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Summary
Conclusions:
1. The Pila'a reef is an extremely valuable resource. This is one of the few
areas on the NE coast of Kauai with an extensive shallow reef flat that is
protected from ocean swell by the outer reef crest. A complex topographic
relief in this sheltered area results in a wide range of reef habitats. Marine life
is abundant and diverse with diverse coral cover in the deeper locations. The
inshore area is an important juvenile fish habitat and a productive area for
lobster, octopus, fish and edible seaweed. Sandy beaches and the extensive
wave-protected shallows are an ideal location for ocean recreation.
2. The shallow coral reef areas at Pila'a have undergone recent degradation as
shown by:
a. Population structure of the reef corals in relation to points of terrestrial mud
input. Data in this report describe differences in numbers/proportion of
normal, stressed and dead corals between impacted and control areas of
the reef, gradients of recently killed massive coral heads, and comparison
of size/frequency of dead and live corals. The data show significant
differences in coral population structure and coral condition in the
"impacted area" versus adjacent "control" reef area on Pila'a reef.
b. Surviving coral heads in impacted area show high rates of stress including
“bleached” condition and dying corals showing tissue loss.
c. Hard substrate in impacted areas is covered with mats of algae and
terrigenous sediment rather than the pink crustose coralline algae that
would be expected. Sediments have combined with the fleshy algae into a
thick matrix on hard surfaces.
d. Presence of terrigenous mud has mixed with the carbonate sands on the
beaches, intertidal and subtidal areas. The mixture bakes into a "hardpan"
layer on impacted beaches.
e. Highly turbid conditions in the water column in the impacted zone occur
whenever waves disturb the bottom.
f. Abnormally high organic levels and anoxic conditions exist in carbonate
sediments within the impacted area.
3. Mudflows and increased rates of sediment input have resulted from grading of
steep slopes along the shoreline with consequent accelerated erosion of soil
onto the reef. Increased mud input is the cause as shown by the pattern of
damage in relation to sediment sources and inshore ocean current patterns.
4. Recovery of the damaged areas cannot begin until terrigenous input of
sediment is curtailed. Correction of the terrigenous erosion problem has been
initiated.
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5. The sediment already deposited in the system may eventually winnow out. A
large amount of mud remained in the reef system in November 2002 even
after a long period of high wave activity during the winter of 2001-2002.
Future rainfall could bring more sediment into the system if the problem has
not been corrected. Perhaps waves and currents will remove some of the
mud that already is on the reef, but turbidity resulting from the removal
process will create chronic detrimental conditions for an unknown period of
time.
6. Pila'a reef is cut off from circulation at low spring tide during periods of low
wave energy. Analysis of meteorological, hydrological and oceanographic
data reveal the mud flow of 26 November 2001 entered the shallow reef at
precisely such a time, so all of the sediment was deposited and retained in
the shallow reef system.
7. Extensive grading has been an ongoing activity at Pila'a long before, during
and after the 26 November event. The 26 November 2001 mud flow event
was large, well documented, and ran though a private home. It is important to
avoid the tendency to focus on the 26 November event. The impact of
increased sediment input over the past decade is quite important in explaining
the overall pattern of damage observed on the reef.
8. Meteorological and hydrologic conditions on the NE coast of Kauai result in
the regular occurrence of flash floods. Analysis of stream gauge data reveal
that flood conditions exceeding the event of 26 November 2001 occur at an
average of 1.4 times per year (62 events over 45 years) in the area adjacent
to Pila'a. Seven floods that were more severe than the 26 November 2001
event occurred between 1993 and 1997 when the land in the vicinity of Pila'a
stream was being graded.
9. The large dead coral heads noted in the channel area appear to have been
killed in the mid 1990's during the series of major floods and sedimentation
events that occurred during this time interval. Initial colonization of the area
by new coral recruits after clearing of this sediment has been occurring.
Chronic sediment events since then have probably impeded the process.
Nevertheless, there is evidence that recovery from the previous massive
sediment damage of the last decade has begun. Full recovery will take a long
time. The larger dead corals are from 30 to 100 years old.
10. In retrospect, the conservation buffer zone adjacent to the coral reef as well
as utilization of best management practices to curtail sediment runoff are
useful measures of protecting a reef from sediment damage. Unfortunately,
neither of these practices was followed.
11. The situation at Pila'a represents a microcosm of state-wide environmental
problems on shallow coral reefs. Chronic damage due to human activity has
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been going unnoticed or undocumented for the past century and the reefs are
in decline. Large sections of coastline are currently undergoing such
changes, but the immense time and distance scales involved present a
tremendous challenge to the researcher. Baseline data are lacking. In most
cases the only evidence of past change is the perception of local users of the
resource that "the reef is dying". Pila'a provided a unique opportunity to
evaluate such changes on a smaller time and distance scale and to learn
more about the chronic impact of sedimentation on Hawaiian coral reefs.
Recommendations:
1. Continue to take action on land to prevent further mudflows onto the reef.
Stabilize soil on the watershed and develop a plan to prevent future
sedimentation events.
2. Initiate a monitoring program in the damaged areas to measure rate of
recovery or continued decline as the case may be. The monitoring effort
should contain the following elements:
a. Permanent digital photograph transects to detect recruitment or death of
colonies. Annual monitoring of transects will show the increases or
decreases in the coral populations.
b. Annual monitoring of sediment composition to detect rate of removal of fine
muds by natural processes.
c. Quarterly monitoring of algae. This component is monitored more
frequently due to the seasonal variation in algae.
d. Continued monitoring of water quality parameters as determined by the
State Department of Health and the U.S. Environmental Protection Agency.
3. Potential mitigation options include removal of mud from the beach and
inshore areas by suction dredging and coral transplantation. Careful study
will be required before any mitigation options can by endorsed. Previous
experience with restoration and mitigation activities throughout the Pacific
islands provide a potential framework for such decisions (Naughton and
Jokiel, 2001; Jokiel and Naughton, 2002). A mitigation program should
proceed in steps:
a. First, sediment input from the land must be curtailed.
b. Then, at least one year of observations are needed to determine if natural
processes are removing the sediment and restoring coral populations. For
example, the channel area was formerly a superb coral reef environment as
shown by the numbers of large dead coral heads. Natural recruitment is
presently occurring as shown by the number of smaller coral heads that are
up to 6 years of age.
c. Based on observations in the initial monitoring phase, a plan to further
mitigate damage can be prepared and implemented as indicated by the
additional information.
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Purpose and Scope of This Study.
The Hawaii Coral Reef Assessment and Monitoring Program (CRAMP)
was established in 1998. This program was created in response to the need for
an integrated state-wide coral reef assessment and monitoring program and has
been supported by a variety of agencies including the Hawaii Coral Reef
Initiative, Division of Aquatic Resources, United States Geological Survey,
National Oceanographic and Administrative Agency, and others. Detailed
information is available at http//:cramp.wcc.hawaii.edu. The purpose of CRAMP
is to conduct research directed at understanding the natural and anthropogenic
factors that control the structure and function of Hawaiian reef communities.
CRAMP has worked closely with the Department of Land and Natural Resources
(DLNR) through the Division of Aquatic Resources (DAR), the Kahoolawe Island
Reserve Commission (KIRC) and the Natural Area Reserve System (NARS),
who are the primary trustees of the reef resources of Hawaii. The questions
surrounding recent events at Pila'a, Kauai fall within the CRAMP mission and
provided an opportunity to perform a detailed assessment of a large reef area
that appeared to be undergoing decline due to sediment impact. CRAMP is
presently involved in research on sedimentation at various sites that have been
undergoing severe sedimentation for more than a century. CRAMP has ongoing
investigations off south Molokai, Kahoolawe and northeast Lanai where reefs
have been subjected to heavy sedimentation since the introduction of grazing
animals in Hawaii. Pila'a provided a unique chance to study a reef that has only
recently been subjected to severe sediment stress. This survey added a great
deal to our knowledge of the impacts of sediment on coral reefs from a purely
scientific perspective. In addition, the information is critical to the management of
Hawaiian coral reefs.
The initial assessment at Pila'a was conducted by Paul Jokiel in early
June, 2002 (Jokiel, 2002). Based on these findings, a recommendation was
made that a joint survey be undertaken. This was accomplished during Aug 5,
2002 to Aug 8, 2002 in conjunction with DLNR managers, biologists and other
UH scientists. The CRAMP team consisted of Paul L. Jokiel (coral survey), Eric
Hill (GPS-GIS support) and Fred Farrell (mapping, fieldwork support). Eric K.
Brown conducted statistical analysis of the preliminary coral data in order to
develop a sampling design with sufficient statistical power to allow comparisons
between the impacted site and a control area. Using this statistical information,
an experimental design was developed and a follow-up survey was conducted
from Sept. 6 through Sept. 8, 2002. The follow-up survey was undertaken in
order to obtain the extensive coral transect data required to establish statistical
confidence. Paul L. Jokiel, Eric Hill and Fred Farrell conducted the field survey.
An additional survey was undertaken on September 12, 2002 by Sam Lemmo
(DLNR), Pat Ross (Sea Engineering) and Paul Jokiel in order to evaluate
possible mitigation strategies. On this survey additional sediment samples were
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taken. Unusually low surf conditions allowed for a survey of the shallow outer
reef and the various observations were on the reef flat.
Extensive analytical laboratory support throughout the study was provided
by Eric K. Brown (statistics), Fred Farrell (sediment analysis) and Kuulei Rodgers
(analysis of sediment data).
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Section 1. Overview of the problem, Pila'a Watershed and Reef Habitats.
The Problem.
A heavy rainfall on November 26, 2001 resulted in massive mud slides
along the eastern portion of Pila'a Reef on the island of Kauai which crossed the
beach and entered the nearshore reef. The mud slides were the result of a major
grading operation along the shoreline. Grading in this area had been ongoing for
a considerable length of time. Fig. 1 is an aerial image taken on April 30, 2000
when the grading was at an earlier stage of development. The grade and fill
scars are clearly visible. Various controversial issues concerning this event and
legal actions concerning the situation have been reported elsewhere (e.g.
Investigation Report KA0098, Department of Health dated 11/29/01; Chang,
2002; Dawson, 2002; Sommer, 2002). These and other background documents
are available on the web (http://teresatico.com/pflueger_case/index.html). The
focus of the CRAMP study was on the coral reefs of Pila'a.

Fig. 1. NOAA Arial of the Pila'a reef taken on April 30, 2000 shows the diverse habitats of
the fringing reef and primary features of the watershed. Area where grading and fill
operation has begun is indicated by arrow.
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Mapping Methods.
Mapping is a critically important component of the Pila'a reef assessment.
CRAMP has developed the mapping expertise needed for such surveys, using
the State of Hawaii data base and draft habitat maps recently developed by
NOS-NOAA in collaboration with Analytic Services of Hawaii and CRAMP.
Information gathered in this report is heavily based on GIS (Geographic
Information System) and GPS (Global Positioning System) methodology. The
locations of coastal and marine features were recorded using a Trimble
GeoExplorer3 GPS radio receiver. The GeoExplorer3 receiver was set to accept
a minimum of 4 GPS satellites 15o above the horizon at a position dillution of
precision (PDOP) of 6 and record position information in North American Datum
83. Feature locations collected by the GeoExplorer3 receiver were recorded in
line mode and notations were recorded on waterproof paper of the time and
description of the various coastal and marine features. GPS data was
differentially corrected using Pathfinder Office 2.80 and the Kokole Point Hawaii
continuously operating reference station (CORS) base station. Location of 25
meter transects were recorded in latitude and longitude utilizing a Garmin GPS12
GPS receiver. Geographic Information System (GIS) maps were created to
display the location of features utilizing Environmental Research Systems
Institute ArcView 3.2 software. An orthorectified mosaic aerial photograph
obtained from the National Atmospheric and Oceanic Administration and
georeferenced to the NAD 83 datum was utilized as a basemap.
The Pilaa Watershed.
This report describes the impact of recent human activity on the Pila'a watershed
in relation to present condition of the reef at Pila'a. A computer generated
topographic perspective view looking to the south is shown in Fig. 2. The Pila'a
watershed is relatively small (1,610 acres as reported on State of Hawaii GIS)
and is drained primarily by Pila'a stream. In addition there are two small gullies to
the east (left in Fig. 2). Small springs occur in these gullies. Note that the slope
of the land is not extremely steep except along the coastline. Heavy rainfall on
November 26, 2001 caused massive mud flows and resulting damage on the
east end of the reef (left side of the figure). It appears that major mud flows and
reef damage also occurred during the mid 1990's due to grading on the west
slope of the Pilaa stream valley as documented in this report (Section 5). In both
cases the mud that moved directly into the reef system resulted from grading of
steep land in close proximity to the reef.
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Fig. 2. Computer generated topographic perspective view of the Pila'a watershed looking
south.

Reef Structure at Pila'a
A well-developed fringing reef occurs off Pila’a (Figs. 1, 3). The Pila'a reef
as discussed in this report refers to the shallow area offshore of the Pila'a
watershed. This area extends from a point to the east of Ke'ilu Point on the west
to Kepuhi Point on the east. The reef is bisected by a deep channel which
represents the seaward extension of the Pila'a stream channel (Fig. 1). This
channel reaches a depth of 30-50 feet at the outer edge of the reef flat. Waves
constantly break over the seaward reef crest. At low tide the shallow portions of
the reef flat are nearly exposed. Deeper depressions and channels cut the reef
flat to produce complex habitats. Reef corals occur in the depressions, channels
and deeper areas. The dominant reef corals include brilliant purple encrusting
Montipora flabellata, encrusting brown Montipora patula, yellow encrusting and
massive colonies of Porites lobata and colonies of Pocillopora meandrina.
Crustose coralline algae and turf with some macroalgae would be expected in
this environment. Mats of algae now dominate areas impacted by the
terrigenous runoff. Coarse white carbonate sediments would generally be
expected to occur in depressions with little or no terrigenous mud or anoxic
conditions within the sediments. In the impacted areas these sediments now
contain mud and have become anoxic. The beach along the shoreline consists of
white carbonate sand, which now contains a great deal of fine red sediment as a
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result of recent mud flows. An extensive carbonate reef flat extends from the
beach to the shallow offshore reef crest. Offshore of the reef crest a
topographically more complex fore-reef extends into deeper water. This area
receives the full impact of the North Pacific Swell and the Northeast Trade Wind
Swell. Wave impact in this offshore area prevents the development of reef coral
communities to depths of over 20 feet.
Present Reef Condition - Overview
Reef condition on the reef flat was found to vary with location in relation to
the sources of terrigenous mud input and in relation to localized current flow.
Areas “upstream” of the mud sources were in better condition. Areas at the west
end of Pila'a reef are outside the influence of the sediments and served as the
"control" or "reference" area for comparisons. Conditions in the areas
downstream of the terrigenous mudflow entry points were clearly degraded.
Close to shore the carbonate sediments are mixed with terrigenous mud. These
sediments are easily remobilized by wave action to create chronic turbid
conditions. Many of the remaining corals in the area impacted by the mud flow
are dying or showing signs of extreme environmental stress. Further
downstream of the impact area the water deepens into a channel. This area is
protected from large storm surf, but experiences strong currents that favor coral
growth. This area is characterized by large coral heads, which are now all dead.
Data collected during this survey (see Section 5) indicates the corals died as a
result of previous high sediment events in the mid 1990's. The area is showing
signs of slow recovery with corals that have been recruited within the past 5
years. Recent chronic low-level sediment conditions resulting from mudflow to
the east probably have hampered recovery. For example, sediment can reduce
coral larvae settlement and survival rate of new corals (Harrigan, 1972).

Hawaii Coral Reef Assessment and Monitoring Program Pila'a Assessment.

Page 16

Fig. 3. USGS topographic map of Pila'a area.

Pila'a Reef in Comparison to Other Reefs on Kauai.
There is significant reef coral coverage on all sides of Kauai offshore to
depths of 60 feet. These coral reef communities are generally Holocene veneers
growing on basalt or older reef structures rather than constructive features
(Grigg, 1983). Although growing on older substrata, the reef communities of
Kauai are diverse and as productive as any other area in Hawaii. Hawaiian reefs
are dominated by the corals Porites lobata and Pocillopora meandrina, with other
common species that include Montipora patula, Montipora flabellata, Leptastrea
purpurea and Montipora capitata. Most areas on Kauai show higher fish
abundance and diversity than Oahu, Maui and Hawaii. Fishing pressure is
relatively low on Kauai due to a smaller human population.
The shoreline of Kauai is approximately 113 miles long (State of Hawaii
Department of Planning and Economic Development, 1965). Eleven miles of
shoreline are sea cliffs higher than 1,000 ft. that are virtually inaccessible, with an
additional 39 miles that are marginally inaccessible, leaving about 63 miles of
shoreline that can be reached from the land. Many of the reef areas of Kauai
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that can be reached from shore are subject to extreme wave action and strong
currents during most of the year, further restricting accessibility. While restricted
access has prevented human impact to many reefs, it has resulted in very high
levels of human recreational activity in other localized reef areas on the south
and east shores. Pila'a has an extensive shallow reef flat that is protected from
wave action by the outer reef crest. The inshore area is accessible for
swimming, wading or skin diving during most of the year. The outer fore-reef is
impacted heavily by Northeast Trade wind Swell and North Pacific Swell during
most of the year and is accessible to skin diving for only limited periods of time
when the surf is less than 1-2 ft. in height. However, the protected shallow reef
flat at Pila'a provides a safe recreational or fishing area during most of the year.
The deep channel that drains the reef flat is spectacular with steep vertical walls
and abundant fish populations. This area is subject to strong and dangerous
outgoing currents when the surf is high, but is easily and safely visited at low tide
when the surf is low to moderate. The inshore area has beautiful white sand
beaches, some of which have been altered recently by mudflows. The shallow
inshore area has a very complex topography. Prior to the sediment events, Pila'a
reef would have been ranked in quality with the major snorkeling locations on
Kauai located along the north shore (Ke'e Beach and Tunnels) and along the
Poipu area on the south shore. Lack of public access has limited the use of the
Pila'a area, so Pila'a reef has retained much of its pristine nature except for
recent changes due to sedimentation.
General Overview of Reef Habitats at Pila'a.
Most of the shoreline along the north and northeast coast of Kauai is severely
impacted by ocean swell. Pila'a is unique in that its large reef flat is protected
from destructive storm waves by a shallow ridge along the seaward margin. This
ridge breaks the large waves which otherwise would impact coral development
on the shallow reef flat. Waves washing over the reef crest flush the inshore
area and produce an environment favorable to marine life. The extensive reef flat
is cut by one major channel with a depth of 30-50 feet at the outer reef crest and
slope and several smaller channels with a depth of 3 to 6 feet (Figs. 2-3). The
portion of the reef flat that is emergent at extreme low tide is an algae habitat
(Fig. 4). Most of the hard substratum in this area is covered with crustose
coralline algae, turf algae and/or fleshy algae. This is an important habitat for
grazing fish that come onto the reef flat at high tide and an important nursery
ground for juvenile reef fish. Deeper depressions are scattered throughout the
reef flat. The channels and deeper areas of the reef flat remain submerged at
low tide and provide habitat for corals and many other forms of marine life (Fig.
5). The seaward edge of the reef flat consists of a protective shallow algal ridge
that uncovers at low tide (Fig. 6). The shallow ridge breaks the waves and
moderates their action inshore. Seaward of the ridge the bottom slopes seaward
forming the fore reef (Fig. 7) which can only be visited during the few days each
year when the surf is low. This area has high bottom complexity but lacks reef
coral cover due to the extreme impact of storm waves. The soft coral Palythoa
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tuberculosa and the octocoral Anthelia edmondsoni are typical of high wave
energy habitats and are found in this zone. Deeper areas offshore support
scattered coral heads and abundant fish communities (Fig 8). Very little coral
cover exists on the outer reefs. Reef corals are absent at depths shallower than
10 feet. A few colonies of Pocillopora meandrina were noted at depths of from
10 to 20 feet (Fig. 8). In comparison, the Pila'a reef flat environment supported a
rich and diverse coral community prior to the mud flow events.

Fig. 4. Shallow areas of the reef uncover at low tide. Here two fishermen hunt octopus.
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Fig.5. Deeper portions of the reef flat support corals and abundant marine life. This photo
was taken in the control area.

Fig. 6. Shallow ridge along seaward edge of the reef flat shelters inshore areas from wave
damage and favors development of corals and other organisms.
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Fig. 7. Shallow offshore fore reef is severely impacted by wave action and is devoid of
corals and dominated by crustose coralline algae. Depth of water is approximately four
feet in this photo.

Fig. 8. Deeper offshore fore reef (10-20 feet depth) is desolate but supports a few small
coral heads of the species Pocillopora meandrina that can withstand the tremendous wave
action.
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Human use and the value of the Pila'a reef system.
Pila'a is one of the few areas on the northern coastline of Kauai with an
extensive reef flat that is protected from large waves by a shallow reef crest
along the seaward margin of the reef. Severe wave action along this coastline
prevents the development of reef coral communities in shallow water along most
of the coastline. These waves also create dangerous conditions for human
activity. The sheltered areas on the reef flat at Pila'a provide a haven for coral
development and human access to the resource. At least 16 species of corals
are found on the Pila'a reef flat (Table 1). This area has much higher coral cover
and coral species diversity than the wave-impacted area immediately offshore,
even though much of the inshore resource has been damaged by recent
sedimentation. Offshore coral coverage in the wave impact zone is less than 1%
on hard substratum in shallow water, but increasing at depths below 20 feet.
The Pilaa reef system is a strikingly beautiful area with extensive sandy
beaches (Figs. 1, 3). The shallow reef area is an excellent site for swimming and
skin diving except in times of high surf. This area is an important juvenile fish
habitat, where smaller fish can escape the large predators. The octopus (known
as "squid" locally) is abundant on the shallow reef flats and we observed local
fishermen catching large numbers of these animals. Pila'a is a prime lobster
fishing area (Alan Friedlander, personal communication). The reef was formerly
a renowned area for collecting edible seaweed ("limu") prior to the mud flow
events. There is an extensive beach area. Seaward of the beach the water
deepens. The deeper areas on the Pila'a reef flat had fairly high coral coverage
until recently as evidenced by the large number of dead and dying corals.
Localized areas of coral that formerly occurred in the channel and deeper areas
of the reef flat would were of great aesthetic value to skin divers. The bright
colors of the corals (blue Montipora flabellata, yellow Porites lobata, etc.) of such
corals are very striking. The entire reef flat is a highly productive fishing area.
Pila'a (as well as most other shallow reef flats of Hawaii) could be said to
be dying. This cause is not long-term geologic senescence or other natural
causes but rather human impact. It is a paradox that the reef areas of the
highest human value are usually the first areas to be destroyed by human
activities. Throughout the State of Hawaii, valuable shallow reef areas have
been greatly impacted by humans over the past two centuries. Harbors such as
Maalaea on Maui and Kawaihae on the Big Island of Hawaii were dredged from
shallow carbonate reef flat systems. Shallow reefs on the entire south coast of
Oahu have been totally modified by dredging, filling, sea wall construction, airport
runway expansion and beach sand replenishment. Kanehoe Bay on Oahu has
been severely impacted by dredging, filling, sediment and sewage. The reef flats
of South Molokai and northeast Lanai, Kahoolawe and other areas are under
severe sedimentation stress due to accelerated land erosion caused by human
activity over the past centuries. Major resort development throughout the State
has focused on land adjacent to shallow reef areas of high value, often to the
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detriment of the reefs. Pila'a is one of the few remaining high value coral reef
flats in the state that has, until recently, escaped the encroachment of
development. Population growth and economic demand for exclusive shoreline
home sites has brought pressures to the northeast coast of Kauai. Pila'a reef
has remained unspoiled and a well-kept secret until recently. Now Pila'a reef, as
so many others, has come under stress from improper land practices. This
report documents these recent changes at Pila'a, and serves to document a
small example of a State-wide (and world wide) problem of coral reef decline that
continues to worsen with growing human population.
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Table 1. Reef coral species encountered at Pila'a reef.
Coral Species

abundance

distribution

Porites lobata

abundant

Porites evermanni

rare

Porites brighami

common

Porites compressa

abundant

Montipora capitata

abundant

Montipora patula

common

Montipora flabellata

common

Pocillopora eydouxi

rare

Pocillopora meandrina

abundant

Pocillopora ligulata

rare

Pocillopora damicornis

common

Leptastraea purpurea

common

Cyphastrea ocellina

common

Pavona varians
Pavona duerdeni
Fungia scutaria

common
common
rare

More abundant in areas of high
water motion near outer reef.
A few large colonies in areas of
moderate water motion.
Small (up to 10 cm) colonies in
shallow inshore areas.
Abundant throughout the area of
reef flat.
Abundant throughout the area of
reef flat.
More common on seaward portion
of reef flat
More common on seaward portion
of reef flat
Several colonies found on seaward
portion of reef flat.
Abundance higher in areas of good
water circulation.
A few colonies found scattered
throughout area.
More common in the inshore areas
of low water motion
More common in shallow seaward
areas of high water motion.
More common inshore in calm
water.
Found scattered throughout area.
More common at west end of reef
Individuals found at west end of reef

Reef Habitats at Pila'a - NOAA Classification and Quantification.
A major coral reef habitat-mapping project for the Hawaiian Islands was
undertaken by NOAA-NOS and is presently nearing completion. Draft habitat
maps are available for approximately half of the coral reef coastline in the main
Hawaiian Islands. The draft habitat maps for Kauai can be viewed at
(http://sag1.nos.noaa.gov/Website/HI_Kauai/viewer.htm) during the period of the
draft review process. During June of 2002 habitat classification points were
taken off Kauai by Miles Anderson of Analytic Laboratory of Hawaii assisted by
Will Smith of CRAMP. Miles Anderson subsequently used his field observations,
mapping experience and the classification points as a basis to interpret and
digitize the NOAA 2000 aerials to produce habitat maps. These maps are
intended to be base maps and lack fine detail. Habitats are only digitized to a 1acre minimum mapping resolution. Also, note that these maps reflect the
condition of the reef in June 2002 when the ground validation was conducted,
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rather than the time (April 2000) when the aerials were taken. The classification
work was conducted independently of the other biological investigations.
However, the resulting habitat classification is consistent with observations by
others that surveyed the area in detail. The most striking feature shown in the
habitat maps is the dominance of macroalgae (50-90%) in the impact area with
high macroalgae (10-50%) in the peripheral area. Initial studies by biologists
noted this condition and attributed the high coverage by macroalgae to
sedimentation and runoff (Everson and Smith, 2002; Jokiel, 2002). Detailed
quantitative studies of algal abundance and diversity point to severe degradation
of the impact area in reference to the control area at the west end of Pila'a reef
(Okano, 2002). If the classification were based only on reef substrate, both the
impact and the control areas would be classified as "Reef with Scattered Coral
Rock". The classification system used for the map shown as Fig. 9 is based on a
hierarchy (Coyne et al. 2001) that will assign the macroalgae classification to any
area dominated by algae regardless of the underlying substrata. This aspect is
presently under consideration for revision as part of the draft review process. If
revised, the classification in the impact area would become "Reef with Scattered
Coral Rock, covered by 50-90% macroalgae". The revised classification would
then classify both control and impact areas as "reef with scattered coral rock",
but with an added modifier on the impact site of "50-90% macroalgae".
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Fig. 9. Development of the draft NOAA-NOS GIS habitat map of the Pila'a area. The
ground validation points taken by Miles Anderson and Will Smith taken during June 2002
are shown in the top part of the figure. Draft digitized habitat map produced by Miles
Anderson is shown in the lower part of the figure and is available during the draft review
process at (http://sag1.nos.noaa.gov/Website/HI_Kauai/viewer.htm).
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The GIS habitat map was used to describe and estimate the area of each
of the major habitats at Pila'a. These are numbered in Fig. 10 as habitats 1 to
11. Area estimates of each habitat (habitat numbers 1-7, 10, 11) are taken
directly from the GIS table as the aerial estimate for that polygon. Area
estimates for other polygons (habitat numbers 8 and 9) were calculated because
they are based on subdivisions of larger polygons. Areas for each polygon
(habitat) shown in Fig. 10 are listed in Table 2.

Fig 10. Numbers assigned to polygons representing various habitats of interest at Pila'a
reef, Kauai.

The major characteristics of each habitat are as follows:
Habitat 1 (7.3 acres) represents the most severely impacted area at Pila'a
reef. As mentioned previously it is classified as "macroalgae 50-90%, although
the underlying substrate would be classified as "reef/ scattered coral rock". The
presence of the algae is related to the sedimentation and death of reef organisms
(see Section 4, also Okano 2002). This area has a highly complex topography
ranging in depth from subtidal to 2 m. Coral coverage is variable and undergoing
rapid decline as evidenced by stressed and dying corals. Depressions and
channels have a muddy to sandy bottom.
Habitat 2 (21.0 acres) is similar to Habitat 1, but impacted to a lesser extent.
Portions of this habitat at are much shallower than Habitat 1 and become
exposed at minus tides. In general this area contains less coral. It is classified
as "macroalgae 50-90%", but again would be classified as "reef / scattered coral
rock" if not for the algae cover.
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Habitat 3 (combined 3a, b c, d, e for a total of 8.8 acres) represent the portions of
the carbonate platform that emerge at low tide. Sediment impact on these areas
has occurred, covering and killing some of the crustose coralline algae.
However, these areas are generally adapted to extreme environmental stress
such as exposure and low salinity due to rainfall at low tide. In general these
areas are expected to recover relatively fast once the sediment stress is
removed.
Habitat 4 (3.3 acres) occurs on the east side of the deep channel and is
classified as "macroalgae 10-50%. This is an area that formerly had good coral
coverage and very massive colonies that appear to have been killed in the mid
1990's (see Section 5). The dead coral zone also extends to the west side of the
channel over part of Habitat 5.
Habitat 5 is classified as hardbottom / uncolonized pavement. This area is
deeper and has very hard substratum and good water circulation. This type of
environment would be expected have low to moderate coral cover. Corals are
nearly non-existent in this area and extending well into habitat 6, suggesting that
much of this area was impacted by severe sediment events of the mid 1990's
and is not recovering.
The western half of Habitat 6 was used as the control area in this study. Habitat 6
(13 acres) is classified as reef / scattered coral rock. The reef coral community
(see Section 5) and algae community (Okano, 2002) are in relatively good
condition in this area with diverse and healthy algae and corals. The east half of
this habitat along with Habitats 5, 7 and 8 appear to have been impacted by
sediment in the mid 1990's and have not yet recovered (see Section 5). The
impacted areas lacking coral lie directly beneath and adjacent to land that was
extensively graded sometime between early 1993 and 2000.
Habitats 5-8 occur on substrate of scattered coral rock, but areas 7 and 8 have
higher algae cover in leading to division into separate units. Habitat 7 is classified
as marcroalgae 50-90%. Habitat 8 is classified as macroalgae 10-50%.
Habitat 9 consists of sandy intertidal and subtidal areas near shore and the deep
channel running offshore. Areas 9a and 9b contain sand with a large amount of
terrigenous mud. Sediment have high organic content and are anoxic (see
Section 4 of this report). Highest percentage of mud is at the east end of habitat
9a (1.8 acres) and diminishing somewhat moving west toward the west end of 9b
(2.7 acres). A basalt headlands divides 9a and 9b. Habitat 9c (3.3 acres) grades
from low amounts of mud on the east end to no mud toward the west end.
Habitat 9d (3.4 acres) is the sand bottom of the deep channel. This area has
coarse carbonate sand with small amounts of mud and is highly anoxic. In
general there is a gradient of sediment impact on the sand habitat from the point
of sediment input at the east end of the sand habitat, diminishing to the west
("downcurrent") along the shoreline and out the main channel. The area far to
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the west of the channel has not been impacted by sediment and served as the
"control area" for comparisons with the impacted zone.
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Table 2. Areas and description of habitats at Pila'a as labeled in Fig. 10.
Habitat
Classification
Description
No.
macroalgae
Severely impacted coral reef area. Decline in coral
1
50-90%
cover, highly stressed corals. Anoxic sediments.
macroalgae
Moderate reef damage. Decline in coral cover,
2
10-50%
highly stressed corals.
Portions of reef exposed at low tide. Crustose
3a hardbottom /
coralline algae impacted by mud and overgrowth by
uncolonized
macroalgae. Potential for rapid recovery once
pavement
sediment source has been eliminated and chronic
3b hardbottom /
sedimentation from accumulated sediment has been
uncolonized
alleviated.
pavement
3c hardbottom /
uncolonized
pavement
3d hardbottom /
uncolonized
pavement
3e hardbottom /
uncolonized
pavement
hardbottom /
3 total
uncolonized
pavement
4
macroalgae
Severe damage during mid 1990's. Formerly high
50-90%
coral cover with large coral heads. Area slowly
being recolonized by corals. More recently area
again being subjected to chronic sediment stress.
5
hardbottom /
Large dead coral heads along deep channel, lack of
uncolonized
coral in remaining area probably due to
pavement
sedimentation events in mid 1990's..
6
reef /
Normal coral-algal reef community (west part), little
scattered coral live coral in east part possibly due to sedimentation
rock
events in mid 1990's.
7
macroalgae
Algae reef flat community. Probably part of area
50-90%
impacted by sediment in the mid 1990s.
8
macroalgae
Algae reef flat community. Probably part of area
10-50%
impacted by sediment in the mid 1990s.
9a
sand
Intertidal and subtidal sandy area mixed with mud.
Anoxic sediments.
9b
sand
Intertidal and subtidal sandy area mixed with mud.
Anoxic sediments.
9c
sand
Intertidal and subtidal sandy area - no mud. No
anoxia.
9d
sand, deep
Subtidal sand with some mud, anoxic sediments.
channel
10
unknown
Crustose coralline algal ridge subjected to
(obscured by
continuous breaking wave action. No damage from
wave-break)
sediment in this zone.
11
reef / linear
Fore-reef subjected to heavy wave action. Complex
reef
topography covered with crustose coralline algae
and turf algae. Little or no damage from sediment.
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Area
(acres)
7.3
21.0
1.1
1.3
2.3
2.5
1.6
8.8
3.3

8.2
13.0
1.4
2.8
1.8
2.7
3.3
3.4
9.2
13.7
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Section 2. Meteorological Conditions, Hydrological Conditions and Runoff
in Relation to Land Use at Pila'a, Kauai.
The condition of the reefs off Pila'a is impacted by runoff from the
watershed. An examination of existing meteorological and hydrological data in
relation to land use is essential to the understanding of observed coral reef
condition at Pila'a.
Pila'a is located on the NE coast of Kauai and falls under the influence of
the prevailing Northeasterly Trade Winds. The combination of trade winds and
mountainous topography produces orographic-effect precipitation as the
mountains lift the moist subtropical air. The humid air loses moisture as it is
forced to higher elevation and is cooled. Rainfall on the northeast coast of Kauai
increases with increasing elevation. The Pilaa watershed is small (1,610 acres
as reported on State of Hawaii GIS) and lies along the coastal area with an
annual rainfall of approximately 60 inches nearshore to over 80 inches at the
higher elevations of the watershed (Fig 11). This watershed is drained by Pila'a
Stream. The steam enters the Pila'a reef area at the mouth of the deep channel
that bisects the Pila'a reef. In the past, most of the runoff reaching the reef was
concentrated at the head of the deep channel where it is carried seaward by
strong outgoing currents and into the deep ocean.

Fig. 11. Annual rainfall contours (inches of rain) on the Pila'a watershed. Source: State of
Hawaii GIS. Note the small size of the Pila'a watershed (1,610 acres).
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Rainfall data are not availble for Pila'a, but long term coastal rainfall data
is available for the Kilauea area located approximately 2 miles to the west.
Average monthly rainfall is summarized from two sites in Table 3. Note the
increased annual rainfall at the higher elevation. Rainfall along this stretch of
coastline is fairly evenly distributed throughout the year with the highest mean
monthly rainfall occurring during the winter months. Evenly distributed mean
annual rainfall of over 60 inches supports lush vegetation, which has been a
major factor in the prevention of runoff and erosion in undisturbed areas.
-----------------------------------------------------------------------------------------------------------------------------------------Table 3. Long-term average monthly rainfall data (http://www.worldclimate.com/ ) from two
sites at Kilauea, which is located approximately 2 miles west of Pila'a.
-----------------------------------------------------------------------------------------------------------------------------------------KILAUEA POINT 1133, KAUAI, HAWAII USA
Located at about 22.23°N 159.40°W. Height about 54m / 177 feet above sea level.
Average Rainfall
Jan Feb Mar Apr
May
Jun
Jul
Aug Sep
Oct
Nov
Dec Year
in. 7.2 4.4
6.0
4.3
3.2
1.9
3.2
3.3
2.8
4.4
7.1
5.8
53.6
Source: derived from NCDC Cooperative Stations. 20 complete years between 1951 and 1985
KILAUEA 1134, KAUAI, HAWAII USA
Located at about 22.21°N 159.41°W. Height about 97m / 318 feet above sea level.
Average Rainfall
Jan
Feb Mar Apr
May Jun
Jul
Aug
Sept
Oct
Nov
Dec
in. 6.9
5.7
7.0
6.4
5.1
3.1
4.6
4.3
3.8
5.3
7.4
6.9
Source: derived from NCDC Cooperative Stations. 60 complete years between 1919 and 1995

Year
66.7

-------------------------------------------------------------------------------------------------------------------Meteorological conditions during the storm of late November 2001.
The storm that led to mud flows at Pila'a is described in the following summary of
the events of 26-28 Nov. 2001 as taken from the US Weather Service web site
(http://www.prh.noaa.gov/hnl/hydro/pages/nov01sum.html).
"A ridge of high pressure settled over the state and remained in place from 14
through 19 November. The resulting light winds allowed local land and sea
breeze circulations to dominate under very stable conditions with minimal rain.
Light to moderate trades returned on 20 November and slowly veered to a
southeasterly direction over the Thanksgiving weekend. The switch in wind
direction signaled the drastic change in weather pattern that followed.
By 25 November, a strong low pressure trough developed west of Kaua'i
bringing moderate to fresh southerly flow near the surface over the island
chain. The trough evolved into a kona low on 27 November with a very deep
layer of moisture and unstable conditions. After becoming cut-off as a kona
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low, the storm moved westward allowing restoration of trade winds on 29
November.
Heavy rains from this storm developed initially over the Big Island and Kaua'i
on 26 November. The rainband that affected Kaua'i was the dominant feature
of the storm and progressed slowly eastward. The leading edge of this band
contained thunderstorms that brought an initial period of intense rainfall. The
thunderstorms were followed by several hours of light to moderate rains. A
second surge of heavy showers and thunderstorms hit the southern and
eastern sections of the Big Island during the late night and early morning
hours of 27-28 November. By mid-morning, this convective activity dissipated
marking the end of significant rainfall from this event."
"Storm totals from 26 through 28 November ranged from 2.54 inches at Lihu'e
Variety Station to 9.36 inches at Koke'e. Remaining gages were mostly in the
range of 3 to 6 inches for the 3-day period. The Koke'e gage also had the
highest 24-hour storm total of 6.31 inches."

Fig. 12. Daily rainfall at Hanalei, Kauai during November 2001. An automatic rain gauge is
not in operation at Pila'a, but such data are taken at Hanalei.

-
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Detailed rainfall data (automatic rain gauge) for two sites near Pila'a are
available from the National Weather Service Forecast Office Honolulu at web
site: (http://www.prh.noaa.gov/hnl/pages/hydrology.html). Automatic rainfall
measuring stations are currently in operation at Hanalei to the west of Pila'a and
at Anahola to the east (Fig. 11). The gauges at both sites show a similar pattern
of rainfall between 26 and 28 November with an accumulated three-day total of
9.36 in. at Hanalei and 7.09 in. at Anahola. However, the automatic 15 minute
recording unit at Anahola was inoperable during the rainstorm, so only the
Hanalei data are available for computing hourly rainflall. Daily rainfall at Hanalei
for the month of November 2001 is shown in Fig. 12. Note that very low rainfall
occurred in the weeks preceding the storm. Approximately 6 inches fell on 26
November. Hourly rainfall values for 26 November are shown in Fig. 13.
Maximum rainfall of up to 1 inch per hour occurred between 1800 h and 2100 h
as the brunt of the storm passed over the northeast coast of Kauai.
Mud slides occurred at 8 PM (20:00 hours) at the height of the storm and
continued for hours afterward (Department of Health, Clean Water Branch,
Investigation Report KA0098 dated 7 December 2001).
--

Fig. 13. Hourly rainfall at Hanalei, Kauai on November 26, 2001.

Frequency of floods at Pila'a.
Flash floods are a common in Hawaii, occurring at an average rate of five
per year (Schroeder, 1977, 1978). Stream gauge records throughout the state of
Hawaii show frequent intense storm events. According to Ramage (1971),
factors leading to heavy rains include a large-scale disturbance (e.g. weather
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front), plentiful moisture supply (e.g. warm humid warm air as found around
Hawaii) and a surface discontinuity (e.g. steep slopes of a high island). The
northeast coast of Kauai fits all of these features with steep topographic relief,
humid air and frequent exposures to frontal movements, and therefore is quite
flood prone. Soils can absorb several inches of rainfall before becoming
saturated - after which time runoff will occur. Thus mean daily stream flow is a
more useful parameter than rainfall in describing flood events. Pila'a stream
does not have a stream gauge. However, records are available for Halaulani
Stream (USGS station 16097500), which drains a portion of the watershed
immediately adjacent to the west of Pala'a. This gauge is at a slightly higher
elevation (400 ft.) and has been in continuous operation since 1957. Any storms
that move over Pila'a will impact the Halaulani stream watershed also. Halaulani
Stream serves as the closest and most useful source of quantitative data for
storm events in the Pila'a area. A stream gauging site is located at Hanalei
(USGS station 16103000) to the west of Pila'a. Supplemental data from Hanlei
River was used to validat data from the Halaulani Stream Gauge. The Hanalei
River drains an immense watershed farther to the west and south, extending to
the highest point on Mt. Waialeale. Nevertheless, Hanalei River it close enough
to Pila'a to provide data useful in defining major storm patterns in the region.
Stream gauge data provide a means of estimating the frequency and intensity of
flood events in the Pila'a area. These data were obtained from the USGS web
site (http://waterdata.usgs.gov/nwis) for the period 12/1/57 to 9/30/01. Mr.
Delwyn Oki and Ms. Jill Nishimura of the UGSG Honolulu Office provided
provisional recent data from 10/1/01 to 8/6/02.
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Summary of data from Halaulani Stream.
Daily mean daily stream flow (cu. ft. per sec.) for the 12/1/57 to 8/6/02
time period is shown in Fig. 14. It is apparent that flood conditions exceeding the
Nov. 26, 2001 event are a frequent and normal occurrence in the Pila'a area.
Stream data were ranked in descending order. Seventy-four records show
stream flow exceeding the 26 November 2001 value (Table 4). Twelve of these
records are consecutive days of a single flood. In other words, at Halaulani
stream gauge, floods exceeding the 26 November flood of 2001 occur on an
average of 1.4 times per year (62 events / 45 years) over the 45 year historical
period with 11 of these exceeding the 26 November 2001 value on each of two or
three consecutive days.

Fig. 14. Daily mean stream flow (cu ft per sec) for Halaulani Stream which is located upslope and adjacent to Pila'a on the west side of the watershed. Halaulani Stream
discharges into Kilauea Stream which in turn empties into Kilauea Bay immediately
adjacent to Pil'a on the west.
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Table 4. Ranking of maximum mean daily stream flow values at Halaulani Stream Gauge
16097500 above Pila'a, Kauai for the time period 12/1/57 to 8/6/02. The value for the Sept.
26, 2001 is highlighted in red. Values for eight most recent severe flood days between
1993 and 1997 are highlighted in yellow. Two of the days (11/03/95 and 11/9/95) occurred
in close succession. The flood of 1/3/97 and 1/4/97 was a single event. These flood data
fall into the highest 0.5% of mean daily flow rates from 12/1/57 to 8/6/02.
Rank

Date

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

02/13/94
11/09/95
12/14/91
11/03/95
03/02/60
12/13/87
07/23/89
11/26/84
12/03/92
12/01/57
01/04/97
11/14/89
05/21/67
10/30/82
01/31/75
08/06/59
11/16/90
11/29/68
10/31/78
03/27/82
02/12/94
01/11/89
12/09/67
12/13/91
07/23/87
01/03/70
11/10/86
04/04/71
12/11/00
11/18/90
11/27/84
04/24/89
05/12/02
01/03/97
11/23/82
11/04/93
01/21/90
05/14/74

Mean Daily Flow
(cu. ft. per sec.)
879
625
521
384
311
309
298
270
270
268
265
259
256
247
245
235
232
231
230
230
229
224
223
202
201
200
198
196
195
194
190
190
177
174
173
169
166
162

Rank

Date

39
40
41
42
43
44
45
46
46
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

12/17/87
01/28/88
11/14/65
03/23/67
03/17/68
09/07/96
12/27/69
11/15/87
02/16/94
12/15/87
03/31/65
07/15/72
03/31/82
03/19/76
08/08/91
11/17/90
04/15/63
04/05/97
11/06/88
02/23/89
03/30/63
01/30/75
10/23/58
01/12/89
01/23/90
12/05/61
05/02/65
12/31/87
05/12/69
11/26/67
04/15/72
11/11/86
04/13/65
01/05/69
01/20/76
12/02/57
11/26/01

Mean Daily Flow
(cu. ft. per sec.)
162
162
155
155
155
155
150
149
147
146
145
144
144
140
138
137
136
136
135
135
134
134
133
133
133
132
132
131
130
127
127
127
125
125
125
124
124
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Summary Flood Data for the Hanalei River.
Mean daily stream flow data for the Hanalei River is shown in Fig. 15.
This site is located several miles to the west of Pila'a. The Hanalei River drains a
very large watershed that extends to high elevations. Nevertheless this site
serves as a useful comparison and does show the same pattern for the major
storms that impact the entire area. A total of 176 daily records of the 14,140
values shown in Fig. 15 exceed the value for November 26, 2001. An average of
approximately 4.5 flood days per year exceeding the 9/26/01 storm value were
recorded at Hanalei River.

Fig. 15. Daily mean stream flow (cubic feet per sec) for Hanalei River.
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Table 5. Listing of recent (since 1993) flood events on the Hanalei River that exceeded the
flood flow of 11/26/01. Stream flow an all of these dates fell within the highest 1.3% of flow
rates for the period of measurement (1/1/63-9/17/02).
Date
2/12/94
2/13/94
2/16/94
9/1/94
9/2/94
9/4/94
10/18/94
9/30/95
11/3/95
11/9/95
9/7/96
11/12/96
1/3/97

Mean Daily Flow
(cu ft/sec)
2210
2490
1840
1520
1600
2520
1520
2800
4000
7100
2240
1530
1550

Date
1/4/97
4/4/97
5/8/97
1/22/99
12/12/00
12/9/01
11/26/01
1/27/02
1/28/02
1/29/02
1/30/02
3/25/02
5/12/02

Mean Daily Flow
(cu ft/sec)
2760
1920
1750
1850
1570
2280
1510
1620
3030
1690
1860
4890
1540

The Halaulani Stream flood days fall on the flood days for Hanalei River.
Floods that impacted the Halaulani stream also show on the Hanalei gauge. As
mentioned previously, however, the Hanalei River has a very extensive drainage
area that extends to the highest elevations on Kauai at Mt. Waialeale, so the data
are less useful than the Halaulani Stream data for the Pila'a area. The Hanalei
River is influenced by events over its extensive watershed, which extends to the
south and the west and to the highest elevation on Kauai.
Comparison of Rain Gauge and Stream Flow Data
Flood dates between 1994 and 1997 for Halaulani Stream and the Hanalei
River were checked against available rain data from the Anahola Rain gauge.
The pattern of storm events as measured at each site shows consistent
agreement. Available comparative data are shown in Table 6. Each of the three
measuring sites shows the same pattern of flood events. Steam flow data shown
in the table are days of major flood events in 1994, 1995, 1996, 1997 as well as
2001. Note that the flood of 1/3/97 and 1/4/97 comprise a single event. Flow
data from Halaulani Stream and Hanalei River are shown for these dates as a
relative reference of flood conditions.

Hawaii Coral Reef Assessment and Monitoring Program Pila'a Assessment

Page 39

Table 6. Available Daily Rainfall recorded at Anahola for flood dates (chronological order)
in relation to data shown in Tables 4 and 5.
Anahola Rain
Halulani Stream Gauge
Hanalei River
Gauge
Gauge
Elevation (ft)
180
392
60
Drainage Area
not applicable
1.19
1,910.00
(square miles)
Long Term
0.14 inches per day
12 cu ft/sec
214 cu ft/sec
Daily Mean
Date
2/12/94
2/13/94
11/3/95
11/9/95
9/7/96
1/3/97
1/4/97
4/5/97
11/26/01

Total Rainfall
(inches per day)
6.60
5.41
4.33
2.71
2.21
6.2

Stream Flow
(cu ft/sec)
229
879
384
625
155
174
265
136
124

Stream Flow
(cu ft/sec)
2210
2490
4000
7100
2240
1530
2760
1620
1510

Impact of Construction Activity on Hydrology at Pila'a.
Land use pattern and watershed condition at Pila'a has been fairly stable
until recently. Sugar cane went out of production circa 1971 (Richard Cox,
Alexander and Baldwin, retired, personal communication). Since that time the
area has been in grazing and conservation use. An extensive amount of
information exists on this question. The proper means of controlling water and
sediment runoff is described under "best management practices" (BMP), which
are measures undertaken to reduce runoff and erosion (Environmental Protection
Agency, 2002). The impact of construction activity and grading are predictable.
For example, Fig. 16 (Environmental Protection Agency, 2002) illustrates the
impact of construction activity on runoff. The data were developed using
USDA/National Resources Conservation Services models. Parameters for this
example include land of 7% slope experiencing a rainstorm totaling 3.2 inches.
Note the large increase in runoff volume as well as peak runoff rate that occurs
when construction activity replaces forested land with or without BMPs. Thus it
is useful to set aside forested Conservation zoned buffer zones along the
coastline. However, the BMPs will limit sediment erosion and transport by
slowing water flow. The increase in runoff flow in both construction scenarios is
due to removal of vegetation and compacting of soils with earth moving
equipment, which greatly diminishes the ability of the soil to absorb water and
limit discharge. BMPs reduce the rate of flow, but the total flow is high in both
situations. Thus, grading regulations require that BMPs are in effect. These
restrictions are not totally effective. Thus, the established shoreline conservation
district buffer zone was intended to protect the reef.
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Fig. 16. Figure C-1 from "Impacts of construction activity on hydrology" shows modeled
runoff from a rainfall of 3.2 inches on land with a slope of 7% (Environmental Protection
Agency, 2002).

Identifying Cause of Previous Reef Damage in Area of Pila'a Channel.
The presence of fields of large dead coral heads in the area of the deep
channel was noted in the initial survey (Jokiel, 2002) and at first was attributed to
the November 26, 2001 mud flow event. More detailed inspection of the area
and measurements during recent surveys indicated that the damage occurred
during the mid 1990's as evidenced by recruitment of new corals in the area (see
Section 5 of this report). What happened during that time frame that would lead
to the death of all corals? The observations of the damage caused by the
November 26, 2001 event provides evidence of the impact of mud flow on the
Pila'a reef. The hydrological data presented in this section combined with areal
mapping provides the most likely answer. The 1993 NOAA aerial imagery shows
vegetation covering flat areas with forested slopes and river bottoms. The more
recent NOAA 2000 imagery (ACN09 30 April 00) shows evidence of extensive
grading since the 1993 image was taken (Fig. 17). The time period between
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1994 and 1997 was characterized by a series of major flood events at Pila'a
(Tables 4 and 5) that exceeded the November 26, 2001 event. Extensive graded
areas of land on the steep slopes above the reef and in the streambeds were
repeatedly subjected to major flood conditions. Under these conditions a series
of mud flow events exceeding the event of 26 November 2001 would have
occurred during this time frame. Subsequent large wave events have flushed
much of this sediment from the system and recolonization has been taking place
for the past 5-6 years.

Fig. 17. Grading of step slopes and steam bed between 1993 and 2000 as documented by
aerial photography.
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Conclusions - Meteorology and Hydrology.
•
•
•
•

Available data indicate that the rain storm of 16 November 2002 was a large
flood event, but storms of this magnitude or higher occur in the Pila'a area
with a frequency greater than once per year on average.
Grading and construction activity results in greatly increased runoff and
sedimentation.
The increased runoff caused by grading and construction activity can give the
appearance that rainfall was much higher than actually measured.
Stream gauge data indicate that numerous flood events greater than the
November 26, 2001 event occurred at Pilaa between 1993 and 2000. This is
the time period when extensive grading was underway on the steep slopes
above the Pila'a stream bed on the western side of the reef. Reef damage
noted along the deep channel (Section 5 of this report) is attributed to severe
sediment input during this time period.
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Section 3. Tides, Waves and Currents at Pila'a.
Tides.
Currents and water exchange on the Pila'a reef flat is controlled by tidal
exchange, offshore wave energy and bathymetry. Figures 18 and 19 illustrate
this point. The photographs were taken from the bluff at the east end of Pila'a
reef on 7 August 2002 during a period when waves were from the NE at 4-6 ft.
The point of entry for one of the sediment spills can be clearly seen in the lower
left of Fig. 18. Figure 18 also illustrates several other important features of this
area. Note that a shallow ridge in the distance is exposed at low tide and blocks
circulation except for a deeper area near the shoreline. Drainage of water from
the east portion of Pila'a reef is through these shallows and into the deep channel
in the distance. Waves were running at 4-6 feet from the NW at this time.
Waves were breaking against the outer reef crest, but at low tide the emergent
reef crest blocks the flow of water into the inshore area. The area impacted by
the sediment spills is essentially an enclosed pond at this point that is draining
through the shallow shoreward gap in the distance. The large bleached coral
heads in this area can be seen as white coloration in the water.
Note that wave action at high tide (Fig. 19) under conditions of spring tide
and 4-6 ft waves results in resuspension of the fine red mud along the shoreline
and creating severe inshore turbidity. The shallow outer reef crest greatly
attenuates the wave action onto the reef flat. At high tide the breaking waves
move water into the shoreward deeper areas. The breaking of waves over the
reef crest along with tidal exchange are the major factors that control flushing of
this reef area.
Tides in Hawaii are mixed with a range of approximately 3 feet (Fig. 20).
The gravitational pull of the moon and the sun draws sea water into "bulges" on
opposite sides of the earth. With the rotation of the earth, Pila'a passes through
these bulges twice a day, resulting in semi-diurnal (half daily) components to the
tide. Because the moon and the sun do not lie in the plane of the equator, one of
the bulges is larger than the other, leading to a diurnal (daily) component.
Changes in the height of the tide results from the relative position of the moon
and the sun during the month. During full moon or new moon, the sun and moon
act in unison to produce larger "spring" tides. During the lunar first or third
quarters the sun and moon are at right angle to each other, producing smaller
"neap" tides. The cycle of spring tide to neap tide and back is half the 27-day
period of the moon's movement around the earth, and is called the fortnightly
cycle. The combination of diurnal, semi-diurnal and fortnightly cycles are the
major factor controlling tidal variations, as illustrated by the tidal curves in Fig. 20.
The mean range of tides at Pilaa (off Hanalei) is 1.3 ft. MHHW is 1.8 ft
and mean tide level is 0.8 ft.
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Figure 18. Low Tide 7 August 2002 at 7:47 AM at -0.1 ft relative to Mean Lower Low Water
(MLLW). View is looking westward from bluff overlooking the east end of Pila'a reef. One
of the points of sediment entry can be seen in the lower left of the image, bleached white
living corals show on the lower right offshore of the black rocks. Note that this area is
essentially a very large tide pool, cut off from the ocean at low tides. Two fishermen can
be seen walking on the exposed reef crest on the right. The inshore area has a very low
flushing rate during neap tides when low wave action is low.
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Figure 19. High Tide 7 August 2002 at 3:15 PM at +2.5 ft. relative to Mean Lower Low Water
from same viewpoint as Fig. T1. Note that most of the energy of the breaking waves (4-6
ft. height) is dissipated on the reef crest, with only a small amount of the energy
(approximately 6 inch waves) waves reaching the beach. The offshore waves were
running at 4-6 ft, yet the wave run-up on the beach is less than a foot even at high tide.
These small waves on shore mobilized the red sediment deposits contained in the sand as
shown in the photograph. Larger waves will suspend more of the sediment. The red mud
is mobilized at every high tide and settles out during low tide, creating chronic sediment
conditions for the reef biota.
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Figure 20. Tide measured at Nawiliwili, Kauai during November 2001. Data from NOAA
web site (http://co-ops.nos.noaa.gov/data_res.html). High tide at Pila'a occurs
approximately one hour earlier than at Nawiliwili. Note that neap tides with a range of only
1 ft. occurred during on November 26, 2001 during the mud flow event. In contrast the
range is 3 ft. during spring tides.
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Waves
Waves break over the shallow reef crest and into the deeper areas behind
the crest on the reef flat. A deep channel bisects the reef. The channel is the
extension of the Pila'a Stream valley that was cut at a lower sea level stand. This
channel is from 30 to 40 feet deep at the outer edge of the reef. The channel is
the main exit for water transported over the reef crest by wave action and for
fresh water delivered by Pila'a Stream located to the right in the photo. Currents
are stronger during periods of high surf and during falling tide, but the general
flow patterns shown in Figure 21 and Figure 22 prevail most of the time.

Fig. 21. General circulation and currents experienced by divers on all survey dates. The
pattern is consistent, but varies in intensity with height of waves and state of tide. Photo
looking east from Keilua Point looking toward Kepuhi Point on 9/12/02 during high neap
tide and low wave energy (waves 2-4 ft).
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Figure 22. Modified section of NOAA Chart 19381 "Island of Kauai" showing persistent
current patterns observed on Pila'a reef. Do not use for navigation.

Daily offshore wave height and wave direction reported by the US Naval
Oceanographic office (WAM wave model) for the area offshore of Pila'a during
calendar year 2001 are shown as Fig. 23. The direction and significant wave
height data show the dominance of the North Pacific Swell at this site during the
winter months (December to April) with significant wave heights of from 5 ft. to 13
ft. and a predominant northwest direction (generally 300o to 360o). During the
remainder of the year (March through November) the wave height is less (3 ft. to
5 ft.) and the direction is more toward the northeast (45o to 90o). During this part
of the year the wave height and direction at Pila'a is dominated by the NE Trade
Wind Swell and by refracted waves from the Southern Swell, which wrap around
Kauai.
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Fig. 23. Daily values for wave height (ft) and wave direction (compass bearing) as
generated by the WAVE model and reported by the Naval Oceanographic Office web site
(http://www.navo.navy.mil/cgi-bin/search.pl/0/metoc/*/74/*/21/) during 2001. Wave action
on November 26, 2001 is indicated by an arrow in the figure (wave height 4-6 ft).
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Wave action is low during the summer months when Trade Wind driven
waves and wave refraction from South Pacific Swell dominate. The dominant
wave direction during this time is NE to E (45o to 100 o). During the winter
months, North Pacific Swell and Trade Wind waves dominate with direction being
from the N (30 o to 320 o). The wave height data are summarized in Table 7.
Table 7. Offshore wave height summary for Pila'a for the calendar year 2001.

Offshore Wave Height (ft)

% of year

10 to 12
8 to 10
6 to 8
4 to 6
2 to 4
0 to 2

1
4
19
49
27
0

High rates of flushing of the reef flat depends on occurrence of high spring
tides coinciding with high offshore wave energy. During field surveys at Pila'a it
was apparent that offshore wave height of up to 6 feet produced only moderate
flushing of the system. Six foot waves breaking against the outer reef did not
penetrate into the shallow inshore area at low tide, but did accelerate flushing at
high tide. Little wave energy from 6 foot waves reached the beach during high
tide. Offshore waves with a height of over 8 feet occur only 4% of the time and
waves in the 10 to 12 foot ranges occur only 1% of the time. Such large waves
are most effective at flushing sediment from the reef flat if they occur during
spring high tides.
Tide and Wave Conditions on November 26, 2001.
The day of the major mud flows (November 26, 2001) shows very low
wave action (4-6 feet) due to the lack of a North Pacific Swell and due to
disruption of the prevailing NE Trade Wind regime (see meteorological section of
this report). The WAM wave model for this date is shown as Fig 24. Note that
the passing storm front has broken down the normal NW Trade wind wave
regime and waves to the north of Kauai are small with confused seas. This
pattern prevails on this coast during major Kona storms unless a large North
Pacific Swell is running. Low wave energy coupled with an unfavorable neap
tidal regime on November 26, 2001 reduced flushing of the reef flat during the
mud flow event (see tide section of this report). Consequently most of the mud
that entered the system settled on all surfaces and accumulated in the coral reef
habitat.
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Fig. 24. Significant wave height (ft) and wave direction as generated by the WAM wave
model. Top figure is for 26 November 2001. Note the breakdown of the normal NE trade
wind swell and the direction of waves off Pila'a on the northeast shore of Kauai during the
passing of the storm in comparison to high surf conditions (bottom) on 28 Oct 01. Data
from Naval Oceanographic Office web site (http://www.navo.navy.mil/cgibin/search.pl/0/metoc/*/74/*/21/).
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Fig. 25. Tide height (blue), wave height (black) and sum of tide height and wave height
(red) for Pila'a reef for the period Nov 1, 2001 to Aug 2002.

Tides, Waves and Flushing of the Pila'a Reef Flat
Tide conditions and waves work in concert to flush the Pila'a reef flat. Adding
tide height to wave height yields a figure which shows the times of maximum
flushing of the reef flat (Fig. 25). Examination of the figure indicates that wave
events (range from 1 ft. to 13+ ft.) are far more extreme than the 3 ft. tidal range.
It is apparent that a series of very large wave events occurred during spring tides
on numerous dates between Dec. 01 and April 02. This long series of events,
however, was insufficient to remove all of the sediment accumulation on the
beaches and on the reef, as shown by inspection and analysis of samples taken
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10 months after the sediment flows of Nov. 26, 2001 (see Section 4 of this
report).. The question of sediment retention in the reef system is discussed in
more detail in Section 4 of this report.
Conclusions: Tides and Waves
•
•

The mud flows of November 26, 2001 occurred at a time of very low waves
and low neap tides. Therefore, most of the mud entering the shallow reef flat
settled into the system.
A great deal of sediment was evident in the reef system after a full season of
strong winter surf events (Dec to April), so flushing of sediments from the
system may be a very slow process that could take many years, depending
on the severity of winter storm surf.
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Section 4. Sediment in the Pila'a coral reef ecosystem and its impact on
the reef biota.
The Hawaii Coral Reef Assessment and Monitoring Program (CRAMP) utilizes a
standard CRAMP sediment analysis protocol at monitoring and assessment
sites. The composition and grain size of sediments reveals a great deal of
information relevant to the understanding of processes controlling coral reefs
community structure and function.
Sediment Analysis Methods
Sample Collection
Sediment samples were collected at seven sites shown in Fig. 26.
Sediment samples were collected by carefully scooping material into plastic
bags. The bags were sealed and taken ashore, where the suspended material
was allowed to settle until the water became clear before draining off the excess
water. The samples were taken to the laboratory at the Hawaii Institute of Marine
Biology for analysis.
Sample Analysis
In the laboratory, the wet samples were individually shaken and manually
mixed while in the collecting bags to assure homogeneity of each sample. This
mixture was divided into 4 sub-samples (A, B, C, and D) of 60-120 grams of
material.
Size Fraction Determination
Standard brass sieves (USA Standard Testing Sieve: A.S.T.M.E.-11
specifications), with opening diameters of 500 micrometers (0.0197 in.), 250
micrometers (0.0098 in.), and 63 micrometers (0.0025 in.) and a brass catch pan
are used to provide 4 size fractions: gravel, coarse, fines, and silt respectively.
Sediment sub-samples A and B were wet sieved through the stacked
sieves, using deionized water from a hand-held wash bottle. All washings were
collected for final filtering, providing the silt fraction. The sediment fraction
remaining on each sieve was washed through pre-weighed filter paper (Whatman
Brand 114 wet-strength, 25 micrometer) and air-dried to constant weight.
The dried, filtered samples were then weighed on 3 separate days. All
weights, including that of the filter, are entered into a spreadsheet. Using the
average weight of each fraction, the percent by weight of each is determined by
calculating the ratio of the various size fractions to the total sample weight.
Inorganic-Organic Carbon Fraction Determination
Approximately 30 g of material from sub-samples C and D were air-dried
to a constant weight. From each, 10 g was ground with mortar and pestle to a
fine, homogenous material and placed in labeled crucibles. These were placed in
a drying oven at 100 oC for 10 hours, cooled in a desiccator, and weighed
(weight of crucible plus sample). Next, the crucibles were placed in a muffle
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furnace at a temperature of 500 oC for 12 hours, cooled in a desiccator, and reweighed. Loss in weight at 500 oC was assumed to be due to burning off of
organic fraction. The samples were then returned to the furnace and heated at
1000 oC for 2 hours, cooled in a desiccator, and re-weighed. Loss of weight at
this temperature was assumed to represent loss of carbonate materials. Crucible
weight, crucible plus dry sample weight, crucible plus sample after burning at 500
o
C and crucible plus sample after burning at 1000 oC were entered into a spread
sheet. Percent organic and percent carbonates were calculated from these data.
Sediment Analysis Results
Results of the grain size and chemical composition analysis are
summarized in Table 8. Sampling location in relation to grain distribution size is
shown in Fig. 26. The silt fraction consists largely of terrigenous red clay as
shown by chemical composition data (organic and carbonate) as well as by
visual inspection of the samples. The silt fraction is very high in proximity to the
sites where mud entered the system along the shoreline near Pila'a stream. The
amount of mud diminishes with distance from the points of sediment input. Silt is
nearly absent (< 0.2 %) at the control site and organic content is low (3.2%). Data
for Limahuli on the north shore shows sediments with an organic fraction of
(3.3%) and a silt fraction of (4.5%). The organic fraction in the impact area is
abnormally high (4.5% to 7.4%) as is the silt fraction (19% to 36%).
The sediment data describe a coral reef ecosystem that has been heavily
impacted by terrigenous sedimentation. CRAMP has conducted sediment
analysis at 95 coral reef monitoring and assessment sites in the Main Hawaiian
Islands. Sediment samples from most sites throughout the state of Hawaii
generally fall into the range of 1-3% organic and less than 3% silt. The Pila'a
samples taken in the impact area are most similar to samples taken from
Kaneohe Bay (Oahu), Pelekane Bay (Hawaii), and Hakioawa, (Kahoolawe).
Kaneohe Bay shows a silt fraction of 30-56% and an organic fraction of 10-17%.
Hakiowa has a silt franction of 9% and an organic fraction of 11%, while
Pelekane Bay has a silt fraction of 50% and an organic fraction of 23%. All of
these sites have a long and severe history of sediment impact. The pattern of
distribution of organic material in the sediments and pattern of distribution of silt
in the Pila'a samples is clearly related to the source of the sediments along the
shoreline of the east Pila'a reef extending to Pila'a stream (Fig. 26). The high
organic component of the sediments in the impacted area indicates that nutrient
input is a major factor stimulating growth of algae in this region. Source of the
organic material and nutrient includes the massive terrigenous sediment runoff
that entered the reef system and the decaying reef organisms that have
succumbed to the sediment stress. The dead and dying corals in the area
(Section 5 of this report) are one indication of this mortality. Extreme anaerobic
conditions in the sediments were noted throughout the impacted area and are a
result of the high organic input.
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Table 8. Results of analysis for sediment samples taken at Pila'a, September 2002.
Site

Grain Size
Size Fraction

KPi 1

>500 mm gravel

53.7+1.2

>250 um coarse

9.1+0.2

71.1+3.4

>250 um coarse

2.9+0.8

>63 um fines

2.3+0.6

>500 mm gravel

68.9+0.7

>250 um coarse

4.4+0.0

>63 um fines

7.8+0.1

<63 um silt
KPi 4

KPi 5

KPi 6

96.8+0.6

>250 um coarse

2.9+0.5

>63 um fines

0.1+0.1

<63 um silt

0.2+0.0

>500 mm gravel

70.8+0.7

>250 um coarse

18.7+0.5

>63 um fines

4.2+0.1

<63 um silt

6.3+0.2

Back reef, deep area
(6 feet deep).

KPi 7

>500 mm gravel

Offshore of culvert,
(6 feet deep).

6.20+0.03

73.44+0.14

4.55+0.21

86.05+1.45

3.17+0.10

93.33+0.11

2.66+0.03

94.73+0.04

2.58+0.07

94.90+0.24

6.12+0.11

77.90+0.19

18.9+0.8

Control area, inshore,
(2 feet deep).

60.10+2.19

23.7+3.6

Impacted reef, (2 feet
deep), west of culvert.

mean+S.D

1.3+0.1

>500 mm gravel

<63 um silt

Carbonate (%)

35.9+1.4

Beach east of Pila’a
Stream, subtidal.

mean+S.D
7.35+0.67

<63 um silt

KPi 3

mean+S.D.

Off culvert, intertidal.

>63 um fines
KPi 2

Organic (%)

>500 mm gravel

89.0+0.4

>250 um coarse

1.7+0.1

>63 um fines

7.4+0.3

<63 um silt

1.8+0.0

Shallow reef (3 feet
deep) offshore of

>500 mm gravel

89.4+1.1
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5.6+0.7

<63 um silt
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Figure 26. Grain size distribution for sediment samples from Pila'a, Kauai in relation to
location on reef, September 2002.

Sediment Flushing and Sediment Retention.
A question remains as to whether or not natural processes can flush the
sediments and organic materials from this shallow water system. The sediment
from the Nov 26, 2001 mudflow event was still much in evidence during
September of 2002 following a full winter surf season. These sediments are now
tied up in beach deposits (Fig. 27), intertidal (Figs. 28-29), subtidal algal mats
(Fig. 30) and deeper reef sediments (Fig. 31). Sediment is resuspended during
spring high tide and during wave events, but there is no information to what
extent the sediment is removed from the system or to what extent it settles back
onto the reef. Sediments in the impacted area are anoxic and contain an
abnormal amount of organic material (Fig. 32). The benthic algae dominate the
substrata in the impacted zone. A high percentage of the corals in the impacted
zone continue to show signs of stress and increased mortality (see Section 5 of
this report). This reef system is degraded and contains a significant amount of
terrigenous mud that will continue to impact the reef biota. It is not possible with
available information to determine how much time will be required for natural
processes to restore the reef or even whether or not these sediments will flush
from the system.
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Fig. 27. Mud mixed into beach sand deposits at Pila'a (described in Fletcher et al., 2002).

Fig. 28. Mud 'mixed into intertidal sands.
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Fig. 29. Mud trapped in intertidal algal mats on basalt boulders. The right side of the
figure shows the impact area, left an area outside of the area of impact.

Fig. 30. Mud trapped in deeper water algal mats continues to impact the corals.
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Fig. 31. Mud is retained in subtidal and deeper water reef sands. Control site photo (left)
taken at the same depth of 4 feet as photo on right has no mud content (see Fig. 26.

Fig. 33. Digging into the sediments in portions of the impacted areas reveals presence of
fine anoxic muds that will be remobilized during high surf conditions. Anoxia (indicated
by black sulfide color of carbonates) is due to abnormally high organic content in the
sediments which consumes available oxygen (see Table 8).
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Fig. 34. Burrowing worm builds pile of anoxic sand outside of its burrow. Normally these
course sands are aerobic and white in color. Note also the algal mat on the surface.
Anerobic conditions will prevent development of a normal infauna of burrowing
crustaceans, echinoderms, molluscs, worms and other organisms in this area.
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Section 5. Condition of Reef Coral Communites at Pila'a.
A series of transect measurements were made at Pila'a in order to
describe reef flat coral communities and document their condition. The transect
methods were chosen to answer the specific questions relevant to the condition
of the reef corals and factors recently influencing these coral populations. For
purposes of this study at Pila'a it was necessary to describe the population
structure of the reef corals. No previous baseline data exists for the area. Data
on corals with regard to their species, size and condition (normal, stressed or
dead skeletons) was needed to interpret recent change rather than using
measurements of percent live coral cover.
Describing Coral Condition
Condition of colony was scored using the four following categories, which are
illustrated in Figs. 34--38:
1. Normal - Corals showing good coloration (no bleaching), healthy tissue
covering skeleton, no necrotic areas of tissue and no other signs of stress
such as excessive mucous production.
2. Stressed corals were classified into two sub categories:
•

Bleached - Corals in this category had live tissues that lost symbiotic algae
to the point where their tissues are transparent. The underlying bone-white
calcium carbonate skeleton gives them their color. Bleaching at Pila'a
occurred mainly in the corals Montipora capitata and Montipora patula.
Fig. 34 shows a Montipora capitata at PIla'a in the process of dying.

•

Dying - Colonies undergoing a process of loosing tissues and/or being
overgrown by fleshy algae. Such colonies often had areas of bleached or
rotting tissue (Figs. 34- 36).

3. Dead - The reef flat consists of carbonate material, including coral skeletons
that have been building the reef for thousands of years. The colonies that
were scored as "recently dead" in this investigation are still attached to the
substrate and recognizable as discrete colonies in their original growth
position firmly attached to the old reef surface. The Pila'a reef has a long
geologic history with layers of ancient reef that is thousands of years old
overlaying basalt that is millions of years old. Live, bleached and dying
corals obviously can be easily distinguished from older coral skeletons that
are part of the reef framework. Recently killed corals of the branched
species Pocillopora meandrina, the branched species Porites compressa
and the massive species Porites lobata can also be readily identified,
although the exact time of death is more difficult to establish.
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For thousands of years corals and other calcifying organisms have
grown and died at Pila'a to gradually form the reef framework. Modern day
corals grow upon this framework. In the eastern portion of the reef there is a
clear pattern of dying and newly dead corals. In the channel area, the coral
death occurred in the mid 1990's, so the corals have shown more bioerosion
of surfaces due to fish grazing and urchin grazing. The encrusting species of
coral (e.g. Montipora spp. Pavona varians) quickly are overgrown with algae
and grazed by fish, making it difficult to detect their presence. The massive
and branched skeletons persist for a number of years, but the exact time of
death would be hard to determine because overgrowth by algae is a rapid
process.

Fig. 34. Stages of demise of large Montipora captitata colonies in impact zone at Pila'a.
Scale in image is in centimeters.

Examples of the criteria used to classify coral condition at Pila'a.are shown
in Figs. 34 to 38 The photographs do not show all of the information used in the
determination. In the field the corals were carefully inspected using a magnifying
lens were needed. The corals were viewed from different angles and sediment
and algae obscuring the colony was brushed away to reveal the condition of the
skeleton where necessary. Mean colony diameter was estimated with a meter
stick and the information recorded on underwater writing paper.
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Fig. 35. Photograph of normal, dead and dying colonies of the coral Pocillopora
meandrina at PIla'a Reef. Scale bar is in cm. Note that the branches of the dying colony
are quickly overgrown with algae.

Fig. 36. Dying colony of the coral Pocillopora meandrina at PIla'a Reef. Dead branches
are rapidly overgrown by algae but can easily be identified in the field by brushing away
the algae and sediment to expose the skeleton.
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Fig. 37. Live colony of the coral Porites lobata from the west end (control site) at Pila'a
(left) compared to dead colony (right) from the damaged channel area.

Fig. 38. Close-up of dying finger coral (Porites compressa) at Pila'a being rapidly
overgrown by filamentous algae. Note that some small areas of tissue are still alive.

Percent cover by live coral is a widely used long-term monitoring approach
involving repeated surveys of the same transect over a period of years. For
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example, changes in per cent coral cover over time is the primary long-term
monitoring measurement used by CRAMP. There are clear advantages to use of
measuring changes in per cent coral cover for long term monitoring studies. If
we were beginning a long-term monitoring program at Pila'a, we might use
measurement of per cent coral cover on a suitable number of fixed transects.
Measurement of coral cover alone, however, would not be useful in the
determination of the recent history of the Pila'a reef coral communities. The
methods used in this study describe colony size (age) as well as coral condition
(normal, stressed or dead).

Figure 39. Locations of coral transects A-F, T1 and T2. The transect across the field of
large coral heads in the impact zone is shown as a series of circles which mark the
location of each coral head.
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Transect Survey Methods
Five coral transect studies were conducted at Pila'a. Each had a specific
purpose:
1. Transect T1 was an initial assessment of the coral population near the point of
sediment input (Fig. 39). A 100 meter long belt transect was run through the
area in order to quantify the relative numbers, condition, species and size
(age) of these corals. All corals that fell within 1 meter of the transect line
were counted. Therefore the census includes all corals encountered within a 2
meter by 100-meter area. Species, size and condition (normal, bleached,
dying or dead) were recorded. Colonies on the edge of the transect line were
counted if they were more than 50% within the area of belt transect. The
transect was run across the entire inshore area to give a cross section of the
relative abundance of different coral species in various conditions in this area.
2. Transect T2 ran a distance of 100 m along the east edge of the channel,
where large numbers of recently killed coral skeletons occur (Fig. 39). As in
the case of T1 this transect was run in order to describe the relative
abundance of dead and live colonies of different species in that area. A 100
meter long belt transect was run through the area (Fig. 39) in order to quantify
the relative numbers, condition, species and size (age) of these corals. All
corals that fell within 1 meter of the transect line were counted. Therefore the
census includes all corals encountered within a 2 meter by 100-meter area.
Species, size and condition (normal, bleached, dying or dead) were recorded.
Colonies on the edge of the transect line were counted if they were more than
50% within the area of belt transect.
3. Large coral head survey. An irregular transect was run across a zone of very
large (1-3 m diameter) Porites compressa coral heads that occurs close to
shore in the sediment impact area and extending "up-current" to the NE of the
impacted reef. Condition of these extremely large and very old coral heads
varied along a gradient from dead to partially dead to fully covered with tissue.
Position of each coral head along a roughly east to west axis was determined
using GPS and condition of each coral (percent living tissues) was recorded.
Each coral head encountered is shown as a circle in Fig. 39.
4. Transects A-F. Six short (25 m) transects were run in order to compare fish
populations, algal community composition, invertebrates and reef coral
condition in the impact area versus a "control site" that lies at the west end of
Pila'a reef outside of the area influenced by the sediment (Fig. 39). Three
transects in the impacted area and three in the control area were run at the
same depth over coral reef areas with similar benthic complexity. Results of
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the other studies undertaken simultaneously on these transects are reported
elsewhere for fish assemblages (Dr. Bill Walsh and Brent Carmen of DLNRDAR), for benthic algae (Ryan Okano of UH Botany Dept.) and for
invertebrates other than coral (Dave Gulko of DLNR-DAR). The 25 meter long
belt transects A-F were used to quantify the relative numbers, condition,
species and size (age) of these corals. All corals that fell within 1 meter of the
transect line were counted. Therefore the census includes all corals
encountered within a 2 meter by 25-meter area. Species, size and condition
(normal, bleached, dying or dead) were recorded. Colonies on the edge of the
transect line were counted if they were more than 50% within the area of belt
transect. In addition, the coral data were used to determine the number of
transects that would be subsequently required to show statistical differences
between coral populations in the impact area versus the control area of the
Pila'a Reef Flat. Coral data from transects A-F was analyzed in order to
calculate the number of 25 m transects that would be needed for a statistically
valid comparison of the impacted area versus the control area. Variance on
the reef flat is quite high due to the complex topography of the area, so a large
number of transects is needed to describe the reef communities in the
impacted and control areas.
5. Transects 1-20 . This is an expanded version of the study described
previously for transects A-F. The 25 meter long belt transects were used to
quantify the relative numbers, condition, species and size (age) of these
corals. All corals that fell within 1 meter of the transect line were counted.
Therefore the census includes all corals encountered within a 2 meter by 25meter area. Species, size and condition (normal, bleached, dying or dead)
were recorded. Colonies on the edge of the transect line were counted if they
were more than 50% within the area of belt transect. The data taken on
Transects A-F showed the strong trends observed in the field. However,
statistical analysis showed that three transects per location (N=3) was
insufficient to establish statistical confidence due to the high variance
encountered in the scattered coral distributions. Furthermore, transects A-F
were chosen in a haphazard manner which violates the statistical requirement
of independed, randomly selected samples (transects). Thus, an additional
field effort was undertaken to conduct these transects in a statistically rigorous
manner. A stratified random sampling procedure was employed. Transects 1
to 20 were randomly chosen 25 m transects. Ten were run at the "control site"
to the west of the deep channel. Ten were run at the "impact site". Random
starting points within each zone were generated for each transect prior to
going into the field using the random point generating feature of Arcview. The
field team used GPS to navigate to each random starting point. Transects
were run from each randomly chosen starting point in a direction perpendicular
to the reef edge.
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Fig. 40. Location of control transects 1-10 (west) and impact area transects 11 to 20 (east).
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Results: Transect T1.

Fig. 41. Results of transect T1 showing size class and condition of all coral species
encountered.

Observations and results of the initial transect T1 in the impacted area (Fig. 41)
revealed the following:
•
•
•
•
•

Coral populations under extreme stress with high turbidity, sediment covering
surfaces of corals, algal overgrowth and anoxic conditions.
Large coral heads (Porites compressa, Porites lobata, Pocillopora meandrina)
all dead or dying
Large portion of the remaining corals beached or dying.
Diverse number of species, size ranges and four classes of coral condition
indicate that a large number of transects would be needed to adequately
describe the area. Transect T1 cannot adequately describe impacted area.
Because there was no baseline data, there was a clear need to identify an
appropriate control area of the reef that is similar in all respects to the impact
area, but not subjected to sediment from the runoff. The west end of the reef
satisfied these conditions.

Transect T1 showed that some of the corals withstood the initial sedimentation
event for over 10 months and were surviving under extremely turbid conditions.
The area of transect T1 was formerly a very rich area of corals as evidenced by
the massive size of dead Porites coral heads many of which are still partly alive
in areas up-current of the point of sediment entry. The remaining large bleached
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coral heads (mostly Montipora capitata) can be clearly seen from the bluff above
the transect site (Fig. 42).

Fig. 42. Photo from the bluff above the reef shows area of Transect T1 extending seaward
from shore. Note the presence of many small and large bleached coral heads indicated by
yellow arrows. Image in the inset is section of photo that is enhanced for clarity. Also see
Fig 18 (Section 3 - tides). Photo taken on 5 August 2002 by Paul Jokiel.
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Results: Transect T2.
The channel area of the Pila'a reef has extensive areas of large dead coral
heads (Jokiel, 2002). The corals are still firmly attached to the ancient carbonate
reef platform (Fig. 43) and still are recognizable to the species level.

Fig. 43. Fields of dead coral heads occur throughout the Pila'a channel area. Note that
these corals are in their original growth position and are firmly attached to the ancient
carbonate reef platform. They are not fossils eroded from the reef platform.

Quantitative data were needed to establish the extent, time and probable
cause of the mortality. As in the case of T1, a 100 meter long belt transect was
run through the area (Fig. 39) in order to quantify the relative numbers, condition,
species and size (age) of these corals. All corals that fell within 1 meter of the
transect line were counted. Therefore the census includes all corals encountered
within a 2 meter by 100-meter area. Species, size and condition (normal,
bleached, dying or dead) were recorded. Colonies on the edge of the transect
line were counted if they were more than 50% within the area of belt transect.
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Table 9. Transect T2. Numbers of coral heads of each species (live, dead and total).

Species
Cyphastrea ocellina
Montipora capitata
Montipora flabellata
Montipora patula
Pavona duerdeni
Pavona varians
Pocillopora meandrina
Porites brighami
Porites compressa
Porites lobata

Total Colonies
6
3
6
5
1
8
29
6
1
39

Total Live
6
3
6
5
1
8
9
6
0
9

Total Dead
0
0
0
0
0
0
20
0
1
30

total

104

53

51

Fig. 44. Small colony of the reef coral Pocillopora meandrina has recruited onto a large
dead head of Porites lobata. The new coral is several years of age.

Ten species of coral were encountered along transect T2 (Table 9). All of
the living corals encountered were in good condition - none were bleached or
dying. This area is under chronic stress from the upcurrent sediment source, but
conditions at present are not so severe as in the area of transect T1. The most
conspicuous feature of the channel area is the presence of fields of large dead
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coral heads. Dead skeletons are rapidly overgrown by algae within a few months
and start to undergo rapid bioerosion from grazing fish and urchins. Therefore
only the skeletons of very large massive species (Porites lobata and Porites
compressa) or branched species (Pocillopora meandrina) can be recognized.
Dead colonies of small branched and massive species or of the encrusting
species are not recognizable, so the estimate of dead colonies is conservative.
The population structure for all species combined on transect T2 is shown as Fig.
45. Note that most of the live colonies are in the 5-10 cm range with a few as
large as 20 cm. Most of these species grow at a rate of between 1-2 cm per year
in radius (e.g. Jokiel, 1993). So the oldest living colonies are only on the order of
from 5 to 7 years old. The dead massive corals, on the other hand are very old,
ranging in age from 10 years old (20 cm) to approximately a hundred years old
(up to 2 m in diameter) for massive Porites lobata. Some of the larger dead
skeletons of Pocillopora meandrina fell into the range of the largest colonies
encountered for this species (Polacheck, 1978). This shallow area receives high
light intensity, good water circulation and protection from high waves. It is an
ideal coral habitat. Over the past five years some coral larvae have been able to
recruit into the area and establish new colonies.

Fig. 45. Transect T2 population structure for all coral species combined.
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Fig. 46. Transect T2 population structure for the coral Porites.

Note that the population structure of Porites lobata (Fig. 46) shows a large
number of dead colonies in the largest size classes, whereas the species
Pocillopora meandrina (Fig 47) shows a declining number of dead colonies in the
larger size class. The branched species P. meandrina grows only to a certain
size (20 to 40 cm size class) before becoming vulnerable to self shading of the
branches, increased wave vulnerability and other factors that will eliminate them
from the population. The dead skeletons of these corals and evidence for
continued recruitment (small colonies) are evidence that a previous well
developed coral community was eliminated within the last decade (circa mid
1990's) and that colonization of the area is slowly occurring.
An approximation of coral cover was calculated from the size-frequency
data taken on transect T2 by converting mean radius of each colony to area and
calculating the total in relation to the transect area. Note that the live coral
measured during the survey fell into the small size categories and the dead into
the large size categories. Calculation of the per cent cover from the mean radius
data yielded a value of 2.4% cover at present for the live coral and 37% cover for
the dead colonies. The cover of dead encrusting species cannot be determined.
It is probable that the live coral cover in the channel area was as high as 40% to
50 % prior to the events in the mid-1990s that killed the coral colonies.
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Results: Large Coral Head Transect
The survey of the condition of extremely large colonies of Porites
compressa were found in a belt running roughly east to west along the inshore of
Pila'a (Figs. 39, 48). These large coral heads are especially important because
they are of great age and show recent damage and death. These coral heads
are not ancient geologic structures as shown by the presence of live tissues.
They are remnants of what was recently a field of very large coral heads that only
recently has undergone degradation.

Fig. 48. Large coral head transect. Colonies of Porites compressa found inshore along
the eastern end of Pila'a reef showing various levels of tissue loss.

A strong gradient in coral condition was apparent along the eastern
inshore region of Pila'a reef. The pattern appeared to be one of increasing
damage in relation to the area of mud flows. Breaking waves force clear ocean
water over the reef crest, creating a current that moves parallel to the shore to
the west. Corals "up-current" of the mud flows are in better condition than corals
"down-current". During the survey, location of the colony, diameter of the colony
and estimated live tissue cover were recorded. Fig. 48 shows representative
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images of the large colonies in various states of decline. These data are
summarized in Table 10 and presented graphically in Fig. 49.
Table 10. Large coral head transect. Location and condition of large colonies of the coral
Porites compressa encountered along an approximate E-W direction along the shore at
Pila'a, Kauai. These points are plotted as circles on the transect location map (Fig. 39).
Colony diameter (m)
3.0
1.5
1.0
2.0
1.5
1.0
0.8
1.0
2.0
3.0
1.5
3.0
1.5
2.5
1.0
2.0
0.5
3.0
1.0
1.0
1.0
1.0
1.0

Latitude
22.21225253
22.21224632
22.21225924
22.21226011
22.21222861
22.21222797
22.21222777
22.21208375
22.21208306
22.21207416
22.21206582
22.21205407
22.21199941
22.21197214
22.21196988
22.21197004
22.21203149
22.21203361
22.21206425
22.21206727
22.21206049
22.21209179
22.21210912

Longitude
-159.3569760
-159.3569971
-159.3569989
-159.3570023
-159.3570833
-159.3570829
-159.3570829
-159.3573797
-159.3573793
-159.3573814
-159.3573825
-159.3576044
-159.3577140
-159.3577916
-159.3578110
-159.3579015
-159.3579478
-159.3579466
-159.3579510
-159.3579283
-159.3579461
-159.3580125
-159.3580752

% Alive
60
60
80
40
45
60
5
0
0
0
0
0
0
0
0
5
0
0
0
0
0
0
5

The data (Table 10, Fig. 49) show that the east end of Pila'a reef has been
damaged, and a gradient of lessened damage can be observed among very
large coral heads. Coral heads of this size are on the order of from 30 years old
to over 100 years old. The entire region appears to have been impacted by the
sediment, but the degree of damage is related to proximity to the mud flow area.
Porites compressa is a species that is resistant to sediment and can be found in
many areas where sedimentation is heavy. Nevertheless, there are limits to this
tolerance. Conditions here must have been excellent for corals during the past
century in order for these colonies to reach such massive size. Obviously
changes on the reef leading to their decline must be recent. The fact that coral
damage increased as one approaches the area impacted by the mud-flows
indicate that increased sedimentation and increased freshwater runoff were the
cause.
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Fig. 49. Large coral head transect. Data from Table 10 plotted using only E-W longitude
component to show relationship between coral mortality, prevailing current direction and
relationship to points of mud flow entry onto reef at Pila'a, Kauai. Positions of each head
are plotted in Fig. 39 as circles.
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Results: Transects A-F

The size distribution for all coral colonies (combined live and recently
dead) is very similar in both the impact area and in the control area. Depths,
substrate complexity, wave exposure, proximity to Pila'a stream, coral species
composition and other environmental parameters are quite similar. The control
area and the experimental area are on the same reef platform. The coral size
distribution data (Fig. 50) support the contention that populations in both the
control and impact site were very similar prior to the sediment mortality. The
major difference between the sites is that the control area is on the other side of
the deep channel and was outside the area influenced by the recent
sedimentation events. These data and observations formed the basis of
designing an expanded survey to compare the impact and control areas (see

Coral Colony Size Distribution - Normal,
bleached, dying and dead for Transects A-F

Number of Colonies

30
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2 to 5

>5 to >10 to >20 to >40 to >80 to >160
10
20
40
80
160
Size Distribution (cm)

following sections on transects 1-20).
Fig. 50. Size distribution of coral colonies for transects A-F. Note that the size distribution
is similar for the control area (Transects A-C) and impact area (Transects D-F)
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The coral abundance and condition data from transects A-F is
summarized in Fig. 51. The general trends observed in the field are reflected in
the data. The control area is characterized by larger numbers of colonies per
transect, with fewer colonies in stressed (bleached or dying) and dead condition.
Also, it is apparent that the variance of these data is very high due to the
complex morphology and scattered distribution of corals on this reef. Excluding
the dead colonies and combining the bleached and dying colonies into a single
"stressed" category reduces the complexity and the variance in the presentation
(Fig. 52 ). There are different numbers of living corals per transect in the impact
area vs. the control area, so expressing the data as a proportion is useful (Fig.
53). In both approaches we see fewer normal corals and more stressed coral
colonies in the impact zone compared to the control. But are these data
sufficient to establish statistical confidence in the observations?

Fig. 51. Transects A-F. Number of colonies per 50m2 in each condition across both zones
(N=3, Mean ± SE).
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Fig. 52. Transects A-F. Number of colonies per 50m2 in each condition across both zones.
(N=3, Mean ± SE)

Fig. 53: Transects A-F. Proportion of colonies per 50m2 in each condition across both
zones. (N=3, Mean ± SE.
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Statistical Treatment of Transects A-F:
The high variance observed in the data (Fig 51 to 53) illustrates the need for
statistical tests. The statistical analysis was based on the following questions
and hypotheses:
Question: Are there more dead and/or stressed coral colonies per unit area in the
impacted zone versus the control zone?
Alternative question: Is there a greater proportion of dead and/or stressed coral
colonies in the impacted zone versus the control zone?
H0: There is no significant difference in the number/proportion of dead and/or
stressed coral colonies per unit area between the impacted zone and the control
zone.
HA: The impacted zone has a significantly higher number/proportion of dead
and/or stressed coral colonies per unit area than the control zone.
Data was analyzed using Statistica 6.0 software for the PC. For purposes
of statistical analysis, bleached and dying coral colonies were pooled together
into a "stressed" category. In the initial approach the dead colonies were
excluded because of possible objections that one cannot distinguish between
colonies recently dead versus colonies that had been dead prior to the mud flow
event.
1. Test using numbers of colonies per transect:
Abundance of coral colonies in the various condition categories were
Log10(x+1) transformed to meet the assumptions of normality and homogeneity
of variances for the Analysis of Variance Test using a General Linear Model
(GLM). Proportion data was ArcSin-Square Root transformed to produce a data
set with an underlying distribution that was approximately normal. A two way
ANOVA was conducting using zone and coral colony condition as the factors with
either abundance or proportion of coral colonies as the dependent variable. Posthoc analysis used a Tukey Honest Significant Differences test to compare
individual means across zones and conditions.
Results: Transects A-F, tests on number of colonies per transect.
The mean numbers of colonies per 50m2 at each zone and in each
condition category are shown in Table 11. The overall GLM indicated that the
number of colonies in each zone were not significantly different (F=0.34, df=1,
p=0.57) but the number of normal colonies was significantly higher (F=9.43, df=1,
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p=0.015) (Table 12). There was also a significant interaction term (F=8.18, df=1,
p=0.021) indicating that the relationship between condition of coral colonies was
significantly different across zones (Fig. 52). There were more normal colonies in
the control zone versus the impact zone but this was not a significant difference
(p=0.43) (Table 13). There were significantly more (p=0.013) normal than
stressed colonies in the control zone. In contrast, the number of normal and
stressed colonies was almost identical in the impact zone (p=0.999).
Table 11: Transects A-F. Mean number of colonies per 50m2 within each zone
and condition category.
Zone
Condition
N
Mean Number
SE
-95% CI
+95% CI
Control
normal
3
35.0
4.5
23.8
46.2
Control
stressed
3
3.3
1.8
-7.8
14.5
Impact
normal
3
14.3
3.7
3.2
25.5
Impact
stressed
3
15.0
7.5
3.8
26.2
Table 12: Transects A-F. Univariate tests of significance for number of colonies
using a GLM 2-way ANOVA.
SS
Df
MS
F
p
14.087
1
14.087
154.096
0.000
Intercept
0.031
1
0.031
0.344
0.574
Zone
0.862
1
0.862
9.430
Condition
0.015
0.747
1
0.747
8.176
Zone*Condition
0.021
0.731
8
0.091
Error
Table 13: Transects A-F. Tukey HSD test comparing transformed means across
zones and conditions.
Zone
Condition
{2}
{3}
{4}
Control
normal
0.427
0.358
1
0.013
Control
stressed
0.119
0.147
2
Impact
normal
0.999
3
Impact
stressed
4
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Table 14 Transects A-F. Mean proportion of colonies per 50m2 within each zone
and condition category.
Mean
Zone Condition
N
SE
-95% CI
+95% CI
Proportion
Control normal
3
0.92
0.05
0.63
1.21
Control stressed
3
0.08
0.05
-0.21
0.37
Impact
normal
3
0.53
0.17
0.24
0.83
Impact stressed
3
0.47
0.17
0.17
0.76

Table 15 Transects A-F. Univariate tests of significance for proportion of
colonies using a GLM 2-way ANOVA.
SS
Df
MS
F
p
7.402
1
7.402
101.367
0.000
Intercept
0.000
1
0.000
0.000
1.000
Zone
1.006
1
1.006
13.780
Condition
0.006
0.812
1
0.812
11.113
Zone*Condition
0.010
0.584
8
0.073
Error

Table 16: Transects A-F. Tukey HSD test comparing transformed means across
zones and conditions.
Zone
Condition
1
2
3
4
Control
normal
-0.164
0.113
1
0.005
Control
stressed
-0.113
0.164
2
Impact
normal
-0.993
3
Impact
stressed
-4
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Results, Transects A-F, Tests on Proportion of Colonies per Transect:
The proportion of colonies per 50m2 at each zone and in each condition
category is shown in Table 14. The overall GLM indicated that the proportions in
each zone were not significantly different (F=0.00, df=1, p=1.00) but the
proportion of normal colonies was significantly higher (F=13.78, df=1, p=0.006)
(Table 15). There was also a significant interaction term (F=11.11, df=1, p=0.01)
indicating that the relationship between condition of coral colonies was
significantly different across zones (Fig. 53). There were proportionally more
normal colonies in the control zone versus the impact zone but this was not a
significant difference (p=0.16) (Table 16). The difference between the mean
proportions in colony condition for the control zone was significant (p=0.005) with
more normal than stressed colonies. In contrast, the number of normal and
stressed colonies was almost identical in the impact zone (p=0.993).

Conclusions: Transects A-F
•
•
•
•

•

•
•

The data from transects A-F reflect the general pattern observed in the field.
Abundance of corals is lower in the impact area and a high proportion of the
remaining colonies is highly stressed.
Coral populations on the topographically complex Pila'a reef flat are unevenly
distributed and very "patchy", so variance of samples is high.
Statistically significant differences between the control and impact zones in
terms of both the number and proportion of normal versus stressed coral
colonies could not be detected using a sample size of N=3.
Observation of trends suggest a large difference between the impact and
control zones, so the lack of statistical significance is attributed to the small
sample size and the highly variable nature of coral distributions on the Pila'a
reef flat.
Power analysis indicates that a sample size greater than N=5 would be
needed to achieve a Power > 0.80. A sample size as large as feasible would
be desirable, given the number of categories and variability within each coral
category.
A stratified random sampling design rather than selecting transects in a
"haphazard" manner is a statistical requirement that must be included in the
revised experimental design.
Therefore, another survey was undertaken to establish statistical confidence
in the data.
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Results: Transects 1-20
Abundance of coral colonies in the various condition categories were
Log10(x+1) transformed to meet the assumptions of normality and homogeneity
of variances for the Analysis of Variance Test using a General Linear Model
(GLM). Proportion data was ArcSin-Square Root transformed to produce a data
set with an underlying distribution that was approximately normal. A two way
ANOVA was conducting using zone and coral colony condition as the factors with
either abundance or proportion of coral colonies as the dependent variable. Posthoc analysis used a Tukey Honest Significant Differences test to compare
individual means across zones and conditions.
The data from transects 1-20 is summarized in Fig. 54. These data are
plotted as the mean number of normal, stressed and dead corals in Fig. 55.
Again, the same patterns observed in the field and measured on the other
transects in the impacted zone are in evidence.

Fig. 54. Transects 1-20. Numbers of coral colonies in each category for each of the 20
transects. The impacted zone (transects 1-10) is on the left, the control transects (11-20)
on the right.
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Fig. 55. Transects 1-20. Mean number of colonies per 50m2 in each condition across both
zones. (N=10, Mean ± SE).

Fig. 56. Transects 1-20. Proportion of normal stressed and dead colonies per 50m2 in each
condition across both zones. (N=10, Mean ± SE).
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Transects 1-20, First Analysis (dead corals included), Methods.
Question: Are there more dead and/or stressed coral colonies per unit area in the
impacted zone versus the control zone?
Alternative question: Is there a greater proportion of dead and/or stressed coral
colonies in the impacted zone versus the control zone?
H0: There is no significant difference in the number/proportion of dead and/or
stressed coral colonies per unit area between the impacted zone and the control
zone.
HA: The impacted zone has a significantly higher number/proportion of dead
and/or stressed coral colonies per unit area than the control zone.
Transects 1-20, First analysis (dead corals included), Results
The mean numbers of colonies per 50m2 at each zone and in each
condition category are shown in Fig. 55 and Table 17. The overall GLM indicated
that:
• the total number of colonies examined in each zone was not significantly
different (F=0.035, df=1, p=0.85) but the condition of colonies was (F=55.8,
df=2, p<0.001) (Table 18).
• There was also a significant interaction term (F=50.9, df=2, p<0.001)
indicating that the relationship between condition of coral colonies was
significantly different across zones (Fig. 58).
• The Tukey HSD test using just the paired comparisons, indicated that there
were significantly (p<0.001) more normal colonies in the control zone versus
the impact zone and that the number of dead (p=0.003) and stressed
(p=0.002) colonies were significantly lower in the control zone compared to
the impact area (Table 19).
• Statistical Power was very high for both the difference in condition
(Power=1.00) of colonies and the interaction term (Power=1.00). These
Power values provide confidence in rejecting H0 and supporting the
alternative hypothesis that there is a significant difference between zones
using the aforementioned criteria.
• The low Power value (Power=0.05) for the zone comparison indicates that
both zones are similar in total number of corals if we include recently killed
colonies. This finding suggests that both the impact zone and the control
zone coral communities were very similar prior to the events leading to the
massive and ongoing mortality being observed in the impact zone.
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The proportion of colonies per 50m2 at each zone and in each condition
category is shown in Table 20 and Fig. 56.
•

The overall GLM indicated that the proportion of colonies in each zone was
not significantly different (F=1.31, df=1, p=0.26) but the proportion of colonies
in each condition was significantly different (F=93.67, df=2, p<0.001) (Table
21).

•

There was also a significant interaction term (F=95.66, df=2, p<0.001)
indicating that the relationship between condition of coral colonies was
significantly different among zones (Table 21, Fig. 56).

•

Further analysis using the Tukey’s HSD test with just the paired comparisons,
indicated that there were proportionally (p<0.001) more normal colonies in the
control zone versus the impact zone (Table 22).

•

In addition, there were proportionally fewer dead (p<0.001) and stressed
(p<0.001) colonies in the control zone versus the impact site.

•

Statistical Power was extremely high for differences in both the proportion of
colonies in each condition (Power=1.00) and the proportion of colonies in
each condition among zones (Power=1.00).

Transects 1-20. Second analysis (live corals only) - Methods
Question: Are there more stressed coral colonies per unit area in the impacted
zone versus the control zone?
Alternative question: Is there a greater proportion of stressed coral colonies in
the impacted zone versus the control zone?
H0: There is no significant difference in the number/proportion of stressed coral
colonies per unit area between the impacted zone and the control zone.
HA: The impacted zone has a significantly higher number/proportion of stressed
coral colonies per unit area than the control zone.
The time and cause of death are difficult to establish conclusively. Also,
many small or encrusting dead colonies cannot be recognized. Therefore an
analysis was performed with dead colonies being omitted. Abundance of coral
colonies in the normal and stressed condition were Log10(x+1) transformed to
meet the assumptions of normality and homogeneity of variances for the Analysis
of Variance Test using a General Linear Model (GLM). Proportion data was
ArcSin-Square Root transformed to produce a data set with an underlying
distribution that was approximately normal. A two way ANOVA was conducting
using zone and coral colony condition as the factors with either abundance or
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proportion of coral colonies as the dependent variable. Post-hoc analysis used a
Tukey Honest Significant Differences (HSD) test to compare individual means
among zones and conditions.

Fig. 57: Mean number of colonies per 50m2 in each condition (excluding dead colonies)
across both zones. (N=10, Mean ± SE).

Fig. 58: Proportion of colonies per 50m2 in each condition (excluding dead colonies)
across both zones. (N=10, Mean ±SE).
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Transects 1-20, Second analysis (live corals only), Results
The mean numbers of colonies per 50m2 at each zone and in each
condition category are shown in Table 23 and Fig. 57.
•
•
•

•
•

The overall GLM indicated that the total number of colonies examined in each
zone was significantly different (F=16.2, df=1, p<0.001) along with the number
of colonies in each condition category (F=81.7, df=1, p<0.001) (Table 24).
There was also a significant interaction term (F=137.0, df=1, p<0.001)
indicating that the relationship between condition of coral colonies was
significantly different across zones (Fig. 54).
The Tukey HSD test using just the paired comparisons, indicated that there
were significantly (p<0.001) more normal colonies in the control zone versus
the impact zone and that the number of stressed (p<0.001) colonies were
significantly lower in the control zone compared to the impact area (Table 25).
Statistical Power was very high for the zone factor (Power=0.97), condition
factor (Power=1.00) and the interaction term (Power=1.00).
These Power values provide confidence in rejecting H0 and supporting the
alternative hypothesis that there is a significant difference between zones
using the aforementioned criteria. The high Power value for the Zone
comparison is noteworthy because it indicates that the impact area and the
control area are quite different with regards to the remaining living colonies.

The proportion of colonies per 50m2 at each zone and in each condition
category is shown in Table 26 and Fig. 58.
•
•
•
•

The overall GLM indicated that the proportion of colonies in each zone was
significantly different (F=8.5, df=1, p=0.006) as well as the proportion of
colonies in each condition category (F=142.0, df=1, p<0.001) (Table 27).
There was also a significant interaction term (F=240.0, df=1, p<0.001)
indicating that the relationship between condition of coral colonies was
significantly different among zones (Table 27, Fig. 58).
Further analysis using the Tukey’s HSD test with just the paired comparisons,
indicated that there were proportionally (p<0.001) more normal colonies in the
control zone versus the impact zone (Table 28).
In addition, there were proportionally fewer stressed (p<0.001) colonies in the
control zone versus the impact site. Statistical Power was high for differences
among zones (Power=0.81), proportion of colonies in each condition
(Power=1.00), and the proportion of colonies in each condition among zones
(Power=1.00).
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Table 17: Transects 1-20. Mean number of colonies per 50m2 within each zone
and condition category.
Factor
Condition
N
Mean Number SE -95% CI +95% CI
Impact
dead
10
5.5
1.2
2.9
8.1
Impact
normal
10
6.4
0.9
4.3
8.5
Impact
stressed
10
8.5
0.8
6.7
10.3
Control
dead
10
1.7
0.4
0.7
2.7
Control
normal
10
36.3
1.4
33.2
39.4
Control
stressed
10
3.3
0.5
2.2
4.4

Table 18: Transects 1-20. Univariate tests of significance for number of colonies
using a GLM 2-way ANOVA.
SS
df
MS
F
p
Power
43.087
1
43.087 1118.053 0.000
Intercept
0.001
1
0.001
0.035
0.853
0.05
Zone
4.297
2
2.149
55.755
Condition
0.000
1.00
Zone *
1.00
3.920
2
1.960
50.864
0.000
Condition
2.081
54
0.039
Error

Table 19: Transects 1-20. Tukey HSD test comparing transformed means
across zones and conditions.
Zone Conditio
1
2
3
4
5
6
n
dead
-0.830
0.109
0.698
1 Impact
0.003
0.000
normal
-0.718
0.101
2 Impact
0.000
0.000
Impact
stressed
-3
0.000
0.000
0.002
dead
-0.143
4 Control
0.000
normal
-5 Control
0.000
6

Control

stressed

--
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Table 20: Transects 1-20. Mean proportion of colonies per 50m2 within each
zone and condition category.
Mean
Zone
Condition
N
SE
-95% CI
+95% CI
Proportion
Impact
dead
10
0.26
0.05
0.15
0.37
Impact
normal
10
0.31
0.04
0.22
0.40
Impact
stressed
10
0.43
0.04
0.33
0.53
Control
dead
10
0.04
0.01
0.02
0.07
Control
normal
10
0.88
0.01
0.86
0.91
Control
stressed
10
0.08
0.01
0.05
0.10

Table 21: Transects 1-20. Univariate tests of significance for proportion of
colonies using a GLM 2-way ANOVA.
SS
Df
MS
F
p
Power
20.24
1
20.240 1127.623
Intercept
0.000
0
0.023
1
0.023
1.306
0.258
0.22
Zone
3.363
2
1.681
93.671
Condition
0.000
1.00
Zone *
1.00
3.434
2
1.717
95.658
0.000
Condition
0.969
54
0.018
Error

Table 22: Transects 1-20. Tukey HSD test comparing transformed means
across zones and conditions.
Zone
Condition
1
2
3
4
5
6
dead
-0.733 0.014 0.000
1 Impact
0.000
0.005
normal
-0.326 0.000
2 Impact
0.000
0.000
stressed
-3 Impact
0.000
0.000
0.000
dead
-0.633
4 Control
0.000
normal
-5 Control
0.000
stressed
-6 Control
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Factor
Condition
Impact
normal
Impact
stressed
Control
normal
Control
stressed
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Mean number of colonies per 50m2 within each zone
N
10
10
10
10

Mean Number
6.4
8.5
36.3
3.3

SE
0.91
0.81
1.38
0.47

-95% CI
4.3
6.7
33.2
2.2

+95% CI
8.5
10.3
39.4
4.4

Table 24: Transects 1-20. Univariate tests of significance for number of colonies
using a GLM 2-way ANOVA.
SS
Df
MS
F
p
Power
39.404
1
39.404
1817.8
Intercept
0.000
0.351
1
0.351
16.2
Zone
0.000
0.97
1.771
1
1.771
81.7
Condition
0.000
1.00
Zone *
1.00
2.970
1
2.970
137.0
0.000
Condition
0.780
36
0.022
Error

Table 25: Transects 1-20. Tukey HSD test comparing transformed means
across zones and conditions.
Zone
Condition
1
2
3
4
Impact
normal
-0.252
1
0.000
0.006
Impact
stressed
-2
0.000
0.000
Control
normal
3
-0.000
Control
stressed
-4
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Table 26: Transects 1-20. Mean proportion of colonies per 50m2 within each
zone and condition category.
Zone
Condition N Mean Proportion
SE
-95% CI +95% CI
Impact
normal
10
0.31
0.04
0.22
0.40
Impact
stressed
10
0.43
0.04
0.33
0.53
Control
normal
10
0.88
0.01
0.86
0.91
Control
stressed
10
0.08
0.01
0.05
0.10

Table 27: Transects 1-20. Univariate tests of significance for proportion of
colonies using a GLM 2-way ANOVA.
SS
Df
MS
F
p
Power
19.549
1
19.549
1648.696
Intercept
0.000
0.101
1
0.101
8.510
Zone
0.006
0.81
1.683
1
1.683
141.974
Condition
0.000
1.00
Zone *
1.00
2.846
1
2.846
240.020
0.000
Condition
0.427
36
0.012
Error

Table 28: Transects 1-20. Tukey HSD test comparing transformed means
across zones and conditions.
Zone
Condition
1
2
3
4
Impact
normal
-0.072
1
0.000
0.000
Impact
stressed
-2
0.000
0.000
Control
normal
-3
0.000
Control
stressed
-4

Hawaii Coral Reef Assessment and Monitoring Program - Pila'a Assessment

Page 97

Live coral coverage in the impacted vs. control area.
Live coral coverage was calculated from the numbers and mean diameters of the
colonies on each transect 1-20. In the impact zone coral coverage on the 25 m
transects ranged from 0.4% to 5.2% with a mean and standard deviation of
3.0%+1.7%. In the control site coverage ranged from 2.5% to 25.2% with a
mean and standard deviation of 13.8%+8.6%. The extreme variation is a result
of the complex topography and diverse coral community structure and again
demonstrates the need for a large number of transects if one is to obtain
statistical validity in comparing sites.
Conclusions: Reef Coral Populations
•

Diverse coral populations along the east end of Pila'a reef are under extreme
stress due to high sedimentation, turbidity, algae overgrowth and anoxic
conditions. These conditions are recent and the result of mud that was
carried into the system prior to, during and after the mud flow event of
November 26, 2001.

•

The pattern of damage and death of very large coral heads of the species
Porites compressa at the east end of the reef is related to sediment impact
prior to, during and following the mud flows of 26 November 2001. The large
coral heads in this area are on the order of 100 years old, so conditions in the
area were favorable to corals prior to the period of heavy sedimentation.

•

A large area of very large dead coral heads occurs in the middle section of
Pila'a reef along both sides of the deep channel off Pila'a stream. Population
structure data shows that the corals were killed during the mid 1990's with
some subsequent recruitment of small colonies since then. During the mid
1990's major grading activity occurred on the slopes and streambed of Pila'a
stream as shown by aerial photographs (See Section 2 of this report). Major
floods exceeding the magnitude of the 16 November 2001 occurred during
this time (see Section 2). Coral population structure shows new recruitment
of corals since that time, but considerable time will be required before these
reefs develop to their pre-1990 condition.

•

The far west end of Pila'a reef was not severely impacted by the recent mud
flows and served as an excellent control area for comparison with the area
impacted by sediment along the east portion of the reef.

•

There are significant differences between the control and impact zones in
terms of the number/proportion of normal, stressed and dead coral colonies.
The impact zone has fewer normal corals and more corals in a stressed
condition (bleached or dying). The differences between the impact and
control area are significant whether or not dead colonies are included in the
analysis. The low power value for the zone comparison indicates that both
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zones are similar in total number of corals if we include recently killed
colonies. This findings support the observations that both the impact zone
and the control zone coral communities were probably very similar prior to the
events leading to the massive and ongoing mortality being observed in the
impact zone.
•

Large numbers of transects per site (n=10) were required in this study due to
the complex nature of the substratum and the diverse reef coral community.
Valid statistical methods and large samples must be employed to test
hypotheses in a complex and heterogeneous reef system such as Pila'a.
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