady state. Third, transitional, and declining (e.g. Honolua North 3m)

communities had a large number of ambiguous and poor correlations between

data sets. Finally some communities (e.g. Olowalu 8m) had inconclusive

patterns which were surprising given the extensive data sets. These observations

indicate that predicting community trends can be complicated by the multiple

methods employed in this study. In the case of Olowalu 8m, using long-term

changes in coral cover to understand community trends would be preferred.

Species life history patterns

Several life history patterns emerged among the species and genera. The

evidence for different life stages was developed from the various data sets.

Relevant information was derived from the invisible recruitment data
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(recruitment rate, growth, and mortality) and from the photoquad data (visible

recruitment rates, juvenile growth and juvenile mortality).

Montipora spp. invisible recruitment data were characterized by high

rates relative to other genera, low growth rates and high proportional mortality

(Table 26, Chapter 3). The high recruitment rates for this genus are most likely

the result of reproductive patterns in abundant species such as Montipora

capitata. This species synchronously releases egg and sperm bundles that are

positively buoyant thus enhancing fertilization success relative to other species

(Heyward 1986). Hodgson (1985) reported higher numbers of Montipora

verrucosa (=M. capitata) planulae compared to other species in plankton tows in

Kane'ohe Bay, Oahu. Subsequent current patterns coupled with larval behavior

(Raimondi and Morse 2000) could result in a large pulse of recruitment as seen

at the Puamana reefs. One might conclude that Montipora spp. recruitment rates

would lead to monospecific assemblages throughout the Hawaiian archipelago.

Low growth rates and high mortality at the invisible recruit level, however,

preclude this genus from dominating reef assemblages that experience frequent

disturbances.

Montipora capitata and M. patula showed variable growth rates

depending on colony size and station (Table 42). Polacheck (1978) also noted

variable growth rates. Variable growth rates could be due to the plastic growth

forms seen in some species (e.g. M. capitata) in response to environmental

conditions (Maragos 1972). Another explanation is that the small total area of

the photoquadrats (1.7m2) may not accurately estimate growth rates for the

population over a larger area. For example, colonies larger than the

photoquadrat frame experience higher partial mortality than small colonies

which might influence observed growth rates. Percent total mortality was less

variable than growth rate. Average juvenile mortality for M. capitata was 29%
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and 25% for M. patula (derived from Table 42). Within a station, colony sizes

tended to be smaller for these two species compared to the other 3 abundant

species (Table 43) resulting in positively skewed population log distributions

(Table 44). These results suggest that these Montipora species tend to be the last

to occupy space at a site which is consistent with Maragos (1972) and Grigg and

Maragos (1974). Data from this study show that Montipora spp. larvae are

abundant and rapidly colonize new substrata (i.e. plates). Nevertheless, the

Montipora spp. do not achieve an early visible presence due to low growth and

high mortality.

Pocillopora spp. showed a different pattern with high growth rates of

invisible recruits that compensated for low recruitment rates and intermediate

mortality (Table 26, Chapter 3). Visible recruitment took place when invisible

recruitment exceeded approximately 45 recruits m-2 yr1 (Tables 41 and 42). This

result, however, could be a function of suitable available substrate rather than

surpassing a threshold recruitment rate. Over the past 9 years percent cover

has been lowest at the two Puamana reefs (Chapter 4) due to the destructive

effects of Hurricane Iniki in 1992 (Brown 1999a). Pocillopora meandrina was one

of the first species to recolonize the barren substrate (Chapter 4). This evidence

supports the hypothesis put forth by Maragos (1972) that Pocillopora spp. are

early colonizers or "pioneers" of new substrates. Dollar (1975) also noted that

Pocillopora meandrina persisted in nearshore, high wave stress habitats.

Pocillopora spp. show high growth rates which allow them to take advantage of

newly denuded or marginal substrates. Results from the settlement tiles,

however, indicate that Pocillopora spp. doesn't necessarily arrive at a site sooner

than other genera. Rather, they grow faster giving the appearance that this

genus is the first to colonize an area.
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Porites spp. recruitment was low to intermediate but it was uncertain if

these values represented recruitment rates for the entire genus or particular

species (e.g. Porites Zichen). P. Zichen colonies were abundant at the Olowalu reefs

but were not dominant components of the community assemblage in terms of

spatial coverage (Chapter 4). Consequently, conclusions regarding P. compressa

and P. Zobata recruitment are tenuous. Low visible recruitment over 3 years at

the Olowalu reefs implies that recruitment events for P. compressa and P. Zobata

are infrequent events. Dollar (1982) reported that P. Zobata dominated leeward

coral communities in Hawai'i at depths ranging from 2-10m. At deeper depths P.

compressa was the predominate coral. The question then arises, "If successful

recruitment events are rare for these two species how did they come to dominate

hardbottom benthic communities in Hawai'i?" Other aspects of recruitment

provided part of the answer. Porites spp. recruits exhibited intermediate growth

rates and had low mortality. These two characteristics would enhance chances

of succesfully reaching large colony size.

Overall juvenile growth rates were intermediate for Porites compressa and

low for P. Zobata and varied as a function of station (Table 42). Positive growth

rates were documented at reefs with small colony sizes (e.g. Puamana). In

contrast, shrinkage (negative growth rate) as a result of partial mortality was

observed at reefs with large colony sizes (e.g. Olowalu). The one exception was P.

compressa at Olowalu 3m (N = 34) which experienced overall growth at this reef

in spite of undergoing shrinkage 2 out of the 3 years of the study. Longer-term

data sets should clarify these growth rates.

The larger Porites Zobata colonies generally experienced lower mortality

than the smaller P. compressa at a reef (Table 42). P. Zobata also had lower

overall mortality compared to the other abundant species. Large colony size is

evidence that P. Zobata is along-lived species. The majority of P. Zobata
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populations were negatively skewed even at reefs with small colony sizes

supporting the hypothesis that recruitment in this species is uncommon (Tables

43 and 44). As a result, Porites spp. appear to experience low mortality at

various life history stages to deal with environmental disturbances such as wave

stress (Done and Potts 1992; Massel and Done 1993), and sedimentation

(Stafford-Smith 1993).

Additional considerations

This study has only considered natural processes up to this point.

Human impact clearly is playing an increasing role on coral reefs (Wilkinson

2000). Therefore, it is quite possible that other factors not documented in this

study may have contributed to the decline in coral cover at Honolua Bay and the

increase in coral cover at Puamana. The watershed above Honolua Bay has

changed dramatically over the last century due to the diversion of Honolua

stream in 1902 (Wilcox 1996), initiation of the pineapple industry around 1910,

and development of the Kapalua resort area in the last decade. These events

may have changed the water chemistry in the bay. The reefs at Puamana and

Olowalu have also been subjected to land based human activities (sugar cane

and coastal development) during the past century yet the temporal patterns in

coral cover at these reefs within the last decade have been very different. Each of

the sites had historical streams (Kaua'ula stream for Puamana and Olowalu

stream for Olowalu) that were diverted for sugar cane production around 1860

when Pioneer Mill began operations (Wilcox 1996). Subsequent sugar cane

production at both sites and housing developments at Puamana have continued

for nearly 140 years. Sugar cane production ceased in 1999 (Honolulu Star

Bulletin, September 3, 1999). Efforts are underway to develop the agricultural

land into housing tracts which would again alter the watershed. Documenting
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changes at the Puamana and Olowalu reefs during the land use transition will

help clarify human impacts compared to natural factors.

Another factor that has influenced the stations is the hurricane history of

each site. At present the known hurricanes to cross land in Hawai'i include Dot

(August 1959) and Iniki (September 1992) (National Weather Service, Central

Pacific Hurricane Center:

http:j jwww.prh.noaa.govjhnljcphcjpagesjhurrclimate.html). Other notable

storms that have approached Hawai'i include Hurricane Nina (November 1957),

tropical storm Iwa (November 1982), and hurricane Estelle (July 1986). Each of

these storms produced southerly waves that would have impacted the Puamana

and Olowalu reefs to a greater or lesser degree. Only a handful of marine

monitoring studies in Hawai'i, however, have been able to document the impact

from these storms (e.g. Dollar and Tribble 1993). S.L. Coles and E.K. Brown

(unpublished manuscript) noted the decline in coral cover at 4 stations around

Kahe Point, O'ahu following Hurricane Iniki. The overall community

development, however, varied at spatial scales of only 200-300 meters with some

sites already in decline prior to the hurricane while others continued to increase

in coral cover despite the temporary setback from the hurricane. Preliminary

monitoring data at Puamana and Olowalu also showed spatial differences in the

coral community response to Hurricane Iniki (Brown 1999a). Puamana declined

in coral cover to almost zero while Olowalu remained relatively unaffected. This

facilitated the recolonization of the Puamana reefs on the denuded substrates.

Connell et al. (1997) noted on the Great Barrier Reef, over a smaller spatial but

longer temporal scale, that variation in the benthic community assemblage was

due to the type, intensity, and spatial scale of the disturbances. In Hawai'i we

are only beginning to develop data sets that can examine the spatial and

temporal patterns in community development with the establishment of
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programs such as the Hawai'i Coral Reef Assessment and Monitoring Program

(CRAMP).

Summary

This chapter evaluated two short-term (size frequency distributions and

recruitment) and two long-term (monitoring coral cover and tracking individual

colonies) methods for describing coral reef dynamics and long-term trends on

three coral reefs on the island of Maui. Each technique provided useful insights,

but conclusions as to long-term trends differed by technique, station and

species. Size frequency analysis integrates recruitment, survival, growth and

other biological processes over the past and showed the best agreement with

long-term trends in cover. In contrast, short-term recruitment patterns showed

poorer concurrence.

Patterns in coral cover, size frequency distribution, and biological

processes identified stations experiencing decline, recovery, or stability. Trends

were similar at stations within each site and assumed to be the result of

different storm disturbance patterns.

1. Honolua North 3m has declined since 1994 and appears to be stabilizing. Low

invisible recruitment rates, low invisible growth, and high invisible mortality

suggest that future decreases in coral cover may occur.

2. Honolua South 3m appears to be stable or in transition after an initial

decline. Populations of Montipora capitata, M. patuZa, and Pocillopora meandrina

suggest stable populations in contrast to Porites compressa and Porites Zobata

which are declining.

3. Puamana 3m populations are increasing following hurricane Iniki except for

Pocillopora meandrina which has declined 3% (38% relative decline) since 2000.
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4. All of the populations are increasing at Puamana 13m following hurricane

Iniki.

5. Olowalu 3m is in a state of transition with Montipora capitata, M. patuZa, and

Pocillopora meandrina remaining steady. Porites compressa is increasing in cover

compared to Porites Zobata which is declining in cover.

6. Population patterns at Olowalu 8m are inconclusive at this time due to poor

and ambiguous correlations between data sets. Preliminary evidence indicates

the station is in transition with Montipora capitata, M. patuZa, and Porites Zobata

populations increasing in cover compared to Pocillopora meandrina which is

decreasing in cover.

Population structure of each species varied by station. Several patterns

were identified for the abundant corals.

1. Montipora spp. had high invisible recruitment rates, low growth, and high

mortality for recruits. Juvenile M. capitata visible recruitment rates were high in

contrast to M. patuZa which were low. Low growth and intermediate mortality

were observed in the juveniles. Average colony size was smaller for these two

species within a station as compared to the other abundant species.

2. Pocillopora spp. had low invisible recruitment rates, high growth, and

intermediate mortality for recruits. Juvenile P. meandrina visible recruitment

rates were low, with high growth and intermediate mortality. Size frequency

distributions were negatively skewed and truncated in the upper size classes.

3. Porites spp. had low to intermediate invisible recruitment rates, intermediate

growth, and low mortality for recruits. Juvenile P. compressa visible recruitment

rates were intermediate compared to low rates for P. Zobata. Juvenile P.

compressa had intermediate growth and mortality for juveniles in comparison to
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P. Zobata with low growth and mortality. P. Zobata had the largest average colony

sizes for all species followed by P. compressa. Populations of both species were

characterized by log normal or negatively skewed distributions even at stations

considered to be in recovery.

Each of the techniques provided complimentary and explanatory

information on recruitment (photoquadrat, recruitment plates), growth

(photoquadrat), mortality (photoquadrat), population structure (size frequency

distributions), and long-term changes in coral cover (transects). Short-term

measurements are useful for many purposes, but often are not in agreement

with observed long-term changes. As Hughes and Connell (1999) noted,

evaluating changes in coral reef communities requires sampling over long time

periods to understand processes affecting change. Of the methods investigated,

measurement of changes in coral cover is the most appropriate to detect long

term trends. Additional techniques can be utilized to examine causal links in

observed changes but do not appear to be as useful in assessing the "condition"

or "health" of reef system.
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Appendix A.
Size frequencies of coral species at Honolua North 3m on a normal scale (1 st

column) and on a log normal scale (2nd column). Shapiro-Wilk (W) statistic for
normality, skewness (g), and p values are shown for species with N>10.
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Appendix A. (Continued)
Size frequencies of coral species at Puamana 3m on a normal scale (1 st column)
and on a log normal scale (2nd column). Shapiro-Wilk (W) statistic for normality,
skewness (g), and p values are shown for species with N> 10.
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Appendix A. (Continued)
Size frequencies of coral species at Puamana 13m on a normal scale (1 st column)
and on a log normal scale (2nd column). Shapiro-Wilk (W) statistic for normality,
skewness (g), and p values are shown for species with N> 10.
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Appendix A. (Continued)
Size frequencies of coral species at Olowalu 8m on a normal scale (1 st column)
and on a log normal scale (2nd column). Shapiro-Wilk (W) statistic for normality,
skewness (g), and p values are shown for species with N> 10.
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Appendix B. (Continued)
Size frequency distributions of coral species on a log (In) normal scale at
Honolua South 3m. Mean percent partial mortality in each size class shown by
line. Mode indicated by M.
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Appendix B. (Continued)
Size frequency distributions of coral species on a log (In) normal scale at
Puamana 3m. Mean percent partial mortality in each size class shown by line.
Mode indicated by M.
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Appendix B. (Continued)
Size frequency distributions of coral species on a log (In) normal scale at
Puamana 13m. Mean percent partial mortality in each size class shown by line.
Mode indicated by M.
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Appendix B. (Continued)
Size frequency distributions of coral species on a log (In) normal scale at
Olowalu 3m. Mean percent partial mortality in each size class shown by line.
Mode indicated by M.

30 100 30 100
c:::J Number of Colonies c::::J Number of Colonies

C.ocellina - Avg. % Partial rvtortality 90 L. purpurea - Avg. % Partial Mortality 90

80 80

20
70

20
70

60 60

50 50

40 40
10

30
10

30

20 20

10 10

0 0
I'- :1 J; 0 '" ro '"' ~ '"' <0

~
v ;;'; I'- :1 I'- 0 "' ro '"' I'- iii '"' ~ i ie ie'"' ::; ~ "I v 0

~
~ ~ "' '"' ::; '" ')l "I v

~
g 0

~ ~ ~ ;;:; '" '" ~
I'-

~ :;.;
~

ro
~ ~ ~6

~
')l :b <0 <0 6 g;!

~ ;j: A "' ;!
~ '" ~ i A8

~
v

~ro ~ ~
N

40 100 30 100
c:J Number of Colonies r::::::::J Number of Colonies

M. capitata -Avg. % Partial Mortality 90 M. patula - Avg. % Partial Mortality
90

80 80
30 M

70
20 70

60 60

20 50 50

40 40

30
10

30
10

20 20

10 10

tJ) 0 0

.!!! :;; '"' I'-
~ :g ;! 8 l;; a; '"' <0 ;! ;;'; ie I'- '"' J; 0 "' ro '"' ~ iii '"' <0 v ie ie::; '" 0

~ '"' ::; ~ 6 v 0 .",
~ ~6 "'- <'> ;;:; 0 '" ~ ~

6
~ ;;:;c :2 ~ ~

ro

~
~

~
"i' N N

<'> 6 N <'> 6 N

~
')l "I <0 <0

.2
;! iii ~ ;j: A ;!

~ ~ ~ ~ Av
N

~ :;;
0

ro m ~ ~ %
0-30 100 30 100
0 c::J Number of Colonies c::J Number of Colonies

P. varians - Avg. % Partial Mortality 90 P. meandrina - Avg. % Partial Mortality 90...
CI) 80 80

.0
20 70 20

70

E 60 60

::s 50 50

Z 40 40
10 30

10
30

20 20

10 10

:;; M J; ~ '" ro

~
~ ro

~ m~ ~ ~
:;; M I'-

~ :g ~ '"' ~ iii 8

~ i ~ ie::; ~
v ::; '" ~6 "'- ~ ;;; g:

~ "'- ~ :;.;
~ ~

ro

~<'> 6 "'- i ~
6

'" g <0
0 g iii ~ ~ ~ ~ ~v v

N a;
~ill N

30 100 30 100
c:::::J Number of Colonies c::J Number of Colonies

P. - Avg. % Partial Mortality 90 - Avg. % Partial Mortality 90
compressa

80 80

70 20 P. deurdeni 70
20 60

60
50

50
40

40 10
10 30

30 20
20 10
10 0

0 :;; - '"' J; 0"' roM §m 8l<l v v '"' ~~ I'-

{::;+-
N", VO I'- "' _ g

~
r.!.. a -v o;~ rol'-v ~g[:; '"' I'-

~ "' ro M

~ 8
~ i ~ ie "'"'

_N '" N N::; '" 6 v ~
ro 6 N 88; ~~

"'<Ov 0<0

~~ "'- ~ "'
g: ro

~
"';! ~';"v ~~

6 N g
~ i ~

v", o;!j; ~ t;!
~ ~ ~

A
Na; Nrol'-

v Nm~

~~ill

Size Class (cm2
)

222



Appendix B. (Continued)
Size frequency distributions of coral species on a log (In) normal scale at
Olowalu 3m. Mean percent partial mortality in each size class shown by line.
Mode indicated by M.
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Appendix B. (Continued)
Size frequency distributions of coral species on a log (In) normal scale at
Olowalu 8m. Mean percent partial mortality in each size class shown by line.
Mode indicated by M.
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Appendix C.
Number of colonies (N), Minimum surface area (cm2), Maximum surface area (cm2), Mean surface area (cm2), Standard deviation
(SD) of surface area (cm2), Geometric mean (GM), Coefficient of variation (CV), and skewness forcoral species with N> 10.

Site Species N Min Max Mean SD GM CV skewness l

Honolua North Montipora capitata 93 0.4 2224.6 120.1 293.0 34.3 2.44 -0.10
Montipora flabellata 52 1.8 2438.7 183.1 475.5 30.6 2.60 0.64
Montipora patula 63 0.9 4146.9 133.6 551.4 24.1 4.13 0.63
Pavona varians 89 0.4 410.9 32.1 50.5 16.6 1.57 -0.16
Pocillopora meandrina 20 26.7 4572.2 996.5 1371.3 318.8 1.38 0.06
Porites compressa 27 2.4 9570.1 1008.3 2140.0 270.2 2.12 -0.18
Porites lichen 32 0.2 14.1 2.9 3.2 1.9 1.07 -0.07
Porites lobata 71 1.2 77166.2 6617.7 15796.8 353.1 2.39 0.03

Honolua South Montipora capitata 58 0.8 2057.7 214.4 379.2 36.6 1.77 0.15
Montipora flabellata 111 1.6 7820.8 650.4 1192.8 143.7 1.83 -0.23

l\:l Montipora patula 97 0.4 11491.9 266.8 1210.9 35.8 4.54 0.05l\:l
CJl Pavona varians 90 0.4 1072.1 76.3 168.8 16.8 2.21 0.24

Pocillopora meandrina 40 2.3 3180.5 786.9 913.6 254.4 1.16 -0.66
Porites compressa 17 30.0 2458.1 620.9 641.3 302.7 1.03 -0.41
Porites lichen 55 0.3 13.0 3.1 3.1 2.0 1.01 0.11
Porites lobata 52 2.4 15629.4 1945.5 2966.6 453.5 1.52 -0.58

lbased on the log-normal distribution of the data.



Appendix C. (Continued)
Number of colonies (N), Minimum surface area (cm2), Maximum surface area (cm2), Mean surface area (cm2), Standard deviation
(SD) of surface area (cm2), Geometric mean (GM), Coefficient of variation (CV), and skewness for coral species with N> 10.

Site Species N Min Max Mean SD GM CV skewness1

Puamana 3m Montipora capitata 132 0.0 808.6 11.6 70.5 2.7 6.05 0.44
Montipora patula 101 0.2 314.2 12.5 34.2 4.5 2.74 0.51
Pocillopora meandrina 89 0.9 1681.5 428.5 440.3 140.5 1.03 -0.96
Porites compressa 11 0.7 1734.9 278.2 530.9 51.0 1.91 -0.26
Porites lobata 167 0.3 11474.7 455.6 1390.4 53.4 3.05 -0.06

Puamana 13m Montipora capitata 93 0.0 31.4 3.0 5.5 1.2 1.83 0.52
Montipora patula 24 0.3 23.6 3.6 5.4 1.6 1.48 0.44
Pocillopora meandrina 75 0.1 1708.2 132.3 353.5 7.4 2.67 0.78
Porites compressa 90 0.4 392.7 45.7 81.6 12.2 1.78 0.07
Porites evermanni 18 0.8 1487.5 160.4 357.3 32.1 2.23 0.11

N Porites lobata 213 0.0 983.3 47.5 111.1 9.6 2.34 -0.13N
0'1

Ibased on the log-normal distribution of the data.



Appendix C. (Continued)
Number of colonies (N), Minimum surface area (cm2), Maximum surface area (cm2), Mean surface area (cm2), Standard deviation
(SD) of surface area (cm2), Geometric mean (GM), Coefficient of variation (CV), and skewness for coral species with N>10.

Site Species N Min Max Mean SD GM CV skewness l

Olowalu 3m Cyphastrea ocellina 34 0.2 26.5 6.2 6.6 3.3 1.05 -0.51
Leptastrea purpurea 11 0.1 3769.9 464.3 1135.7 23.1 2.45 -0.56
Montipora capitata 156 0.6 17867.8 638.6 1999.4 72.9 3.13 0.19
Montipora patula 50 0.8 29083.3 1418.2 4563.7 89.9 3.22 0.04
Pavona duerdeni 31 0.8 26218.2 1898.2 4885.1 157.5 2.57 -0.41
Pavona varians 20 2.4 942.5 115.0 231.4 36.0 2.01 0.46
Pocillopora meandrina 35 1.0 4182.2 916.5 1141.4 223.2 1.25 -0.88
Porites compressa 45 5.2 56727.7 4194.1 10199.8 533.7 2.43 0.01
Porites lichen 46 0.1 17.3 2.9 3.1 1.8 1.06 -0.48
Porites lobata 21 3.1 284981.7 25147.2 61916.9 3428.0 2.46 -1.25

"-.)
Psammocora nierstraszi 22 0.3 119.4 20.6 27.2 8.9 1.32 -0.44"-.)

" Psammocora verrilli 14 0.5 29.5 7.0 8.6 3.7 1.22 0.12
Olowalu 8m Montipora capitata 196 0.8 33772.1 1483.1 3692.8 175.6 2.49 -0.16

Montipora patula 133 0.8 23816.4 1613.0 4007.8 250.1 2.48 -0.04
Pocillopora meandrina 38 3.3 4469.7 932.7 1082.5 333.1 1.16 -0.80
Porites compressa 19 26.7 5968.2 1621.0 1523.8 833.2 0.94 -0.96
Porites lichen 19 0.4 7.9 3.3 2.4 2.2 0.74 -0.61
Porites lobata 71 0.8 320982.8 15693.4 46337.9 846.0 2.95 -0.45

lbased on the log-normal distribution of the data



Appendix D.
Relationship between area (mm2) and number of polyps for new recruits of
different coral genera at the two Olowalu stations. If sample size (N) was less
than 5 then only mean area per polyp was calculated. R2 = coefficient of
determination.

Genus Site N Mean areal R2 Regression Equation
polyp (mm2)

Culicea Olowalu 8m 3 0.42 NA NA

Cyphastrea Olowalu 3m 3 2.69 NA NA

Olowalu 8m 3 1.05 NA NA

Leptastrea Olowalu 8m 1 0.50 NA NA

Montipora Olowalu 3m 3 0.29 NA NA

Olowalu 8m 25 0.24 y = -0.015+0.403x

Pavona Olowalu 3m 2 0.58 NA NA

Pocillopora Olowalu 3m 13 0.83 y = 0.123+0.682x

Olowalu 8m 10 0.84 y = 0.062+0.454x

Porites Olowalu 3m 78 0.91 y = -0.342+0.547x

Olowalu 8m 57 0.95 y = -0. 136+0.524x
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Appendix E.
Mean diameter (mm) measurements of coral recruits by genera for different observational periods by season (N = 800). SE =
Standard Error. Recruits are broken out by observation period (months) and the season that the measurements were taken.
Sample size (N) = number of recruits tracked at the beginning and end of each time period.

Genus Observation N Fall 99 Spring 00 Fall 00 Spring 01 Fall 01
Period Diameter SE Diameter SE Diameter SE Diameter SE Diameter SE

Culicia spp. 6 1 0.60 0.70
Cyphastrea spp. 12 1 3.51 7.50 10.10

12 1 0.80 2.40 11.20
12 3 2.70 0.61 8.47 3.01 14.93 5.58
6 2 3.03 1.78 10.00 4.80
6 1 0.90 0.50
6 1 1.20 1.10
6 5 1.04 0.21 2.74 0.92

Leptastrea spp. 6 1 0.70 1.80
Montipora spp. 24 1 0.70 1.20 2.80 2.60 7.00

18 8 0.81 0.05 1.67 0.19 2.17 0.36 2.25 0.60
18 2 0.80 0.10 * 0.80 0.00 0.75 0.15
12 4 0.68 0.03 1.07 0.21 1.40 0.32
12 1 1.60 2.10 2.90
12 62 0.74 0.05 1.29 0.10 1.56 0.14

6 27 0.82 0.08 0.98 0.09
6 3 1.33 0.21 1.03 0.06
6 322 0.72 0.02 1.06 0.03
6 15 1.05 0.13 1.57 0.42

Pocillopora spp. 24 13 2.04 0.30 6.83 0.60 14.35 1.50 17.53 1.87 17.53 3.37
18 8 2.55 0.31 7.56 1.03 15.24 2.25 17.33 1.87
18 19 8.27 1.21 11.87 1.69 14.59 2.09 15.02 2.60
12 5 1.57 0.25 2.72 0.68 3.22 1.05
12 18 8.18 0.73 15.18 1.81 17.78 2.27
12 26 2.67 0.36 6.33 0.89 11.44 1.43
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Appendix E (Continued).
Mean diameter (mm) measurements of coral recruits by genera for different observational periods by season (N = 800). SE =

Standard Error. Recruits are broken out by observation period (months) and the season that the measurements were taken.
Sample size (N) = number of recruits tracked at the beginning and end of each time period.

Genus Observation N Fall 99 Spring 00 Fall 00 Spring 01 Fall 01
Period Diameter SE Diameter SE Diameter SE Diameter SE Diameter SE

Pocillopora spp. 6 24 1.83 0.19 3.32 0.60
6 4 3.08 1.78 2.85 1.21
6 36 2.38 0.31 5.28 0.67
6 6 10.57 4.40 11.50 6.40

Porites spp. 24 15 1.96 0.31 3.65 0.41 6.02 0.57 8.61 1.05 8.46 1.18
18 13 1.50 0.29 2.94 0.53 4.49 1.12 4.92 1.63
18 7 1.96 0.42 3.39 0.73 5.63 1.48 6.13 1.51
12 8 1.48 0.36 2.93 0.50 2.79 0.60
12 14 2.74 0.58 3.94 0.72 4.81 0.94
12 29 1.58 0.15 3.63 0.37 3.88 0.48
6 20 1.24 0.15 2.07 0.27
6 12 1.90 0.26 2.63 0.43
6 47 1.10 0.09 2.35 0.34
6 15 1.07 0.20 1.85 0.37

Total recruits 800

* Both Montipora spp. recruits were not found during the Fall 00 sampling interval but were subsequently relocated alive at later
sampling periods.



Appendix F.
ESTIMATION OF OBSERVOR ERROR AND MEASURMENT PRECISION USING

DIGITIAL VIDEO TRANSECTS

METHODS

Observer error in the digital video methodology was examined by

randomly selecting 20 frames for a transect and having two observers process

the same images. The same randomly ge.nerated point coordinates were used for

each observer pair to specifically test observer ability to identify the exact same

substrate. A total of 5 observers were used with 2 combination tests per

observer. One transect was randomly selected from 5 randomly selected reefs

and used in each test combination. Percent cover in 9 substrate categories (Bare

rock, coralline algae, macroalgae, noncoral, other, silt/ sand, substrate, turf

algae, and coral) were compared for each observer to estimate error. Error was

also examined for coral species to address how similar the species identifications

were when both observers identified the substrate as coral. Even though

observer error was reduced in this study because the same observer (author)

analyzed all of the images it was considered prudent to estimate observer error

in order to expand the utility of the digital video technique beyond the 6 reefs in

this study and deal with the author's own eventual mortality.

Measurement error in the field for the digital video technique was

estimated by randomly selecting one of the 10 transects and resurveying it

immediately upon completion of the first run. The resurvey or duplicate transect

involved a repeat of line deployment, videotaping, and image analysis with a new

random subset of frames and points. For the image analysis the same observer

was used for both the original and duplicate transect to avoid confounding the

analysis with observer error. The purpose was to replicate the procedure for

annual surveys but reduce the time frame between surveys in an effort to
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estimate error associated with the field technique. It was assumed that coral

cover would not change appreciably in the 5-10 minutes between each survey of

the same line. A total of 44 out of 60 possible CRAMP stations were tested in

2002 that spanned a range of depths and habitats (See also Jokiel et al. in

press).

STATISTICAL ANALYSIS

Observer precision was examined for each observer combination by

comparing the identified points for every frame and calculating an average

percent similarity for each observer pair. A repeated measures ANOVA design,

which is a generalization of the paired t-test for dependent samples, was used to

test multiple substrate types between observers analyzing the same images.

Each observer combination was run separately due to the different number of

images analyzed per transect and the different types of habitats sampled.

Percent data was arcsine square root transformed to improve the normality of

the distributions and reduce the heterogeneity of the variances. There was still

potential for intra-observer error within the 6 reefs sampled in this study but

this was considered minimal compared to measurement error. Observer

precision at the species level was analyzed by determining 95% confidence

intervals for the binomial distribution (matching species ID vs. non-matching)

parameter p. Observer accuracy or the probability of correctly identifying a

substrate type was not examined since this was considered a relatively

subjective measure and past experience had shown that experts sometimes

produced different in situ identifications of the same substrate at different times.

Measurement error or precision was examined using a GLM factorial

ANOVA design with percent total coral cover as the dependent variable and

transect (original, duplicate) and site (44 total) as the independent factors.

Percentage values were arcsine square-root transformed to meet the
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assumptions of normality and homogeneity of variances. A repeated measures

ANOVA was not appropriate for the comparisons between transects because

each of the frames within a transect were randomly selected and therefore

independent of each other. This resulted in selecting not only different frames

but also different numbers of non-overlapping frames for each transect. Only

differences in total coral cover were examined in the analysis since this was the

principal substrate of interest and in addition, different levels of taxonomic

resolution among observers precluded comparisons among sites for other

substrate types. A nonlinear regression was used to examine measurement error

as a function of habitat or overall percent cover cover at a reef. Finally, a

multivariate approach using ANOSIM compared transects to examine

measurement error over the entire coral assemblage. All tests were conducted at

an u=O.05 level unless otherwise noted.

RESULTS

Even though many of the changes in coral cover were statistically

significant it was important to evaluate the change within the context of both

observer precision and measurement error. Percent similarity between observers

analyzing the same images ranged from a high of 75 ± 8% to a low of 27 ± 13%

with an average of 57 ± 19% for all of the substrate categories (Table Fl).

Observer precision also varied as a function of the substrate type (Table F2).

Comparing substrate categories for each of the observer combinations

revealed that the turf algae category had the highest average percent difference

between observers of 27 ± 23% followed by other (22 ± 29%), coralline algae (17 ±

22%), and macroalgae (11 ± 11%) (Table F2). Percent differences in coral

identification were low and averaged 2 ± 1%. Differences in classifying sand were

also low at 4 ± 2%. The repeated measures ANOVA indicated that there were
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significant differences between observers but the term of interest was the

observer * substrate interaction term. Planned comparisons for the various

observer combinations within each of the substrate categories indicated that

identifications for some substrates such as coralline algae, macroalgae, and turf

algae were significantly different between observers the majority of the time

(Table F3). In fact, in the 3 transects with macroalgae, percent cover values were

always different between observers. In contrast, a significant difference between

observers was less likely to happen using the more generic substrate category

cause. Coral identification was significantly different in 2 of the 5 combinations

but only 1 observer pairing was highly significant (Obs. 2 x Obs. 4, Table F3).

This combination had the highest difference in coral cover between observers

(3.1%) and the observer pairing was between the most experienced observer and

the least experienced.

Table F1. Percent similarity between observer pairs analyzing the same video
images.

Observer Combination
Obs. 1 X Obs. 2
Obs. 1 X Obs. 3
Obs. 2 X Obs. 4
Obs. 3 X Obs. 5
Obs. 4 X Obs. 5
Average

Percent Similarity
Mean SD
56.5 33.1
52.5 30.2
74.7 8.2
27.4 13.3
72.9 11.7
56.8 19.1

234



Table F2. Average percent difference between identifications for each substrate category for all observer combinations. Codes are
as follows: Bare = bare rock, Calg = coralline algae, Malg = macroalgae, N j C = non coral or non substrate, Other = other or
miscellaneous, Sand = sand, Subs = substrate, Talg = turf algae, Coral = coral.

Observer Combination Bare Calg Malg NjC Other Sand Subs Talg Coral

Obs. 1 X Obs. 2 - 1.0 22.7 - - 5.2 0.0 16.0 0.2
Obs. 1 X Obs. 3 - - - 0.6 42.4 - - 43.5 1.7
Obs. 2 X Obs. 4 - 5.4 7.2 2.6 - - 0.5 0.6 3.1
Obs. 3 X Obs. 5 2.0 49.1 - 0.2 0.9 4.8 1.8 57.5 2.8
Obs. 4 X Obs. 5 1.3 12.0 1.9 0.1 - 1.4 0.4 14.9 2.0
Average 1.6 16.9 10.6 0.9 21.7 3.8 0.7 26.5 1.9
SD 0.5 21.9 10.8 1.2 29.3 2.1 0.8 23.3 1.1

tQ - = neither observer recorded the category
w
(Jl

Table F3. Univariate tests of significance for planned comparisons showing p values between identifications for each substrate
category for all observer combinations. Codes are as follows: Bare = bare rock, Calg = coralline algae, Malg = macroalgae, NjC =
non coral or substrate, Other = other or miscellaneous, Sand = sand, Subs = substrate, Talg = turf algae, Coral = coral.

Observer Combination Bare Calg Malg NjC Other Sand Subs Talg Coral

Obs. 1 X Obs. 2 - 0.14 0.03 - - 0.01 1.00 0.11 0.61
Obs. 1 X Obs. 3 - - - 0.21 <0.001 - - <0.001 0.05
Obs. 2 X Obs. 4 - 0.002 <0.001 <0.001 - - 0.42 0.99 0.002
Obs. 3 X Obs. 5 0.14 <0.001 - 0.54 0.25 0.10 0.14 <0.001 0.10
Obs. 4 X Obs. 5 0.17 <0.001 0.03 0.53 - 0.18 0.16 <0.001 0.17

- = neither observer recorded the category



Observer precision for coral species identifications ranged from 1.1% to

14.7% with an average error of 7.3% between observers (Table F4). With 95%

confidence, using a binomial distribution, the interval between proportions

0.054 and 0.098 included the average population parameter p. Individual 95%

confidence intervals varied substantially with some observer combinations (e.g.

3 X 5) having large intervals that contained the estimated proportion (P) of error.

These results indicate that observer precision decreased at the finer taxonomic

resolution of coral species compared to identification at the substrate level.

Table F4. Proportion (P) of nonmatching coral species identifications for each
observer combination. Population parameter p with 95% confidence intervals.

Observer Total coral identifications # of -95% p 95%
combination w lin transect (n) agreements
1X2 138 129 0.035 0.065 0.121
1X3 29 27 0.017 0.069 0.237
2X4 180 178 0.003 0.011 0.043
3X5 24 22 0.021 0.083 0.279
4X5 163 139 0.101 0.147 0.210
Average 0.054 0.073 0.098

Previous estimation of measurement error or precision for the planar

point intercept method showed that percent coral cover differed by 10-11%

between the same transects sampled at roughly similar times (Brown et al.

2004). In comparison, measurement error in percent coral cover for the digital

video transects ranged from 0.0% at Puamana 13m and Kanahena Point 3m to

9.6% at Nualolo Kai 10m (Table F5). The average percent difference in coral

cover between duplicate transects was 2.7 ± O.4%SE. The whole model adjusted

r2 (ra2) factorial ANOVA explained a significant portion (ra2 = 0.59, F87,1268 =

23.68, P <0.001) of the variation in percent coral cover between the transects.
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There was no significant difference (Fl,1268 = 0.42, P = 0.52) in percent coral

cover between the original transects and the duplicate transects pooled across

all of the reefs (Table F6). There was a significant difference among reefs (F43,1268

= 47.6, P <0.001) but this was not surprising since the 44 sampled reefs crossed

a wide range of depths and habitats. The transect*reef interaction term was the

primary term of interest and the model indicated that the difference in coral

cover between transects was not significant (F43,1268 = 0.54, P = 0.99) which was

consistent among all of the reefs.

Measurement or precision error was also viewed as a function of habitat.

Average coral cover for the 10 transects at the 44 CRAMP reefs was plotted

against the percent difference between the original and the duplicate transect

(Figure F1). Even with considerable variation, the scatterplot suggested that

error was low in relatively homogeneous habitats (coral cover < 10% and> 80%)

and higher in more heterogeneous habitats (coral cover 20-70%).

Comparison of measurement error using the broader suite of assemblage

variables supported the results using just total coral cover. Multivariate ANOSIM

pairwise comparisons between the original and duplicate transects showed that

the vast majority (43 out of 44) reefs had similar assemblages (p>0.10) and

consequently low measurement error (Table F7). The one reef at Ka'apuna 10m

that had a relatively dissimilar assemblage (R = 0.26, p=0.005) between the 2

transects was still not statistically significant after applying a Bonferroni

correction (critical a of 0.001) for the multiple comparisons (Norman and

Streiner 1994). This reef was characterized by patchy distributions of Montipora

capitata and Porites Zobata. The original transect was dominated by P. Zobata

whereas M. capitata was prevalent in the duplicate transect yet both species

were present in the transects and were effectively ranked 1-2 in terms of percent

cover.
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Table F5. Measurement error in percent total coral cover between original and
duplicate video transects in 2002.

%
Island Reef Depth Transect Original Duplicate Difference
Hawaii Kaapuna 10 8 5.4 4.6 0.8
Hawaii Laaloa 3 2 23.0 26.4 3.4
Hawaii Laaloa 10 6 62.4 57.4 5.0
Hawaii Laupahoehoe 3 7 10.6 10.8 0.2
Hawaii Laupahoehoe 10 8 1.8 1.4 0.4
Hawaii Leleiwi 3 7 7.8 13.6 5.8
Hawaii Le1eiwi 10 1 20.6 22.0 1.4
Hawaii Nenue Pt. 5 2 14.6 17.0 2.4
Hawaii Nenue Pt. 10 7 44.6 41.8 2.8
Kahoolawe Hakioawa 3 7 21.8 22.0 0.2
Kahoolawe Hakioawa 10 10 72.0 65.0 7.0
Kauai Hanalei 3 4 19.0 12.0 7.0
Kauai Hanalei 8 7 41.2 38.4 2.8
Kauai Hoai Bay 10 6 1.8 3.0 1.2
Kauai Milolii 10 10 19.2 15.6 3.6
Kauai Nualolo Kai 3 4 1.0 5.2 4.2
Kauai Nualolo Kai 10 7 23.6 33.2 9.6
Maui Honolua North 3 2 20.4 18.2 2.2
Maui Honolua South 3 4 21.0 17.8 3.2
Maui Kahekili 3 6 36.2 37.6 1.4
Maui Kahekili 7 2 35.4 33.8 1.6
Maui Kanahena Bay 1 2 24.8 23.8 1.0
Maui Kanahena Pt. 3 6 9.0 9.0 0.0
Maui Kanahena Pt. 10 2 30.0 30.6 0.6
Maui Maalaea 3 4 18.2 16.6 1.6
Maui Maalaea 6 1 5.2 2.4 2.8
Maui Molokini 8 6 76.2 75.6 0.6
Maui Molokini 13 6 80.2 79.2 1.0
Maui Olowalu 3 6 16.2 18.6 2.4
Maui Olowa1u 7 3 51.2 46.8 4.4
Maui Papaula Pt. 4 1 47.0 46.4 0.6
Maui Papaula Pt. 10 4 49.8 47.6 2.2
Maui Puamana 3 5 19.4 14.6 4.8
Maui Puamana 13 3 0.4 0.4 0.0
Oahu HanaumaBay 10 8 17.6 26.4 8.8
Oahu Heeia 2 5 12.0 12.2 0.2
Oahu Heeia 8 3 17.8 23.2 5.4
Oahu Kahe Pt. 3 3 7.4 10.0 2.6
Oahu Kalaaea 2 6 61.8 71.0 9.2
Oahu Kalaaea 8 9 1.0 1.2 0.2
Oahu Moku a Loe 2 7 18.2 18.6 0.4
Oahu Moku a Loe 9 3 9.8 10.4 0.6
Oahu Pili 0 Kahe 3 7 7.6 8.6 1.0
Oahu Pupukea 8 4 3.6 3.4 0.2

Average 2.7
SE 0.4
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Figure Flo Relationship of measurement precision in percent coral cover
between the same transect sampled twice in short succession as a function of
habitat.

Table F6. Factorial ANOVA testing for differences in percent coral cover between
the original and duplicate transects for the 44 CRAMP reefs.

SS DF MS F P

Intercept 268.27 1 268.27 5231.18 0.000
Transect 0.02 1 0.02 0.42 0.517
Reef 104.22 43 2.42 47.26 0.000
Transect*Reef 1.18 43 0.03 0.54 0.994
Error 65.03 1268 0.05
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Table F7. Results of ANOSIM multiple pairwise comparisons between the
original and duplicate video transects for the entire coral assemblage. Scale of R
values is from 0 or negative values (identical faunas) to 1 (dissimilar faunas).
Significance level for the test is shown at a critical a :os; 0.001 using a Bonferroni
correction.

Island Reef Depth Transect R p

Hawaii Kaapuna lO 8 0.259 0.005
Hawaii Laaloa 3 2 -0.067 0.97
Hawaii Laaloa 10 6 -0.034 0.84
Hawaii Laupahoehoe 3 7 -0.087 0.99
Hawaii Laupahoehoe 10 8 -0.185 1.00
Hawaii Leleiwi 3 7 -0.036 0.63
Hawaii Leleiwi 10 1 -O.OlO 0.49
Hawaii Nenue Pt. 5 2 -0.054 0.78
Hawaii Nenue Pt. lO 7 -0.025 0.69
Kahoolawe Hakioawa 3 7 -0.043 0.81
Kahoolawe Hakioawa lO 10 -0.003 0.46
Kauai Hanalei 3 4 0.038 0.13
Kauai Hanalei 8 7 -0.028 0.77
Kauai Hoai Bay lO 6 -0.236 0.86
Kauai Milolii lO 10 0.017 0.28
Kauai Nualolo Kai 3 4 -0.052 0.63
Kauai Nualolo Kai lO 7 -0.065 0.98
Maui Honolua North 3 2 -0.022 0.64
Maui Honolua South 3 4 0.054 0.11
Maui Kahekili 3 6 -0.014 0.59
Maui Kahekili 7 2 -0.032 0.79
Maui Kanahena Bay 1 2 -0.053 0.97
Maui Kanahena Pt. 3 6 -0.034 0.82
Maui Kanahena Pt. lO 2 -0.034 0.78
Maui Maalaea 3 4 -0.028 0.71
Maui Maalaea 6 1 -0.037 0.52
Maui Molokini 8 6 -0.046 0.93
Maui Molokini 13 6 -0.044 0.86
Maui Olowalu 3 6 -0.063 0.99
Maui Olowalu 7 3 -0.055 0.95
Maui Papaula Pt. 4 1 -0.014 0.56
Maui Papaula Pt. 10 4 -0.042 0.91
Maui Puamana 3 5 -0.016 0.62
Maui Puamana 13 3 -0.667 1.00
Oahu HanaumaBay lO 8 0.045 0.16
Oahu Heeia 2 5 -0.066 0.91
Oahu Heeia 8 3 -0.044 0.76
Oahu Kahe Pt. 3 3 0.033 0.26
Oahu Kalaaea 2 6 -0.050 0.96
Oahu Kalaaea 8 9 0.000 0.67
Oahu Moku 0 Loe 2 7 -0.065 0.98
Oahu Moku 0 Loe 9 3 0.034 0.29
Oahu Pili 0 Kahe 3 7 -0.025 0.58
Oahu Pupukea 8 4 0.092 0.14
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DISCUSSION

The two sources of error evaluated in this study focused on the precision

of observer identifications and the precision of the field measurement technique.

Differences between observer identifications were high but it depended on the

substrate. Observer error at the lowest level of taxonomic resolution ranged from

27% to 11% for categories that had low structural relief or blended into the

substrate such as turf algae, coralline algae, other and macroalgae. Other

substrate categories such as coral, sand, and N/C appeared to be more readily

discernable because error estimates were lower and ranged from 1-4%. In

addition to habitat differences, observer experience also appeared to playa role

in discrepancies between substrate categories. The largest difference in total

coral cover (3.1 %), which was statistically significant (p = 0.002), was seen

between the most experienced observer (observer 4) and the least experienced

(observer 2) (Tables F2 and F3). Even though the habitat was relatively

heterogeneous (23-26% total coral cover) for this comparison it was not much

different than the habitat (25-27% total coral cover) examined by observer 4 and

observer 5. To simplify future analysis for the majority of observers,

identification of coralline algae, macroalgae, other, and turf algae was reduced

into the substrate category. The more detailed categories were only used at reefs

where the same observer analyzed the data. Coral species, sand,

macroinvertebrates, and NjC categories continued to be used in the same

manner as previously outlined.

An average difference between observers of 1.9% for total coral cover

using video techniques seemed reasonable but it should be noted that this is a

type of precision error and not the level of accuracy. Tomkins et al. (1999)

reported an observer error or unconditional probability of 10% at a similar

taxonomic or group level from the Great Barrier Reef Monitoring Program. In

241



their case, however, they focused on the accuracy of observers correctly

identifying marked substrates rather than inter observer variation. Another facet

of observer error is the reduced taxonomic resolution with the video technique

(Carleton and Done 1995; Tomkins et al. 1999). In this study, increasing

taxonomic resolution down to the level of species resulted in an average

difference between observers or conditional probability of 7.3%. Therefore, at the

level of coral species the unconditional probability that both observers would

agree was approximately 91%. In terms of accuracy, this probability would most

likely be lower but not close to the 37% documented by Tomkins et al. (1999) for

correctly identifying the coral species. The simplest explanation for the large

drop in accuracy in their study is the taxonomic complexity of the Great Barrier

Reef coral fauna compared to the relative paucity of coral species in Hawaii

(Veron 2000). In any event, both levels of observer error should be evaluated and

incorporated into the overall error estimate.

Average measurement error of 2.7% for a given transect did not appear to

be a substantial problem and was not statistically different among reefs. There is

the possibility that over the course of 10 transects this error might be additive

resulting in a 21% possible difference in total coral cover due to just the error in

the technique. However, adding all of the measurement errors does not appear

to be the appropriate approach because many of the transects sampled over

similar habitats produced error estimates less than 2.7% (Figure F1). Using the

rationale that multiple transects within a similar habitat range would be similar

to the 10 transects at a reef then an average error seems justified. It does appear

appropriate, however, to treat average observer error and measurement error as

additive since these are different sources of error. In this case one might predict

an average total error for total coral cover of approximately 5% (1.9% observer +

2.7% measurement) with the worst case scenario around 13% (3.1% observer +
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9.7% measurement). Therefore, the target effect size of 10% change in absolute

coral cover for the digital video transects seemed reasonable given an average

combined observer and measurement error of -5%.

From a multivariate perspective, precision also appeared to be fairly high

for the entire coral assemblages. This indicated that when measurement error

was present (i.e. total coral cover is slightly different in the pairwise comparison

between transects) the relative proportions of various coral species within each

transect was reasonably uniform.
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Appendix G.
Percent cover in 2000 for various substrates and species between the two
methods at Honolua North 3m.

Reef
Honolua North
3m

Substrate S ecies
Coralline algae
Macroalgae
Turf algae
Diadema paucispinum
Echinothrix calamans
Echinometra mathaei
Heterocentrotus mammillatus
Tripneustes gratilla
Tunicate
Sand
Unknown
Cyphastrea ocellina
Fungia scutana
Leptastrea purpurea
Montipora verrucosa
Montipora jlabellata
Montipora patula
Montipora studeri
Pavona varians
Pocillopora damicomis
Pocillopora eydouxi
Pocillopora meandrina
Porites bnghami
Porites compressa
Porites evermanni
Porites lichen
Pontes lobata
Pontes rus
Psammocora nierstraszi
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PWF
Mean
10.73
8.45

60.88
0.00
0.00
0.00
0.00
0.00
0.00
5.05
0.00
0.04
0.00
0.58
1.77
1.47
1.47
0.08
1.50
0.00
0.00
0.89
0.04
0.42
0.00
0.08
6.33
0.00
0.00

SE
4.80
5.24

11.28
0.00
0.00
0.00
0.00
0.00
0.00
8.63
0.00
0.15
0.00
1.72
1.63
2.29
1.72
0.31
1.08
0.00
0.00
1.26
0.15
0.65
0.00
0.21
5.41
0.00
0.00

CRAMP
Mean SE
12.48 3.13
4.66 2.06

59.32 4.85
0.00 0.00
0.00 0.00
0.01 0.05
0.00 0.00
0.00 0.00
0.03 0.07
6.21 4.21
0.01 0.05
0.04 0.09
0.00 0.00
0.00 0.00
1.44 0.97
0.87 0.95
1.77 1.67
0.03 0.10
3.28 1.45
0.00 0.00
0.00 0.00
0.51 0.93
0.00 0.00
0.60 0.56
0.05 0.21
0.11 0.19
7.89 3.85
0.00 0.00
0.00 0.00



Appendix G. (Continued)
Percent cover in 2000 for various substrates and species between the two
methods at Honolua South 3m.

Reef
Honolua South
3m

Substrate S ecies
Coralline algae
Macroalgae
Turf algae
Diadema paucispinum
Echinothrix calamaris
Echinometra mathaei
Heterocentrotus mammillatus
Tripneustes gratilla
Tunicate
Sand
Unknown
Cyphastrea ocellina
Fungia scutaria
Leptastrea purpurea
Montipora verrucosa
Montipora jlabellata
Montipora patula
Montipora studeri
Pavona varians
Pocillopora damicornis
Pocillopora eydouxi
Pocillopora meandrina
Porites brighami
Porites compressa
Porites evermanni
Porites lichen
Porites lobata
Porites rus
Psammocora nierstraszi
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PWF
Mean
17.05
8.10

54.13
0.00
0.00
0.00
0.00
0.00
0.00
1.93
0.00
0.00
0.00
0.04
0.81
7.14
2.24
0.00
1.47
0.04
0.04
1.77
0.04
0.19
0.00
0.12
4.59
0.00
0.00

SE
6.58
5.27
8.85
0.00
0.00
0.00
0.00
0.00
0.00
4.29
0.00
0.00
0.00
0.15
0.82
6.46
2.70
0.00
1.18
0.15
0.15
1.70
0.15
0.39
0.00
0.26
4.33
0.00
0.00

CRAMP
Mean SE
14.17 3.10
4.85 2.20

52.65 4.32
0.00 0.00
0.00 0.00
0.07 0.11
0.00 0.00
0.00 0.00
0.00 0.00
1.05 1.45
0.00 0.00
0.04 0.09
0.00 0.00
0.03 0.10
3.13 2.47
9.49 4.60
4.11 2.75
0.05 0.21
4.05 1.53
0.01 0.05
0.00 0.00
1.59 1.62
0.00 0.00
0.37 0.50
0.00 0.00
0.25 0.22
3.57 2.45
0.00 0.00
0.01 0.05



Appendix G. (Continued)
Percent cover in 2000 for various substrates and species between the two
methods at Puamana 3m.

Reef
Puamana 3m

Substrate S ecies
Coralline algae
Macroalgae
Turf algae
Diadema paucispinum
Echinothrix calamaris
Echinometra mathaei
Heterocentrotus mammillatus
Tripneustes gratilla
Tunicate
Sand
Unknown
Cyphastrea ocellina
Fungia scutaria
Leptastrea purpurea
Montipora verrucosa
Montipora jlabellata
Montipora patula
Montipora studeri
Pavona varians
Pocillopora damicornis
Pocillopora eydouxi
Pocillopora meandrina
Porites brighami
Porites compressa
Porites evermanni
Porites lichen
Porites lobata
Porites rus
Psammocora nierstraszi
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PWF
Mean

1.62
6.21

71.64
0.00
0.00
0.00
0.00
0.00
0.00
4.09
0.00
0.00
0.00
0.12
0.42
0.00
0.81
0.00
0.04
0.00
0.04
7.48
0.04
0.93
0.04
0.00
6.52
0.00
0.00

SE
2.22

11.38
16.66
0.00
0.00
0.00
0.00
0.00
0.00

12.49
0.00
0.00
0.00
0.34
0.61
0.00
1.32
0.00
0.15
0.00
0.15
2.64
0.15
2.51
0.15
0.00
6.07
0.00
0.00

CRAMP
Mean SE

2.19 0.94
4.23 1.89

71.84 5.62
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
4.08 4.71
0.00 0.00
0.00 0.00
0.00 0.00
0.13 0.27
0.68 0.39
0.00 0.00
0.99 0.99
0.00 0.00
0.17 0.22
0.03 0.10
0.39 1.24
8.35 3.06
0.01 0.05
0.45 0.54
0.00 0.00
0.00 0.00
6.35 3.90
0.00 0.00
0.00 0.00



Appendix G. (Continued)
Percent cover in 2000 for various substrates and species between the two
methods at Puamana 13m.

Reef
Puamana 13m

Substrate S ecies
Coralline algae
Macroalgae
Turf algae
Diadema paucispinum
Echinothrix calamaris
Echinometra mathaei
Heterocentrotus mammillatus
Tripneustes gratilla
Tunicate
Sand
Unknown
Cyphastrea ocellina
Fungia scutaria
Leptastrea purpurea
Montipora verrucosa
Montipora flabellata
Montipora patula
Montipora studeri
Pavona varians
Pocillopora damicomis
Pocillopora eydouxi
Pocillopora meandrina
Porites brighami
Porites compressa
Porites evermanni
Porites lichen
Porites lobata
Porites rus
Psammocora nierstraszi
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PWF
Mean

0.00
6.23

24.10
0.00
0.00
0.00
0.00
0.00
0.00

67.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.00
0.73
0.00
0.00
0.00
0.00
1.70
0.00
0.00

SE
0.00
3.53

19.31
0.00
0.00
0.00
0.00
0.00
0.00

20.85
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.32
0.00
0.96
0.00
0.00
0.00
0.00
2.97
0.00
0.00

CRAMP
Mean SE

1.03 0.64
4.96 2.16

54.59 8.61
0.00 0.00
0.15 0.25
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

36.12 9.29
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.24 0.25
0.00 0.00
0.03 0.07
0.00 0.00
0.01 0.05
0.00 0.00
0.00 0.00
0.52 0.52
0.00 0.00
0.88 1.20
0.00 0.00
0.00 0.00
1.44 1.04
0.00 0.00
0.00 0.00



Appendix G. (Continued)
Percent cover in 2000 for various substrates and species between the two
methods at Olowalu 3m.

PWF CRAMP
Reef Substrate S ecies Mean SE Mean SE
Olowalu 3m Coralline algae 8.06 4.14 6.53 1.79

Macroalgae 2.97 3.07 0.13 0.22
Turf algae 64.47 10.73 64.07 5.53
Diadema paucispinum 0.00 0.00 0.00 0.00
Echinothrix calamaris 0.00 0.00 0.00 0.00
Echinometra mathaei 0.00 0.00 0.00 0.00
Heterocentrotus mammillatus 0.00 0.00 0.00 0.00
Tripneustes gratilla 0.00 0.00 0.03 0.10
Tunicate 0.00 0.00 0.00 0.00
Sand 4.48 9.54 4.52 4.04
Unknown 0.00 0.00 0.00 0.00
Cyphastrea ocellina 0.23 0.41 0.03 0.07
Fungia scutaria 0.12 0.46 0.00 0.00
Leptastrea purpurea 0.00 0.00 0.30 0.61
Montipora verrucosa 6.17 7.66 5.89 3.52
Montipora flabellata 0.00 0.00 0.00 0.00
Montipora patula 1.50 2.71 2.83 2.45
Montipora studeri 0.00 0.00 0.00 0.00
Pavona varians 0.39 0.78 1.01 1.00
Pocillopora damicomis 0.04 0.15 0.04 0.11
Pocillopora eydouxi 0.00 0.00 0.00 0.00
Pocillopora meandrina 1.00 1.26 1.79 1.51
Porites brighami 0.15 0.37 0.07 0.15
Porites compressa 2.97 4.71 3.89 2.78
Porites evermanni 0.00 0.00 0.00 0.00
Porites lichen 0.12 0.34 0.07 0.11
Porites lobata 5.29 9.94 7.02 5.64
Porites rus 0.00 0.00 0.04 0.15
Psammocora nierstraszi 0.66 1.50 0.15 0.23
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Appendix G. (Continued)
Percent cover in 2000 for various substrates and species between the two
methods at Olowalu 8m.

PWF CRAMP
Reef Substrate S ecies Mean SE Mean SE
Olowalu 8m Coralline algae 1.49 1.72 3.21 1.98

Macroalgae 0.04 0.16 0.08 0.19
Turf algae 35.46 11.81 36.67 5.93
Diadema paucispinum 0.00 0.00 0.01 0.05
Echinothrix calamaris 0.00 0.00 0.00 0.00
Echinometra mathaei 0.00 0.00 0.00 0.00
Heterocentrotus mammillatus 0.00 0.00 0.03 0.07
Tripneustes gratilla 0.00 0.00 0.03 0.10
Tunicate 0.00 0.00 0.00 0.00
Sand 9.02 13.28 5.99 4.90
Unknown 0.00 0.00 0.00 0.00
Cyphastrea ocellina 0.04 0.16 0.05 0.12
Fungia scutaria 0.00 0.00 0.00 0.00
Leptastrea purpurea 0.00 0.00 0.00 0.00
Montipora verrucosa 18.94 11.22 20.08 6.86
Montipora jlabellata 0.00 0.00 0.00 0.00
Montipora patula 13.07 8.79 15.49 5.67
Montipora studeri 0.00 0.00 0.00 0.00
Pavona varians 0.26 0.67 0.35 0.70
Pocillopora damicomis 0.00 0.00 0.00 0.00
Pocillopora eydouxi 0.00 0.00 0.00 0.00
Pocillopora meandrina 2.26 2.01 1.72 1.56
Porites brighami 0.00 0.00 0.00 0.00
Porites compressa 0.30 0.65 1.32 1.74
Porites evermanni 0.00 0.00 0.00 0.00
Porites lichen 0.00 0.00 0.08 0.14
Porites lobata 15.28 14.13 14.50 7.95
Porites rus 0.00 0.00 0.00 0.00
Psammocora nierstraszi 0.00 0.00 0.00 0.00
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Appendix H.
Transitional probabilities for various size classes of the most abundant (n> 100 colonies) coral species at Honolua North 3m for
the time periods 1999-2000,2000-2001, and 2001-2002. Sample sizes (n) and mortality rates (dx) are shown for each size class.
Species with 3 size classes are coded as follows: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3 >10cm2 . Species with 4 size classes are coded: 1
= 0-2.5cm2 , 2 = 2.5-10cm2 , 3 = 10-25cm2 , and 4 >25cm2 .

Species & 1999-2000 2000-2001 2001-2002
Reef size class t + 1 Size class 1999 Size class 2000 Size class 200 1
Honolua Montipora capitata 1 2 3 1 2 3 1 2 3
North 3m Size 1 0.650 0.250 0.333 0.429 0.316 0.000 0.513 0.375 0.125

Size 2 0.075 0.542 0.333 0.122 0.474 0.000 0.154 0.563 0.000
Size 3 0.000 0.167 0.333 0.000 0.158 1.000 0.026 0.000 0.875

dx 0.275 0.042 0.000 0.449 0.053 0.000 0.308 0.063 0.000

tv n 40 24 6 49 19 6 39 16 8
CJl
0

Porites Zobata 1 2 3 4 1 2 3 4 1 2 3 4
Size 1 0.538 0.172 0.045 0.000 0.349 0.194 0.267 0.000 0.220 0.237 0.143 0.000
Size 2 0.103 0.690 0.409 0.000 0.186 0.694 0.133 0.000 0.073 0.368 0.143 0.000
Size 3 0.000 0.069 0.455 0.250 0.000 0.028 0.533 0.333 0.000 0.079 0.500 0.100
Size 4 0.000 0.000 0.091 0.750 0.000 0.028 0.067 0.667 0.000 0.000 0.071 0.900

dx 0.359 0.069 0.000 0.000 0.465 0.056 0.000 0.000 0.707 0.316 0.143 0.000
n 39 29 22 12 43 36 15 12 41 38 14 10



Appendix H. (Continued)
Transitional probabilities for various size classes of the most abundant (n> 100 colonies) coral species at Honolua South 3m for
the time periods 1999-2000,2000-2001, and 2001-2002. Sample sizes (n) and mortality rates (dx) are shown for each size class.
Species with 3 size classes are coded as follows: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3 >10cm2 • Species with 4 size classes are coded: 1
= 0-2.5cm2 , 2 = 2.5-10cm2 , 3 = 10-25cm2 , and 4 >25cm2 .

Species & 1999-2000 2000-2001 2001-2002
Reef size class t + 1 Size class 1999 Size class 2000 Size class 2001
Honolua Montipora capitata 1 2 3 1 2 3 1 2 3
South 3m Size 1 0.500 0.500 0.000 0.412 0.000 0.000 0.429 0.600 0.000

Size 2 0.000 0.500 0.500 0.118 0.750 0.000 0.000 0.400 0.500
Size 3 0.000 0.000 0.500 0.000 0.250 1.000 0.000 0.000 0.500

dx 0.500 0.000 0.000 0.471 0.000 0.000 0.571 0.000 0.000

tv n 18 6 2 17 4 1 14 5 2
CJl
......

Montipora flabellata 1 2 3 4 1 2 3 4 31 2 4
Size 1 0.547 0.235 0.222 0.000 0.455 0.286 0.000 0.000 0.358 0.389 0.000 0.000
Size 2 0.057 0.471 0.222 0.000 0.106 0.286 0.375 0.000 0.038 0.167 0.200 0.091
Size 3 0.019 0.235 0.333 0.125 0.000 0.143 0.250 0.111 0.000 0.111 0.400 0.091
Size 4 0.000 0.000 0.222 0.875 0.015 0.000 0.375 0.889 0.000 0.056 0.200 0.818

dx 0.377 0.059 0.000 0.000 0.424 0.286 0.000 0.000 0.604 0.278 0.200 0.000
n 53 17 9 8 66 14 8 9 53 18 5 11



Appendix H. (Continued)
Transitional probabilities for various size classes of the most abundant (n> 100 colonies) coral species at Puamana 3m for the
time periods 1999-2000,2000-2001, and 2001-2002. Sample sizes (n) and mortality rates (dx) are shown for each size class.
Species with 3 size classes are coded as follows: 1 = 0-2.5cm2, 2 = 2.5-10cm2, 3 >10cm2 • Species with 4 size classes are coded: 1
= 0-2.5cm2, 2 = 2.5-lOcm2 , 3 = 10-25cm2, and 4 >25cm2 .

Reef
Puamana
3m

Species &
size class t + 1
Montipora capitata
Size 1
Size 2
Size 3

1999-2000
Size class 1999
1 2 3

0.843 0.333 0.000
0.036 0.333 0.000
0.000 0.000 0.000

2000-2001
Size class 2000
123

0.652 0.000 0.000
0.009 0.000 0.000
0.000 0.000 0.000

2001-2002
Size class 200 1
123

0.583 0.667 0.000
0.000 0.333 0.000
0.000 0.000 0.000

0.120 0.333 0.000
83 3 a

0.339 0.000 0.000
112 4 a

0.417 0.000 0.000
96 3 a

~

CJ1
~

dx
n

Pocillopora meandrina
Size 1
Size 2
Size 3
Size 4

1
0.438
0.125
0.000
0.000

2
0.143
0.214
0.071
0.000

3
0.000
0.111
0.667
0.222

4
0.333
0.133
0.000
0.533

1
0.217
0.022
0.000
0.000

2
0.385
0.308
0.000
0.000

3
0.429
0.000
0.286
0.143

4
0.444
0.000
0.111
0.556

1
0.342
0.026
0.000
0.000

2
0.444
0.111
0.111
0.000

3
0.000
0.000
0.667
0.000

4
0.333
0.000
0.000
0.667

dx

n
0.438 0.571 0.000 0.000 0.761 0.308 0.143 0.000

16 14 9 15 46 13 7 10
0.632 0.333 0.333 0.000

38 9 3 6

Porites lobata
Size 1
Size 2
Size 3
Size 4

1
0.596
0.149
0.000
0.000

2
0.000
0.563
0.313
0.000

3
0.000
0.000
0.500
0.500

4
0.000
0.000
0.000
1.000

1
0.629
0.143
0.029
0.000

2
0.063
0.438
0.313
0.000

3
0.000
0.000
0.333
0.500

4
0.000
0.000
0.000
1.000

1
0.531
0.094
0.000
0.000

2
0.231
0.462
0.231
0.000

3
0.000
0.375
0.375
0.250

4
0.000
0.000
0.143
0.857

dx

n
0.255 0.125 0.000 0.000 0.200 0.188 0.167 0.000

47 16 2 3 35 16 6 4
0.375 0.077 0.000 0.000

32 13 8 7



Appendix H. (Continued)
Transitional probabilities for various size classes of the most abundant (n> 100 colonies) coral species at Puamana 13m for the
time periods 1999-2000,2000-2001, and 2001-2002. Sample sizes (n) and mortality rates (dx) are shown for each size class.
Species with 3 size classes are coded as follows: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3 >10cm2 • Species with 4 size classes are coded: 1
= 0-2.5cm2 , 2 = 2.5-10cm2 , 3 = 10-25cm2 , and 4 >25cm2 .

Species & 1999-2000 2000-2001 2001-2002
Reef size class t + 1 Size class 1999 Size class 2000 Size class 200 1
Puamana Montipora capitata 1 2 3 1 2 3 1 2 3
13m Size 1 0.250 0.000 0.000 0.800 0.000 0.000 0.467 1.000 0.000

Size 2 0.000 0.000 0.000 0.100 0.000 0.000 0.000 0.000 0.000
Size 3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

dx 0.750 0.000 0.000 0.100 0.000 0.000 0.533 0.000 0.000
n 4 a a 10 a a 15 1 a

tQ
Ul Porites compressa 1 2 3 1 2 3 1 2 3w

Size 1 0.556 0.167 0.000 0.543 0.444 0.000 0.537 0.083 0.000
Size 2 0.056 0.500 1.000 0.086 0.333 0.000 0.122 0.417 0.500
Size 3 0.000 0.167 0.000 0.000 0.111 1.000 0.000 0.083 0.500

dx 0.389 0.167 0.000 0.371 0.111 0.000 0.341 0.417 0.000
n 36 6 1 35 9 1 41 12 2



Appendix H. (Continued)
Transitional probabilities for various size classes of the most abundant (n> 100 colonies) coral species at 01owa1u 3m for the time
periods 1999-2000,2000-2001, and 2001-2002. Sample sizes (n) and mortality rates (dx) are shown for each size class. Species
with 3 size classes are coded as follows: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3 >10cm2 • Species with 4 size classes are coded: 1 = 0-
2.5cm2 , 2 = 2.5-10cm2 , 3 = 10-25cm2 , and 4 >25cm2 .

Species & 1999-2000 2000-2001 2001-2002
Reef size class t + 1 Size class 1999 Size class 2000 Size class 2001
01owa1u Montipora capitata 1 2 3 4 1 2 3 4 1 2 3 4
3m Size 1 0.368 0.455 0.000 0.111 0.348 0.333 0.143 0.167 0.524 0.200 0.000 0.000

Size 2 0.105 0.273 0.286 0.111 0.304 0.500 0.143 0.000 0.190 0.650 0.250 0.000
Size 3 0.000 0.000 0.429 0.222 0.000 0.083 0.286 0.333 0.000 0.100 0.750 0.167
Size 4 0.000 0.000 0.143 0.444 0.000 0.000 0.429 0.500 0.048 0.050 0.000 0.833

dx 0.526 0.273 0.143 0.111 0.348 0.083 0.000 0.000 0.238 0.000 0.000 0.000

tv n 19 11 7 9 23 12 7 6 21 20 4 6
(Jl

+>
Pavona duerdeni 1 2 3 1 2 3 1 2 3
Size 1 0.815 0.100 0.143 0.541 0.000 0.000 0.500 0.333 0.000
Size 2 0.111 0.600 0.143 0.108 0.500 0.250 0.107 0.533 0.364
Size 3 0.000 0.300 0.714 0.000 0.500 0.750 0.000 0.067 0.636

dx 0.074 0.000 0.000 0.351 0.000 0.000 0.393 0.067 0.000
n 27 10 7 37 10 8 28 15 11

Porites compressa 1 2 3 1 2 3 1 2 3
Size 1 0.313 0.154 0.083 0.250 0.118 0.000 0.375 0.250 0.182
Size 2 0.125 0.385 0.333 0.167 0.529 0.143 0.000 0.417 0.273
Size 3 0.063 0.000 0.500 0.083 0.235 0.857 0.125 0.167 0.545

dx 0.500 0.462 0.083 0.500 0.118 0.000 0.500 0.167 0.000
n 16 13 12 24 17 7 8 12 11



Appendix H. (Continued)
Transitional probabilities for various size classes of the most abundant (n> 100 colonies) coral species at Olowalu 8m for the time
periods 1999-2000,2000-2001, and 2001-2002. Sample sizes (n) and mortality rates (dx) are shown for each size class. Species
with 3 size classes are coded as follows: 1 = 0-2.5cm2 , 2 = 2.5-10cm2 , 3 >10cm2 . Species with 4 size classes are coded: 1 = 0
2.5cm2 , 2 = 2.5-10cm2 , 3 = 1O-25cm2 , and 4 >25cm2 .

Reef
Olowalu
8m

Species &
size class t + 1
Montipora capitata
Size 1
Size 2
Size 3
Size 4

1999-2000
Size class 1999
123

0.500 0.231 0.333
0.100 0.231 0.167
0.000 0.154 0.333
0.000 0.000 0.000

4
0.100
0.000
0.000
0.900

2000-2001
Size class 2000
123

0.292 0.222 0.000
0.167 0.333 0.000
0.000 0.333 0.500
0.000 0.000 0.500

4
0.100
0.000
0.000
0.800

2001-2002
Size class 200 1
123

0.412 0.167 0.167
0.000 0.000 0.000
0.059 0.333 0.333
0.059 0.333 0.500

4
0.000
0.200
0.000
0.800

0.400 0.385 0.167 0.000
10 13 6 10

0.542 0.111 0.000 0.100
24 9 4 10

0.471 0.167 0.000 0.000
17 6 6 10

~
()1
()1

dx
n

Montipora patula
Size 1
Size 2
Size 3
Size 4

1
0.250
0.083
0.000
0.000

2
0.000
0.556
0.000
0.000

3
0.000
0.000
0.500
0.250

4
0.000
0.077
0.000
0.923

1
0.500
0.300
0.000
0.000

2
0.000
0.111
0.222
0.000

3
0.000
0.000
0.000
1.000

4
0.071
0.000
0.071
0.857

1
0.250
0.100
0.000
0.000

2
0.083
0.333
0.167
0.000

3
0.000
0.000
1.000
0.000

4
0.063
0.063
0.000
0.875

dx
N

0.667 0.444 0.250 0.000
12 9 4 13

0.200 0.667 0.000 0.000
10 9 3 14

0.650 0.417 0.000 0.000
20 12 4 16



Appendix I.
Grouping of data set comparisons among stations and species into good,
moderate, and poor correlations. Data set codes are as follows; A = Invisible
recruitment patterns, B = Juvenile to adult patterns in recruitment, growth and
mortality, C = Colony size and population skewness, D = Coral cover and change
in percent coral cover.

Station Species Good Moderate Poor

Honolua North 3m Montipora capitata AxD AxC AxB
BxD BxC
CxD

Montipora patula AxD AxB
BxC AxC
BxD CxD

Pocillopora meandrina AxB AxC AxD
BxC
BxD
CxD

Porites compressa AxD AxC AxB
BxC BxD
CxD

Porites lobata AxD AxC AxB
BxC BxD CxD

Honolua South 3m Montipora capitata BxC AxB
BxD AxC
CxD AxD

Montipora patula AxD BxC AxB
AxC
BxD
CxD

Pocillopora meandrina AxC AxD AxB
BxC
BxD
CxD

Porites compressa AxB
AxC
AxD
BxC
BxD
CxD

Porites lobata AxC BxC AxB
AxD
BxD
CxD
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Appendix I. (Continued)
Grouping of data set comparisons among stations and species into good,
moderate, and poor correlations. Data set codes are as follows; A = Invisible
recruitment patterns, B = Juvenile to adult patterns in recruitment, growth and
mortality, C = Colony size and population skewness, D = Coral cover and change
in percent coral cover.

Station Species Good Moderate Poor

Puamana 3m Montipora capitata AxB
AxC
AxD
BxC
BxD
CxD

Montipora patuZa AxB
AxC
AxD
BxC
BxD
CxD

Pocillopora meandrina BxC AxC AxB
BxD AxD
CxD

Porites compressa AxB BxC
AxC
AxD
BxD
CxD

Porites Zobata AxD AxC AxB
BxC
BxD
CxD

Puamana 13m Montipora capitata AxB
AxC
AxD
BxC
BxD, CxD

Montipora patuZa AxB
AxC
AxD
BxC
BxD, CxD

Pocillopora meandrina AxC BxC AxB
AxD
BxD, CxD

Porites compressa BxC AxB
BxD AxC
CxD AxD

Porites Zobata BxC AxB
BxD AxC
CxD AxD
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Appendix I. (Continued)
Grouping of data set comparisons among stations and species into good,
moderate, and poor correlations. Data set codes are as follows; A = Invisible
recruitment patterns, B = Juvenile to adult patterns in recruitment, growth and
mortality, C = Colony size and population skewness, D = Coral cover and change
in percent coral cover.

Station Species Good Moderate Poor

Olowalu 3m Montipora capitata AxB AxC AxD
BxC
BxD
CxD

Montipora patuZa AxB AxC
AxD
BxC
BxD
CxD

Pocillopora meandrina AxB AxD
AxC
BxC
BxD
CxD

Porites compressa AxB BxD
AxC
AxD
BxC
CxD

Porites Zobata BxC AxB
BxD AxC
CxD AxD

Olowalu 8m Montipora capitata AxC BxC AxB
AxD BxD

CxD
Montipora patuZa AxC BxC AxB

AxD BxD
CxD

Pocillopora meandrina AxC AxB AxD
CxD BxC BxD

Porites compressa CxD AxC
AxD

Porites Zobata AxC AxD AxB
BxC CxD BxD
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