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ABSTRACT 

The coral reefs of Kane'ohe Bay, on the windward coast of O'ahu, Hawai'i, have 

changed markedly over the last half century. Some of the most spectacular coral reefs in 

Hawai'i were reported from Kane'ohe Bay in the late 1800's and early 1900's, but with the 

beginning of extensive military dredge and fill operations during the World War IT era, 

conditions in the bay began to change dramatically. After the War, rapid urbanization of 

the area began and conditions in the bay continued to decline until pressure from the public 

and scientific community led to the diversion of the large sewage discharges in the 

southeast lagoon to a newly built deep ocean outfall outside the bay in 1977-1978. 

Although conditions temporally improved, recent surveys indicate that current conditions 

in the bay are not as favorable as expected. 

This study provides a time series analysis of changes in coral and algae cover in 

Kane'ohe Bay based upon a series of coral reef surveys conducted throughout the bay in 

1970171, 1983, and 1990. Beginning in 1970171, conditions in the bay were highly 

degraded and scientists speculated that eutrophication and sedimentation, as a result of 

urbanization and construction, were the primary cause of an observed decline in lagoon 

corals communities in the southeast lagoon and an explosive growth of the green "bubble 

algae", Dictyosphaeria cavemosa, which was smothering corals in the middle lagoon. In . 

1983, six years after major sewage discharges were diverted from the bay, surveys 

indicated dramatic improvements in water quality and the reefs showed signs of recovery. 

D. cavemosa algae levels, associated with earlier nutrient pollution, plummeted to less than 

twenty percent of their former abundance levels and coral cover increased by over two 

hundred percent. Although it was predicted that the coral reefs of Kane'ohe Bay would 

continue to recover, surveys in 1990 indicate that coral recovery slowed or ceased and the 

growth of the green "bubble algae", D. cavemosa, more than doubled compared to 1983 

levels. In addition to the failure of the t~o dominant coral species Porites compressa and 

Montipora capitata to continue to recover, almost all of the less common coral species 

including Pocillopora damicomis, Fungia scutaria, Cyphastrea ocellina, and some others, 

showed significant declines in reef cover. 

Although this study was not able to detennine the exact causes of the observed 

changes in Kane'ohe Bay, it is suggested that high nutrient inputs provided favorable 
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conditions for the changes in coral and algae cover. High nutrient levels are thought to 

have been derived from a number of sources including chronic sewage pollution, increased 

sedimentation from runoff, and reef kills associated with acute but large episodes of 

freshwater runoff. Some of these nutrient inputs may have been the result of non-point 

source and point source sewage pollution derived from leaky sewer lines, cesspool and 

septic tank discharges, commercial tour and recreational boat waste discharges, and 

periodic sewage bypasses from municipal wastewater treatment plants and sewage pump 

stations. Other nutrients may have been derived from increased sedimentation following 

extensive land clearance, land development, and highway construction. Additional factors 

may include a decrease in herbivorous fish species owing to over fishing and the ability of 

D. cavemosa algae to concentrate nutrients from underlying substrates and excretion from 

infaunal organisms. Other factors such as increased nutrient recycling from the sediments, 

possible increased nitrogen fixation from reefs, and natural fluctuations in relative species 

abundances may also be responsible for some of the observed changes in coral reef 

community structure. Although rare, the largest nutrient fluxes followed the catastrophic 

freshwater reef-kill events caused by severe rainstorms in conjunction with low tides and 

low wind conditions in 1965 and 1987-1988. Although the cause and effect relationship is 

still uncertain, the highest levels of Dictyosphaeria cavemosa algae ever recorded in 

Kane'ohe Bay occurred in the years following these storm events. 

Results of this study indicate that further research is needed to monitor ongoing 

conditions in the bay and determine what is preventing the reef ecosystem from returning to 

its former more pristine condition. Because water quality parameters generally remained 

the same or improved compared to previous polluted conditions, it is suggested that current 

measures of water quality are not reliable in forewarning against coral reef degradation in 

Kane'ohe Bay. Although a reduction in all future development in and around the bay 

would probably help maintain environmental conditions at the status quo, additional 

regulations and enforcement may be needed to help reduce disturbances caused by existing 

land and water use. It is suggested that a reduction in nutrient inputs to the bay would be 

beneficial to reef corals. Recommendations made by the Kane'ohe Bay Task Force 

outlined in the Kane'ohe Bay Master Plan should serve as a model and be implemented as 

soon as possible. Continuing assessment of the Kane'ohe Bay coral reef ecosystem and 

surrounding watershed will then need to be made on a regular basis to ensure that further 

degradation of the reefs is not occurring. 

vi 



TABLE 
OF CONTENTS 

Page 

ACKNOWLEDGMENTS ............................................................... iv 

ABSTRACT ................................................................................ v 

LIST OF TABLES ....................................................................... xi 

LIST OF FIGURES ............................. : ....................................... xiv 

LIST OF PLATES ........................................................................ xvi 

I. INTRODUCTION ..................................................................... 1 

Background... ......................... ........... ............. ... ........ ........ ... 1 

Literature Review................ ....................... ............................ 1 

Problem Identification.. .... ...... ............. ................. ...... ......... ..... 4 

Purpose and Scope ................. ' ................................................. 8 

Environmental Setting.............................................................. 8 

Historical Overview: ................................................................ 14 

II. MATERIALS AND METHODS ................................................. 28 

Overview ............................................................................. 28 

Transect Methodology .............................................................. 28 

Relocation of Past Survey Sites.......................................... 28 

Transect Technique ........................................................ 31 

Measurement Variables .................................................... 33 

Reproducibility of Transect Methodology ............................... 34 

Regional Division of Kane'ohe Bay .............................................. 34 

Data Analysis........................................................................ 35 

Preparation for Data Analysis ............................................. 35 

Data Set Construction ...................................................... 36 

Kane'ohe· Bay Descriptions ............................................... 37 

Vll 



Page 

Overall "Trend" Analysis .................................................. 37 

Studentized Range Test.. .................................................. 39 

Wilcoxon Signed-Ranks Analysis Between 1983-1990 ............... 39 

. III. RES U L T S .................... , ........................................................ 41 

Overview ............................................................................. 41 

Methodological Questions .......................................................... 41 

Verification of Site Locations ............................................. 41 

Refinement of Transect Survey Data Structure......................... 42 

Reproducibility of Transect Methods....... ....................... ...... 43 

Reef Slope Descriptions ............................................................ 43 

General Baywide Descriptions ........................................... 45 

General Description of Bay by Regions ................................. 49 

1970/71 ............................................................... 49 

1983 ................................................................... 50 

1990 ................................................................... 52 

Kane'ohe Bay Reef Slope Descriptions by Site................... ..... 53 

1970/71 ............................................................... 57 

1983 ................................................................... 57 

1990 ................................................................... 59 

Reef Slope Description by Depth ......................................... 60 

1970/71 ....................... ; ............................... ........ 64 

1983 ................................................................... 65 

1990 ................................................................... 66 

Analytical Comparisons ............................................................ 67 

Results of Statistical Comparisons Between Transects................ 67 

Results of Overall "Trend" Analysis by Baywide and Region ........ 67 

Results of Baywide and Regional Analysis Between years..... ..... 72 

1970/71-1983 ........................................................ 73 

1983-1990 ............................................................ 77 

1970/71-1990 ........................................................ 78 

viii 



Pa2e 
Results of Overall "Trend" Analysis by Site ............................ 78 

Results of Analysis by Site Between years........ ......... ............ 80 

1970/71-1983 .......................................... .............. 85 

1983-1990 ............................................................ 86 

1970/71-1990 .... ................................. '" ................ 86 

Results of Overall "Trend" Analysis by Depth ......................... 87 

Results of Analysis by Depth Between Years.. ..... .......... ......... 90 

1970/71-1983 .......................................... .............. 90 

1983-1990 ............................................................ 94 

1970/71-1990 ........................................................ 95 

Results of Specific Analysis between 1983 and 1990................. 95 

By Bay and Region ................................................. 96 

By Site ................................................................ 100 

By Depth............................................................. 101 

IV. DIS C U S S ION. . .. ..... . ... . . .... . ..... ... . . . . . . . ... . ..... . ... . ... ... . ..... . . . . ...... 102 

Overview ............................................................................. 102 

Kane'ohe Bay Before and After Sewage Diversions........................... 102 

Coral Reef Recovery and Trends to the Contrary.......... ..................... 103 

Potential Factors Relating to Reef Decline............................ ........... 105 

Water Quality ............................................................... 106 

Fresh Water Flooding..................................................... 108 

Sedimentation ............................................................... 112 

Multiple Stable States ...................................................... 113 

Continued Nutrient Stress from Sewage................................ 114 

Nutrient Effects on Coral and Algae.......................... ........... 115 

Increased Ocean Recreation ............................................... 116 

Natural Variation in Coral Reef Communities Over Time ............. 118 

Historical Accounts of the Reefs in Kane'ohe Bay.................... 118 

Changes in Coral Reef Community Structure.......................... 122 

Reef Degradation and Dictyosphaeria cavernosa Growth ............. 123 

ix 



Page 

Cases of Algae Blooms and Decreased Herbivory ..................... 124 

Other Disturbances Related to Lack of Coral Reef Recovery......... 126 

Coral Reef Recovery ....................................................... 127 

v. ,CONCLUSIONS ..................................................................... 131 

Summary of Overall Survey Results .............................................. 133 

Substrate Cover Summary... ... ... ... .... ... ... .... .......... ............ 133 

Major Coral Cover Summary.. ............... ..... ........ ..... .......... 133 

Minor Coral Cover Summary ............................................. 134 

Algae Cover Summary .................................................... 135 

Unexpected Results ................................................................. 136 

Factors Leading to Reef Decline ................................................... 137 

Past, Present, and Future Research.. ............ ................................. 137 

Methodological Shortcomings..... ........... ............................ 139 

The Need for Regular Monitoring ........................................ 140 

Survey Methods ............................................................ 140 

The Need for Further Research ........................................... 141 

Concluding Comments ............................................... ~ ............. 142 

APPENDICES ............................................................................. 144 

LITERA TURE CITED.................................................................. 166 

x 



LIST OF TABLES 

1. Survey team members and persons involved in verifying transect site 
locations by year ................ ;................................................. 31 

2. Results of the transect methodology reproducibility test showing the 
int~r-corre.lation ~d Wilcoxon signed-ranks values between two 
traIned Investlgators ..................... ~...... ........................ ..... ...... 44 

3. Results of Wilcoxon signed-ranks tests for differences between "A" and 
"B" transects in 1983 by depth .................................................. 68 

4. Results of Wilcoxon signed-ranks tests for differences between "A" and 
"B" transects in 1983 by site............. .................................. ..... 69 

5. Results of Wilcoxon signed-ranks tests for differences between" A" and 
"B" transects in 1983 by baywide and region...... ........ ..... ...... ........ 70 

6. Preliminary results of repeated measures analysis for differences 
between 1970171, 1983, and 1990 surveys by baywide and region 
(Transect "A" averaged for sites and 1-7 meters depth only) ................ 71 

7. Final combined results of repeated measures, "Rankits", and non-
parametric one-way ANOV A for differences between 1970171, 
1983, and 1990 surveys by baywide and region (Transect "A" 
averaged for sites and 1-7 meters depth only) ................................. 71 

8 . Results of student Neuman Keuls tests for differences between 1970171 
and 1983 by baywide and region (Transect" A" averaged for sites and 
1-7 meters depth only) ........................................................... 74 

9. Results of student Neuman Keuls tests for differences between 1983 
and 1990 by baywide and region (Transect "A" averaged for sites and 
1-7 meters depth only) ........................................................... 75 

10. Results of student Neuman Keuls tests for differences between 1970171 
and 1990 by baywide and region (Transect "A" averaged for sites and 
1-7 meters depth)................................................................. 76 

11. Preliminary results of repeated measures analysis for differences 
between 1970171, 1983, and 1990 surveys by site (Transect "A" 
averaged for 1-7 meters depth only) ............................................ 79 

12. Final combined results of repeated measures, "Rankits", and non
parametric one-way ANOV A for differences between 1970171, 
1983, and 1990 surveys by site (Transect "A" averaged for 1-7 
meters depth only) ................................................................ 81 

xi 



13. Results of student Neuman Keuls tests for differences between 1970171 
and 1983 by site (Transect "A" averaged for 1-7 meters depth only) ....... 82 

14. Results of student Neuman Keuls tests for differences between 1983 
and 1990 by site (Transect "A" averaged for 1-7 meters depth only) ....... 83 

15. Results of student Neuman Keuls tests for differences between 1970171 
and 1990 by site (Transect "A" averaged for 1-7 meters depth only) ....... 84 

16. Preliminary results of repeated measures analysis for differences 
between 1970171, 1983, and 1990 surveys by depth (Transect "A" ....... 88 

17. Final combined results of repeated measures, "Rankits", and non
parametric one-way ANOV A for differences between 1970171, 1983, 
and 1990 surveys by depth (Transect "A" averaged for all sites and 
1-7 meters depth)................................................................. 89 

18. Results of student Neuman Keuls tests for differences between 1970171 
and 1983 by depth (Transect "A" averaged for all sites and 1-7 meters 
depth) ................................................................................ 91 

19. Results of student Neuman Keuls tests for differences between 1983 
and 1990 by depth (Transect "A" averaged for all sites and 1-7 meters 
depth) ............................................................................... 92 

20. Results of student Neuman Keuls tests for differences between 1970171 
and 1990 by depth (Transects "A" and "B" averaged for all sites) ......... 93 

21. Results of Wilcoxon signed-ranks tests for differences between 1983 
and 1990 by baywide and region (Transects "A" and "B" averaged 
for sites and all matched depths) ................................................ 97 

22. Results of Wilcoxon signed-ranks tests for differences between 1983 
and 1990 by site (Transects "A" and "B" averaged for all matched 
depths) .. '.' ........................................................................ 98 

23. Results of Wilcoxon signed-ranks tests for differences between 1983 
and 1990 by depth (Transects "A" and "B" averaged for all sites 
and matched depths) .............................................................. 99 

24. Combmed results of repeated measures analysis, "Rankits", one-way 
ANOV A, Student Neuman Keuls, and Wilcoxon signed-ranks test 
between 1970171 and 1983, 1983 and 1983 and 1990 (Wilcoxon 
signed-ranks tests), and 1970171 and 1990........ ... ... .................. .... 132 

25. Table of percent cover of Kane'ohe Bay bottom types by bay and region 
in 1970171 (Transect "A" only), 1983, and 1990 (Transects "A" and 
"B" averaged for sites and all matched depths) ................................ 144 

X.ll 



26. Table of percent cover of Kane'ohe Bay bottom types in 1970171 by site 
(Transect "A" averaged for all matched depths) ............................... 145 

27. Table of percent cover of Kane'ohe Bay bottom types in 1983 by site 
(Transect "A" averaged for all matched depths) ............................... 146 

28. Table of percent cover of Kane'ohe Bay bottom types in 1990 by site 
(Transect "A" averaged for all matched depths) ............................... 147 

29. Table of percent cover of Kane'ohe Bay bottom types in 1970171 by depth 
(Transect "A" averaged for all sites and matched depths) .................... 148 

30. Table of percent cover of Kane'ohe Bay bottom types in 1983 by depth 
(Transect "A" averaged for all sites and matched depths) .................... 149 

31. Table of percent cover of Kane'ohe Bay bottom types in 1990 by depth 
(Transect "A" averaged for all sites and matched depths) .................... 150 

32. Table of percent cover of Kane'ohe Bay bottom types by bay and region 
in 1970171, 1983, and 1990 (Transect "A" only averaged for sites and 
1-7 meters depth)........................................... ...................... 154 

33. Table of percent cover of Kane'ohe Bay bottom types in 1970171 by site 
(Transect "A" averaged for 1-7 meters depth) ................................. 158 

34. Table of percent cover of Kane'ohe Bay bottom types in 1983 by site 
(Transect "A" averaged for 1-7 meters depth) ................................. 159 

35. Table of percent cover of Kane'ohe Bay bottom types in 1990 by site 
(Transect "A" averaged for 1-7 meters depth) ................................. 160 

36. Table of percent cover of Kane'ohe Bay bottom types by depth in 1970171, 
1983, and 1990 (Transect "A" averaged for all sites and 1-7 meters 
depth) ............................................................................... 164 

37. Table of percent cover of Kane'ohe Bay bottom types by bay and region 
in 1970171, 1983, and 1990 (Transects "A" and "B" averaged for 
sites and all matched depths).................................................... 165 

xiii 



LIST OF FIGURES 

Figure Page 

1. Map of Kane'ohe Bay and surrounding watershed showing stream 
inputs, wastewater treatment plant locations and outfalls, regional 
divisions of bay, and fifteen transect survey stations ........................ 10 

2. Graph showing reef slope cover in Kane'ohe Bay averaged by bay and 
region in 1970171 (transect "A" averaged for all matched depths) .......... 46 

3. Graph showing reef slope cover in Kane'ohe Bay averaged by bay and 
region in 1983 (transects "A" and "B" averaged for all matched depths) .. 47 

4. Graph showing reef slope cover in Kane'ohe Bay averaged by bay and 
region in 1990 (transects "A" and "B" averaged for all matched depths) .. 48 

5. Graph showing reef slope cover in Kane'ohe Bay averaged by site in 
1970171 (transect "A" averaged for all depths) ................................ 54 

6. Graph showing reef slope cover in Kane'ohe Bay averaged by site in 
1983 (transects "A" and "B" averaged for all matched depths) .............. 55 

7. Graph showing reef slope cover in Kane'ohe Bay averaged by site in 
1990 (transects "A" and "B" averaged for all matched depths) .............. 56 

8. Graph showing reef slope cover in Kane'ohe Bay averaged by depth 
in 1970171 (transect "A" averaged for all sites at each depth)............... 61 

9. Graph showing reef slope cover in Kane'ohe Bay averaged by depth 
in 1983 (transects "A" and "B" averaged for all sites at each 
matched depth) .................................................................... 62 

10. Graph showing reef slope cover in Kane'ohe Bay averaged by depth 
in 1990 (transects "A" and "B" averaged for all sites at each 
matched depth) .................................................................... 63 

11. Graph of rainfall data (1/100 inch) for selected sites (Waiahole Valley, 
Kane'ohe Town, Coconut Island, and the average for the three 
stations) in the Kane'ohe Bay watershed between 1960 and 1990 ......... 109 

12. Graph of stream discharge (cubic feet per. second) at selected streams 
(Komo'oali'i Stream, He'eia Stream, Waihe'e Stream, Waikane 

Stream, and the average for the four stream stations) in the Kane'ohe 
Bay watershed between 1960 and 1990............. ................. ..... ..... 110 

13. Graph showing reef slope cover in Kane'ohe Bay averaged by bay and 
region in 1970171 (Transect "A" averaged for 1-7 meters depth only) ..... 151 

xiv 



14. Graph showing reef slope cover in Kane'ohe Bay averaged by bay and 
re~ion in 1983 (Transect "A" averaged for 1-7 meters depth only) ......... 152 

15. Graph showing reef slope cover in Kane'ohe Bay averaged by bay and 
re~ion in 1990 (Transect "A" averaged for 1-7 meters depth only) ......... 153 

16 .. Graph showing reef slope cover in Kane'ohe Bay averaged by site in 
1970171 (Transect "A" averaged for 1-7 meters depth only)................ 155 

17. Graph showing reef slope cover in Kane'ohe Bay averaged by site in 
1983 (Transect "A" averaged for 1-7 meters depth only) .................... 156 

18. Graph showing reef slope cover in Kane'ohe Bay averaged by site in 
1990 (Transect "A" averaged for 1-7 meters depth only) .................... 157 

19. Graph showing reef slope cover in Kane'ohe Bay averaged by depth 
(I-7m) in 1970171 (Transect "A" averaged for all sites at each depth) ..... 161 

20. Graph showing reef slope cover in Kane'ohe Bay averaged by depth 
(I-7m) in 1983 (Transect "A" averaged for all sites at each depth) ......... 162 

21. Graph showing reef slope cover in Kane'ohe Bay averaged by depth 
(1-7m) in 1990 (Transect "A" averaged for all sites at each depth) ......... 163 

xv 



LIST OF PLATES 

I. Air photos of Kane'ohe Bay showing much of the enclosed lagoon, 
barrier reef, patch reefs, fringing reefs, Mokapu Peninsula and part 
of the watershed (1976-1978 air photos by the Geological Survey 
and State of Hawai'i)........................................................... 9 

II. Photo overlooking Kane'ohe Bay from Pu'u Konahuanui at the top 
of the Ko'olau Mountains showing inner lagoon, a number of patch 
reefs, and the barrier reef across the mouth of the bay (1988 photo 
by Chris Evans)................................................................. 9 

III. Ko'olau mountains backing Kane'ohe Bay watershed and residential 
developments surrounding southeast-central bay (1983 photo by 
Chris Evans) ........... , ......................................................... 12 

IV. Photo of fringing reefs, He'eia fishpond, and patch reefs in the 
southeast -central bay. The barrier reef and the northern extent of 
the Kane'ohe Bay watershed can be seen in the distance (1991 
photo by Chris Evans) ......................................................... 12 

V. Part of the H-3 federal highway construction project in southern 
Kane'ohe Bay watershed (1990 photo by Barry Hill: U.S. 
Geological Survey) ............................................................. 15 

VI. Dredging and pipe installation on shallow fringing reef at Coconut 
Island (1987 photo by Dr. Paul Jokiel, Hawai'i Institute of 
Marine Biology).................................................. .............. 15 

VII. Aerial Photo of sediment plume from Kahalu'u Stream in northeast 
bay. Kahalu'u fishpond shown in lower right portion of picture 
(Photo taken prior to construction of flood control lagoon: 
courtesy of Kahalu'u Neighborhood Board) ................................ 16 

VIII. Photo of mud flats, garbage, and sediment build-up on reef flat in 
southeast Kane'ohe Bay (1991 photo by Chris Evans) ................... 16 

IX. Photo of residential development project at Lilipuna in the southern 
Kane'ohe Bay watershed (1991 photo by Dr. Mark Merlin) ............. 20 

X. Photo of part of Kane'ohe Town and urban development in the 
southern Kane'ohe Bay watershed (1991 photo by Chris Evans) ....... 20 

XI. Photo of sediment laden water in channelized stream bed in southern 
Kane'ohe watershed (1989 photo by Chris Evans) ........................ 21 

XII. Photo of turbid waters from sediment runoff in southeast-central 
Kane'ohe Bay (1989 photo by Chris Evans) ............................... 21 

xvi 



Plate Page 

XIII. Photo of Front gate to Kane'ohe Sewage Treatment Plant near the bay 
in southern Kane'ohe watershed (Photo by Paul JokieI, Hawai'i 
Institute of Marine Biology) ................................................... 22 

XIV. Photo of sewage pump~out and transport trucks at Kane'ohe Sewage 
Treatment Plant in southern Kane'ohe watershed (1991 photo 
by Chris Evans) .......................................... , ...................... 22 

XV. Photo of Dictyosphaeria cavernosa, green "bubble algae", overgrowth 
of Porites compressa finger coral in the central bay (1990 photo 
by Chris Evans) ................................................................. 24 

XVI. Photo of Dictyosphaeria cavernosa, green "bubble algae", overgrowth 
of Porites compressa and Montipora capitata corals in central bay 
(1992 photo by Cindy Hunter) ................................................ 24 

XVII. Photo of healthy Porites compressa and Montipora capitata coral 
reef community interspersed with Sebellastane sanctijosephi 
feather duster worms in the northwest bay (1988 photo by 
Cindy Hunter) .................................................................... 25 

XVIII. Photo of diver next to Porites compressa coral overgrowth at station 
platform #13 in northwest bay (1983 Photo by James Maragos) ........ 25 

XIX. Photo of diver next to overgrown coral transplant platform at site #10 
in the central bay. Transplant platform (mesh screen) is located 
above concrete brick marked by orange flagging tape (1983 photo 
by James Maragos) ............................................................. 30 

XX. Photo of diver hanging onto coral transplant platform (large 
perforated man~hole cover), overgrown by Porites compressa 
and Pocillopora damicornis at site #12 in the northwest bay 
(1983 photo by James Maragos) .............................................. 30 

XXI. Photo of SCUBA divers John Oetting and Chris Evans conducting 
parallel transects using contiguous quadrat survey methodology in 
the northwest bay (1990 photo by Chris EvanslMark Smaalders) ........ 32 

XXII. Photo of Chris Evans conducting contiguous quadrat survey 
methodology in the northwest bay (1990 photo by Chris Evans 
and Mark Smaalders) ........................................................... 32 

XXIII. Photo of commercial tour operation including large catamaran base 
platform and smaller individual water craft off Checker Reef just 
north of Coconut Island in southeast ~central bay (1991 photo by 
Chris Evans) ................................................................... 117 

XXIV. Photo of commercial tour boat and tourists playing volleyball on 
sand bar in northwest bay (1991 photo by Chris Evans) ................ 117 

xvii 



CHAPTER I 

INTRODUCTION 

Background 

The coral reefs of Kane'ohe Bay, on the windward coast of O'ahu, Hawai'i, have 

changed markedly over the last half century. Some of the most spectacular coral reefs in 

Hawai'i were reported from Kane'ohe Bay (Agassiz 1889, MacKaye 1915, MacCaughey 

1918, Edmondson 1928) until extensive reef degradation took place there during the late 

1930's and continued through the late 1970's (Banner and Bailey 1970, Maragos 1972, 

Smith et al. 1973, Banner 1974, Johannes 1975, 1976, Smith et al. 1981). Following the 

cessation of large sewage discharges in 1977-1978, there were dramatic improvements in 

water quality and the reefs showed signs of recovery (Smith et al. 1981, Maragos et al. 

1985, Evans et al. 1986, Taguchi and Laws 1989). Although it was predicted that the coral 

reefs of Kane'ohe Bay would continue to recover, particularly after the diversion of the 

remaining point-source sewage discharge into 'Ahuimanu Stream in 1986 (Maragos et al. 

1985, Evans et al. 1986, Berwick and Faeth 1988, Kinsey 1988), research presented in 

this study and earlier (Hunter and Evans 1995) suggests otherwise. Coral recovery 

appears to have slowed or ceased and the growth of green "bubble algae", Dictyosphaeria 

cavernosa, often associated with nutrient pollution, has increased once again. 

Literature Review 

One of the greatest concerns facing coral reef scientists, coastal planners, and 

shoreline residents living along tropical coral coasts, is how and to what extent coral reefs 

are being damaged by human activity in, and adjacent to, tropical marine waters. 

Numerous popular and scientific reports of dead and dying reefs in various areas have 

produced widespread concern about the condition of living reefs and the stresses to which 

they are subjected (Smith et al. 1973, Banner 1974, Johannes 1975, 1976, Endean 1976, 

Dustan 1977, Stoddart 1981, Kuhlmann 1988, Brower 1989, Lapointe 1989, Bunkley

Wi!!i~rns and Williams 1990, Rogers 1990, Porter and Meier 1992, and Richmond 1993). 

Although many of the causes cited for the demise of coral reefs have been associated with 
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natural phenomena, such as hurricanes, increased water temperature, ultraviolet radiation, 

crown-of-thorns starfish infestations, disease, and herbivore die-offs, others have been 

more directly related to human disturbance including increased nutrient loaning from 

sewage, dredge and fill operations, anchor damage, human trampling, over fishing, toxic 

chemicals, sedimentation, explosives, mining, and increased fresh-water flooding. 

A serious debate has arisen among coral reef scientists concerning the fragility or 

robustness of coral reef ecosystems and their ability to recover following natural and 

human disturbance. Some believe that coral reefs are in a "delicate balance" with nature 

and are relatively sensitive to human induced stress (Johannes 1975, Endean 1976). 

Others believe that coral reefs form a "temporal mosaic" in a dynamic flux, in which 

disturbance and self-recovery are the norm (Grassel 1973, Grigg and Maragos 1974, 

Connell 1978, Grigg and Dollar 1990). Adding to the debate is the problem of 

distinguishing between the effects of human disturbance from natural long and short-term 

fluctuations affecting coral reef communities (Brown and Howard 1985, Grigg and Dollar 

1990, Buddemeier 1993, Bell 1992, Smith and Buddemeier 1992). 

Coral reefs as an ecosystem type have survived on the planet for hundreds of 

millions of years, yet many genera, species, and even whole reef biomes have corne and 

gone over time (Achituv and Dubinsky 1990). In fact, the extent of modem coral reef 

cover is only a small remnant of the area once inhabited by corals, and of the 7,500 species 

of coral known to science only about 2,500 still survive (Achituv and Dubinsky 1990). 

Although corals and reefs ecosystems on the planet are robust and long lived, individual 

coral species and reef communities are fragile and vulnerable to various kinds of 

disturbance. Maybe the debate should not be whether coral reefs are more or less 

susceptible to human disturbance compared to natural disturbance but whether the 

combination of disturbances are seriously jeopardizing the long-term survival of coral reefs 

as we know them. 

In his plenary talk at the Seventh International Coral Reef Symposium, Wilkinson 

(1993) argued that reefs are resilient and robust in the face of intermittent to severe natural 

disturbances, while vulnerable and fragile to chronic stress produced by certain of types of 

huma.'1-induced pollution. Wilkinson estimated that ten percent of the world's present coral 

reefs have already been degraded beyond recovery, thirty percent are in a critical state and 
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will be lost in the next ten to twenty years, and another thirty percent are threatened and will 

disappear in twenty to forty years. In his estimation, only thirty percent of the world's 

present coral reefs are healthy and capable of surviving into the long-term future. Pearson 

(1981) reviewed a number of long-term studies concerning the response of coral reefs to 

disturbance and concluded that although coral reef communities are able to recover from 

natural disturbance, they require several decades to do so. There was less evidence 

available following human disturbance upon coral reefs, but indications were that full 

recovery was prolonged or prevented altogether as a result of permanent change to the 

environment and/or continued disturbance. 

In contrast, Brown and Howard (1985) concluded that reef ecosystems may not be 

as fragile as previous generalizations would lead us to believe. Grigg and Dollar (1990) 

reached a similar conclusion after finding that the impact of a massive kaolin clay spill at 

French Frigate Shoals, Hawai'i, had only a trivial effect on the reef. Thus they cautioned 

against generalizations about the vulnerability of coral reefs to human-induced pollution. 

For those who believe that coral reefs form a kind of "temporal mosaic" in a dynamic flux 

(Grassel 1973, Grigg and Maragos 1974, Connell 1978, Grigg and Dollar 1990), reef 

ecosystems are considered naturally unstable, unpredictable, and change is considered 

more typical than constancy. 

Whether coral reefs are fragile or robust and/or more or less vulnerable to natural or 

human-induced disturbance, remains uncertain. Surely, it depends upon the nature, 

frequency, and severity of the disturbance. However, two features characterize all natural 

communities. First, they are dynamic systems where the densities and age-structures of 

populations change with time, as do the relative abundances of species (Sousa 1984). For 

many communities, a self-reproducing climax state may only exist as an average condition 

on a relatively large spatial scale (Connell and Slatyer 1977). Second, natural communities 

are spatially heterogeneous and one can observe a mosaic of patches identified by spatial 

discontinuities in the distributions of populations across any land or seascape (Paine and 

Levin 1981, Pickett 1976, Pickett and Thompson 1978, Whittaker and Levin 1977, Wiens 

1976). Given these facts, it is difficult to determine objectively what is a normal coral reef 

community, and what species, relative species abundances, and overall live cover should 

be found in a reef community at any point in time. 
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Problem Identification 

Although some sources of stress such as from coastal construction and mining are 

known to cause severe reef damage (Maragos 1993), the degree to which coral reefs are 

susceptible to other forms of human-induced stress remains unanswered (Grigg and Dollar 

1990). Most scientists would agree that more research and monitoring are needed to 

determine basic scientific information concerning the biology of reefs suffering from 

human and natural disturbances. In addition, planners, developers, and government 

officials need more reliable information concerning coral reef disturbance in order to make 

appropriate decisions about activities and developments that impact the coastal and marine 

environment. 

Recent interest in long-term studies of coral reefs has increased on a global scale 

and not surprisingly, there has been increased interest locally in Hawai'i. In fact, 

Kane'ohe Bay has been one of the most intensively studied coral reef ecosystems in the 

world; yet scientists and decision makers are far from fully understanding the dynamic 

forces influencing the bay and its coral reefs. Over the last few years, special interest in the 

Kane'ohe Bay region has been rekindled by increased urban and regional development, 

stream diversions, ocean recreation, fishing, and general concern for the bay and its 

surrounding watershed. 

In 1990, the Hawai'i State Legislature established the Kane'ohe Bay Master 

Planning Task Force to develop a comprehensive master plan for Kane'ohe Bay (Office of 

State Planning 1992). The goal of the Master Plan was to help protect the unique natural 

resources of the bay, resolve conflicting use problems, and assess the environmental and 

ecological impacts of human activities on the bay. One of the findings of the Task Force 

was that a strong relationship exists between activities in the watershed and environmental 

conditions in the bay (Office of State Planning 1992). Additional concerns of the Task 

Force included human activities on fresh-water runoff as well as more direct influences on 

the marine environment such as from sewage discharges and chemical pollution. Strong 

evidence indicated that water quality and conditions of the coral reefs in the bay had been 

deteriorating since the mid-1980's following recovery subsequent to sewage diversions in 

1977-1978. Recommendations of the Task Force included the establishment of a 
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comprehensive and coordinated water quality monitoring program and more research to 

determine the causes of deteriorating water quality in the bay. 

Clear, warm, and nutrient poor water is of utmost importance to the health and 

vitality of the coral reefs in Kane'ohe Bay and needs to be monitored regularly. Previous 

studies of water quality and plankton popUlations, both before and after sewage diversion 

(Quan 1969, Piyakamchana 1965, Smith et al. 1981, Laws and Redalje 1979, 1982, 

Taguchi and Laws 1989), have significantly enhanced our understanding of the dynamics 

of the bay's water over time. However, these studies have supplied only part of the 

information needed to determine the true status of the Kane'ohe Bay marine ecosystem. 

The State Department of Health designated all waters within Kane'ohe Bay as class 

"AA" waters or naturally pristine with minimal pollution. However, a study of Kane'ohe 

Bay completed thirty years ago by Piyakarnchana (1965) indicated that an increased amount 

of sewage disposal caused a sudden rise in the amount of phosphate phosphorus, 

chlorophyll ~, and zooplankton biomass in the southern part of the bay. Quan (1969) also 

concluded that phosphate concentrations appeared to be directly related to the rate of 

sewage discharge, and pointed out that when effluent increased over three million gallons 

per day (mgd), phosphate levels exceeded the limit for the State's class "A" water standards 

(pollution regulations of a lesser standard than "AA" waters but maintained for recreational 

purposes). However, he also noted that nitrate levels seemed to be related to stream flow 

and exceeded the State's class "A" water standards during wet weather conditions. 

Gunderson and Stroupe (1967) found that the highest levels of fecal coliforms, especially 

Enterococci, were in shallow water areas near stream mouths in the northwest part of the 

bay, whereas the sewage discharge areas were essentially sterile after sewage treatment and 

chlorination. On the other hand, Cox and Gordon (1970) found that fecal coliform 

concentrations exceeded class "A" (recreational) and "B" (industrial) water tolerances in the 

vicinity of the sewer outfalls, while the rest of the bay remained within the more sensitive 

class "AA" (natural pristine state with minimal pollution) tolerance levels as designated by 

the State Department of Health. 

As indicated above, measurements of water pollution in Kane'ohe Bay were 

inconsistent and va.tied between areas, time of study, and researcher. Although research 

results suggested that there was a pollution problem, it was not entirely clear whether it was 

5 



caused by sewage discharges in the southeast bay or wet weather stream flows in the 

northwest bay. Regardless of the cause, it was clear that the bay as a whole, and 

particularly the southeast bay, was becoming increasingly polluted by silt, fresh-water 

runoff, and sewage discharges (Reese 1966, Banner 1968, Banner and Bailey 1970, E. 

Reese and J. Maragos personal communication) and often exceeded State Department of 

Health water quality tolerances. 

Water to the coral reef is like blood to the human body, it feeds and bathes the cells 

and organs. When the blood chemistry is out of balance, the body becomes sick. 

Although blood chemistry is an excellent diagnostic procedure for humans and some other 

animals, early stages of many diseases are not always detected; other or more sophisticated 

tests are sometimes needed. Water chemistry is a similar type of diagnostic test used to 

measure water quality or ecosystem health in aquatic environments and is a good way of 

determining general environmental conditions influencing aquatic organisms. The problem 

is that water qUality as a measure of environmental health, like blood chemistry as a 

measure of human health, does not always tell the whole story. This is particularly true in 

marine environments, where water chemistry conditions can change quickly over time, 

from one place to another, and even be altered by the organisms themse'lves. Although 

water chemistry measurements are helpful in determining. changes in water quality, this 

method has limitations and should not be used as the sole measure of long-term pollution 

effects upon aquatic organisms. In coral reef ecosystems like Kane'ohe Bay, additional 

types of tests, such as biological monitoring of species cover, richness, and diversity, are 

needed to assess the combined biological effects of past, short and long-term pollution 

stresses rather than just the specific characteristics of the water at the time and place of 

sampling. 

Water quality measurements in Kane'ohe Bay have primarily been used to 

determine danger to public health and/or measure pollution effects upon the plankton 

population within the bay. Little of this information, if any, was used to determine 

pollution effects upon the coral reef communities in the bay. As a result, water quality 

measurements did not forewarn of the considerable coral reef degradation that was 

beginning to take place in the bay in the 1960's and 1970's. By the time public and 

scientific concern reached a r..igh enough level to make a difference, significant degradation 

to the reefs had already occurred. Although many of the corals on the reef slopes in the 
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southern bay had previously been killed by dredge and fill operations during the Wodd 

War II era, sediment and sewage stress killed many of the remaining corals and prevented 

recovery. Nutrients from sewage, sediment runoff, and dying and decaying organisms 

were also presumed to be the cause for an extensive outbreak of the green "bubble algae", 

Dictyosphaeria cavernosa. which overgrew and smothered many of the corals in the 

middle lagoon and surviving corals in the southern lagoon (Banner and Bailey 1970, 

Maragos 1972, Soegiarto 1972, Smith et al. 1973, Banner 1974, Johannes 1972, 1975). 

Following the diversion of the two largest sewage discharges in 1977-1978, the 

Kane'ohe Bay Dictyosphaeria cavernosa algae popUlation collapsed and reef corals 

showed signs of recovery . Yet, personal observations of the reefs indicated that these 

trends towards recovery stopped sometime between 1983 and 1988. Recent water quality 

monitoring suggests that, for all parameters measured, water quality in the bay has 

generally improved except during times of high storm runoff (Taguchi and Laws 1989, E. 

Laws personal communication). Nutrient enrichment experiments indicate that the bay's 

planktonic ecosystem is now distinctly nitrogen limited (E. Laws personal communication). 

Inorganic nitrogen and phosphate concentrations are so low that they border upon the 

minimum levels which can be detected by calorimetric methods (E. Laws personal 

communication). Chlorophyll.a concentrations have declined by 35-40% and Secchi 

depths (a measure of water clarity) have increased by 1.0-1.5 meters in the southeast bay 

since 1978-1979 (E. Laws personal communication). The strong southeast to northwest 

pollution gradient that was present during sewage discharge has also all but disappeared 

and the characteristics of the water column are now remarkably similar in all regions of the 

bay (E. Laws personal communication). 

Recent conflicting results between reef observations and water quality 

measurements indicate that changes to the reefs may be detectable only through biological 

monitoring of the reef slope communities. With the removal of the third and final point

source sewage discharge from the bay in 1986, and the additional time necessary for 

recycling of nutrients remaining in the sediments, it was predicted that the benthic algae 

levels would continue to decline and coral populations would rebound. Instead, 

Dictyosphaeria cavernosa rebounded and coral populations did not recover as predicted. A 

re-survey of the coral reefs in Kane'ohe Bay was therefore undertaken to verify 

observations of reef decline and to seek further understanding of the nature of the problem. 
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Purpose and Scope 

This research replicated earlier coral reef survevs conducted in Kane'ohe Bavo The 
- • .I 

previous surveys were conducted in 1970-1971, six to seven years before two out of the 

three sewage discharges into the bay ceased, and in 1983, five to six years following the 

fIrst sewage diversion. The most recent survey was done in 1990, twelve to thirteen years 

after the fIrst and primary sewage diversion and four years after the third and fInal 

diversion at 'Ahuimanu. The combination of these surveys provide a record spanning 

nearly two decades. Information gathered included reef slope coral, algae, and substrate 

cover from the reef crest to the bottom of the reef slope at a number of depths and sites 

throughout the bay. Survey data were collected for all major and most of the minor coral 

species as well as the predominant benthic macro algae Dictyosphaeria cavemosa. Other 

benthic macro algae cover was also recorded, and non-living soft and hard substrate were 

studied in relation to overall changes in the bay. Each coral, algae, and substrate record 

was analyzed on a baywide, regional, site, and depth scale to determine signifIcant 

differences between the three survey periods. Results were used to assess the long-term 

changes (1970-1990) in the coral reef community of Kane'ohe Bay both prior and 

subsequent to the major sewage diversions and to determine whether or not conditions in 

the bay had changed most recently between 1983 and 19?0. 

Environmental Setting 

The physical geography of Kane'ohe Bay has been described in numerous 

publications (Stearns and Vaksvik 1935, Bathen 1968, Cox and Gordon 1970, Roy 1970, 

Maragos 1972, Cox et al. 1973, Smith et al. 1973, Banner 1974, Stearns 1974, Devaney et 

al. 1976, Hollett 1977, Smith et al. 1981, Holthus 1986, Jokiel et al. 1991, Hawai'i OffIce 

of State Planning 1992, Hunter and Evans 1995). Kane'ohe Bay is the largest sheltered 

body of water in the Hawaiian Islands (Plate I) and is technically a coastal-plain estuary 

occupying a drowned stream-valley eroded in sediments occupying older, deeper 

submerged and fIlled, coalescent valleys cut in bedrock (Plate II). This 31 km2 bay on the 

windward (northeast) coast of O'ahu, Hawai'i, is approximately 12.7 km long, 4.3 km 

acooss at its widest point, and bordered by 28 kIn of shoreline (Figure #1). The seaward 

boundary of the bay is marked by the only shallow barrier reef in the Hawaiian archipelago 
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Plate I: Air photos of Kane'ohe Bay showing much of the enclosed lagoon, 

barrier reef, patch reefs, fringing reefs, Mokapu Peninsula and part of the 

watershed (1976-1978 air photos: Geological Survey and State of Hawai'i) . .., 

Plate II: Photo overlooking Kane'ohe Bay from Pu'u Konahuanui at the 

top of the Ko'olau Mountains showing inner lagoon, a number of patch reefs, 

and the barrier reef across the mouth of the bay (1988 photo by Chris Evans). 
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and the northern-most shallow barrier reef in the Pacific. One natural shallow channel 

crosses the southern end of the barrier reef (Sampan Channel), and a deep draft ship 

channel was dredged through the previously existing shallow northwest channel in the late 

1930's and early 1940's. The deep draft ship channel was also dredged and cleared down 

the length of the bay. 

Watersheds adjacent to the bay have a combined area of97 krn2 and consist of 

gently rolling hills and valleys (5-250 meters elevation) backed by larger valleys and steep 

cliffs that rise up to 800 meters in elevation to a ridge line that envelopes most of the larger 

watershed (Plate llI)(Smith et al. 1981). Nearly constant trade winds blowing off the 

ocean onto the steep slopes and nearly vertical cliffs of the Ko'olau Mountains result in 

heavy orographic precipitation and large volumes of fresh-water runoff from the watershed 

into the bay. 

Long-term rainfall averages 2400 mm/year in the watershed and 1400 mm/year over 

the inner bay. Evapotranspiration rates average 1100 mm/year in the watershed and 1700 

mm/year from the inner bay (Takasaki et al. 1969). Prior to 1994, average net input of 

fresh-water to the bay and watershed was 117 x 106 m3/year minus 23 x 106 m3/year of 

fresh-water diverted out of the watershed for irrigation on leeward O'ahu (Takasaki et al. 

1969), leaving a net input of 94 x 106 m3/year into the watershed and bay (Smith et al. 

1981). Although disputes over the diverted water were temporarily resolved in 1994 when 

half of the water was returned to the Kane'ohe watershed, future use of this valuable 

resource is still being disputed and the final outcome is uncertain. Stream flow dominates 

the fresh-water budget with approximately 241 x 103 m3/day and groundwater seepage 

averages about 22 x 103 m3/day (Smith et al. 1981). Episodic storms may result in stream 

flow rates almost an order of magnitude higher than average. 

In May 1965 and December 1987, two of the most severe rainfall events in recent 

history led to significant mortality of benthic organisms on shallow «120 cm) coral reef 

flats and slopes (Banner 1968, Jokiel et al. 1993). Depth-averaged baywide salinity 

measurements usually approximate oceanic conditions of 35 ppt., but during and after 

major storm events fresh-water runoff has led to decreases in salinity as low as 15 ppt. in 

nearshore shallow waters (Jokiel et al. 1993). A dozen streams enter into the bay, but only 

nine are perennial and most (60%) of the stream discharge enters the northwest bay .. 
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Plate ill: Ko'olau mountains backing Kane'ohe Bay watershed and residential 

developments surrounding the southeast-central bay (1983 photo by Chris Evans). 

Plate IV: Photo of fringing reefs, He'eia fishpond, and patch reefs in the 

southeast-central bay. The barrier reef and the northern extent of the Kane'ohe 

Bay watershed can be seen in the distance (1991 photo by Chris Evans). 
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Fifteen percent (15%) of the surface runoff enters the central bay, and twenty-five percent 

(25%) enters the southeast basin (Smith et al. 1981). 

Much of the shoreline of Kane'ohe Bay is bordered by shallow fringing reefs that 

generally extend outward 300-750 meters from shore and are punctuated by stream mouths 

and their associated estuarine components. Scattered throughout the bay are approximately 

seventy-nine patch reefs (Plate IV) of which twenty-five were partially or wholly dredged 

during the World War II era (Roy 1970). The remaining patch reefs range in size from 21-

850 m in diameter, and have a collective surface area of 2.02 x 106 m2 (Roy 1970). In 

1981 mean depth of the bay was 8.4 m, with a maximum depth of about 17 m (Smith et al. 

1981). About half (47%) ofthe bay area is lagoonal (>10 m depth) with mud bottom, a 

third (33%) is shallow reef flat « 1.5 m), and the remaining area (20%) is steep reef slope 

where coral abundance is highest (Smith et al. 1981). 

Circulation patterns in the bay are very consistent, driven by tides and wind and 

directed by the bay's bathymetry (Bathen 1968). The flow of water in the bay governs the 

volume of water transported into and out of the bay. Net transport of oceanic water over 

the barrier reef towards shore is driven by wave action, with most of the water exiting the 

bay through the two channels in the barrier reef (Figure 1)(Bathen 1968). Water circulation 

and exchange between the lagoon and open ocean is most active in the northwest sector of 

the bay where the channel and barrier reef are deeper. In contrast, the southeast basin is 

largely enclosed and experiences rather sluggish circulation and longer water residence 

times. 

Kane'ohe Bay, like the rest of the coastlines of Hawai'i, generally has two high 

tides and two low tides each day with varying heights. The mean tidal range is around two 

feet (61 cm/day) with a maximum of about four feet (122 cm/day). Large reef flat areas of 

Kane'ohe Bay are quite shallow and sometimes become exposed at extremely low tides. 

Corals and other benthic organisms are often killed by lengthy exposure to air, low salinity 

or fresh-water; and/or high water temperatures during. extreme low tides and therefore do 

not grow well on shallow reef flats. 

Mean monthly seawater temperature varies from 19.5-28.9°C (67.1-84.0°F) 

depending upon season and location within the bay (Bathen 1968). Water at the entrance to 
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the bay. is usually similar to oceanic conditions and has a temperature range of 24-27°C 

(75.2-80.6°F). During the winter months, much of the bay is (0.25-1 °C) colder than 

oceanic waters and during summer, the entire bay can be (1.5-2°C) warmer than the open 

ocean (Bathen 1968). 

Historical Overview of Kane'ohe Bay 

Although there is no written record of what Kane'ohe Bay was like before 

European contact, human-induced changes probably started taking place in and around the 

bay with settlement and growth of the Polynesian population. The early Hawaiians cleared 

lands, cultivated taro, gathered foodstuffs, fished the bay waters, and constructed over 

thirty rock and coral-walled fishponds along the inner reef and mud flats around the bay 

(Devaney et al. 1976). The traditional Hawaiian pattern of subsistence was intimately 

connected to the land, fresh-water, and the sea. They cleared large tracts of land and 

developed an extensive system of agricultural terraces, irrigation channels, and fishponds, 

which probably changed runoff patterns and possibly increased soil erosion into the bay. 

With European contact in 1778 and the introduction of western diseases, the 19th century 

saw the dramatic and unfortunate decline of the Native Hawaiian population and culture 

(Devaney et al. 1976). From the 1800's, through the early part of this century, land use 

around the bay changed from subsistence taro and fish culture to commercial cultivation of 

pineapple, sugarcane, rice, and pasturage for cattle, horses, and goats (Devaney et al. 

1976). Large tracts of land were cleared accelerating soil erosion and runoff into the bay. 

With the application of 20th Century technology, changes in the Kane'ohe Bay region have 

become increasingly frequent and disruptive to the natural environment. Disruption of the 

physiography of the bay has come about as a result of large scale alterations in land use in 

the watershed (Plate V) and episodes of direct physical modification of structural features 

within the bay by dredging and filling (Plate Vn(Holthus 1986). 

The changing patterns of land use in the Kane'ohe drainage basin have resulted in 

increased shoaling of the lagoon and degradation of the coral reefs through the effects of 

increased fresh-water runoff, soil erosion, and sedimentation (Plate YIn. The removal of 

natural vegetation by grazing of livestock and modern agricultural practices has led to great 

amounts of erosion and sediment discharge into the bay (Plate VIII)(Smith et al. 1973). 

14 



Plate V: Part of the H-3 federal highway construction project in southern 

Kane'ohe Bay watershed (1990 photo by Barry Hill: U.S. Geological Survey). 

Plate VI: Dredging and pipe installation on shallow fringing reef at Coconut 

Island (1987 photo by Dr. Paul lokiel: Hawai'i Institute of Marine Biology). 
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Plate VII: Aerial Photo of sediment plume from Kahalu'u Stream in northeast bay. 

Kahalu'u fishpond shown in lower right portion of picture (Photo taken prior to 

construction of flood control lagoon: courtesy of Kahalu'u Neighborhood Board) 

Plate VIII: Photo of mud flats, garbage, and sediment build-up on reef flat in 

southeast Kane'ohe Bay (1991 photo by Chris Evans). 
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The effects of fresh-water inundation and siltation of the coral reefs of Kane'ohe Bay have 

been documented by Banner in 1965 (1968) and Jokiel et al. in 1987 (1993), but can only 

be speculated on for earlier periods (Holthus 1986). In Banner and Bailey (1970), Banner 

stated that when he moved to Kane'ohe Bay in 1951, conditions in the middle lagoon were 

still healthy like those described by MacKaye (1915, 1916) and Edmondson (1928) in their 

earlier reports about the bay. 

While some minor dredging for small boat landings, wharf, and pier construction 

occurred in Kane'ohe Bay in the early 1900's, the threat of World War II brought the 

establishment of a large military air station on Mokapu peninsula. Enlargement of the 

airfield and creation of a ship channelled to significant baywide dredge and fill operations 

that would forever change the physiographic structure of Kane'ohe Bay (Devaney et al. 

1976). Beginning in 1939, a 9 meter (30 foot) deep ship channel was dredged through the 

existing but shallow northern channel and extended southeast, cutting through several 

patch, fringing, and barrier reefs, to the southeast comer of the bay. In addition, some of 

the patch reefs just north of Coconut Island, as well as most of the patch reefs and large 

fringing reefs in the southern basin, were dredged to a depth of 3 meters (10 feet) for a 

seaplane landing and takeoff area. Overall, Banner (1974) estimated that 3.77 x 106 m3 

(133 million cubic feet) of reef material was dredged from the bay by military operations 

between 1939 and 1945, while Devaney et al. (1976) estimated much higher rates (11.62 x 

106 m3 or 410 million cubic feet) of dredging. Much of the dredged material was used as 

landfill on the shallow reefs around Mokapu to expand the base for an airplane runway and 

landing pad (Devaney et al. 1976). According to Banner (1974), permits show that 4.0 x 

104 m3 (1.41 million cubic feet) of dredge spoils were supposed to be disposed back into 

the lagoon, but Devaney et al. (1976) found that in 1939 alone, 16.0 x 104 m3 (4.32 

million cubic feet) were dumped back in the bay. Recent investigations suggest that the 

volume of material dredged and dumped back in the lagoon may have been much greater 

than this original estimate, contributing to a significant amount of shoaling of the lagoon 

floor (Roy 1970, Devaney et al. 1976, Hollett 1977). Since 1927, an additional 1.98 x 

105 m3 (7 million cubic feet) of reef material was dredged, mostly by individuals, to create 

boat channels and produce material to fill in some of the old Hawaiian fishponds to create 

more land for waterfront housing development (Roy 1970, Banner 1974). 
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Roy (1970) studied early bathymetric charts of the bay and calculated that there 

was no significant change in depth between 1882 and 1927, however between 1927 and 

1969, he determined that there were significant changes. He reported an average decrease 

in depth of the lagoon by 1.6 meters (5.4 feet), and estimated that 1.2 meters (3.9 feet) 

(72%) of this sediment was calcium carbonate (reef-derived), and 0.46 meters (1.5 feet) 

(28%) was terrigenous (land-derived). Roy (1970) was uncertain about the origin of the 

calcium carbonate derived sediments, which accounted for 72% of his fill. Apparently, 

owing to incomplete data, he dismissed the entire dredging activity as insignificant to the 

reported infilling (Devaney et al. 1976). Because he couldn't explain the high percentage 

of reef derived sediments, Roy (1970) reasoned that they could have come from opening of 

the ship channel and longshore drift, more sedimentation moving in rather than out from 

the barrier reef, and/or changes in reef community structure and higher erosion rates of the 

reefs. In contrast, Hollett (1977) found evidence that much of the reef material dredged by 

the military was disposed of back into the bay accounting for the high percentage of reef

derived sediments that Roy (1970) had found earlier. 

Freshwater has always been a major factor in the ecology of Kane'ohe Bay and was 

a principal force in shaping the surrounding watershed. The early Hawaiians developed a 

water supply system based upon natural springs, streams, and hand-built irrigation 

channels to supply their water needs for taro and fish culture. Beginning in 1916, a 

massive modem ditch and tunnel system was built to divert water from the northern 

Kane'ohe watershed, and other windward areas, to supply the large and growing 

agricultural needs ofleeward Q'ahu (Devaney et al. 1976). This had a dramatic effect, and 

decreased stream flow, dried springs, and reduced groundwater storage in the watershed 

(Devaney et al. 1976). Stream runoff decreased from an estimated average 3.7 m3/sec. 

(83.2 mgd) to only 2.1 m3/sec. (48.1 mgd), an overall decrease of over 40% stream flow 

into the bay (Smith et al. 1973, Devaney et al. 1976). The effect of this decrease in fresh

water upon the marine ecosystem is still uncertain. Recent closures of the large sugar 

plantations in central and leeward Q'ahu have prompted windward farmers to request for 

the return of their water. Although, some of the water is now flowing back into windward 

streams on a temporary basis, the future outcome of who will get the water is still far from 

certain. 
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Since about 1940, land use changes in the Kane'ohe watershed have taken the form 

of rapidly increasing urbanization, especially around the southern lagoon (Plate IX). 

Population in the Kane'ohe watershed grew from less than 5,000 people in 1920 to over 

68,000 people in 1990 (Plate X). The population doubled between 1940 and 1950, and 

then more than doubled between 1950 and 1960. Since then the growth rate has not rose 

as quickly, but still increased over 50% between 1960 and 1970,26.2% between 1970 and 

1980, and 12.8% between 1980 and 1990. The effects of rising population upon the 

Kane'ohe Bay ecosystem have been addressed in a number of research studies (Banner and 

Bailey 1970, Maragos 1972, Smith et al. 1973, Cox et al. 1973, Banner 1974, and 

Smith et al. 1981). Urbanization has led to continued removal of vegetation and an 

increase in the proportion of impervious surfaces in the watershed. These changes, along 

with the channelization of many streams (Plate XI), have led to increased runoff and 

sedimentation (Plate XII). Roy (1970) found that increased sedimentation contributed 

greatly to the shoaling of the lagoon between 1927 and 1969. 

The fIrst sewage treatment plant built on Kane'ohe Bay was constructed to serve the 

Kane'ohe Marine Corps Air Station at Mokapu in 1951 (Figure #1, Kane'ohe Marine 

Corps Wastewater Treatment Plant). Sewage from the remaining watershed was handled 

by individual cess pools and septic tanks. In 1963, a large City and County municipal 

outfall (Plates XIII and XIV) began discharging secondary treated sewage into the 

Kane'ohe town side of the southeast lagoon (Figure #1, Kane'ohe Wastewater Treatment 

Plant). Between 1951 and 1972, the sewage from the Kane'ohe Marine Corps Air Station 

at Mokapu was subjected only to primary treatment or brief settling of the major solids. In 

1972, the waste water plant at Mokapu was upgraded to secondary treatment, which 

included an additional step of biological decomposition in the treatment process. A smaller 

secondary sewage treatment plant and outfall was established at 'Ahuimanu in 1970 to 

service the light rural and residential population in the area (Figure #1, 'Ahuimanu 

Wastewater Treatment Plant). The sewage from this treatment plant was discharged into 

'Ahuimanu Stream which entered the northwest bay at Kahalu'u. By 1977, the combined 

effluents of the three sewage treatment plants and outfalls totaled over 20,000 m3/day (7.5 

mgd), with 95% being discharged into the southeast lagoon (Smith et al. 1981). The 

remaining population of the watershed was still being served by private cesspools and 

septic tanks. 
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Plate IX: Photo of residential development project at Lilipuna in the southern 

Kane'ohe Bay watershed (1991 photo by Dr. Mark Merlin). 

Plate X: Photo of part of Kane'ohe Town and urban development in the southern 

Kane'ohe Bay watershed (1991 photo by Chris Evans). 
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Plate XI: Photo of sediment laden water in channelized stream bed in southern 

Kane'ohe watershed (1989 photo by Chris Evans). 

Plate XII: Photo of turbid waters from sediment runoff in southeast-central 

Kane'ohe Bay (1989 photo by Chris Evans). 
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Plate XIII: Front gate to Kane'ohe Sewage Treatment Plant near the bay in southern 

Kane'ohe watershed (Photo by Paul Jokiel: Hawai'i Institute of Marine Biology). 

Plate XIV: Photo of sewage pump-out and transport trucks at Kane'ohe Sewage 

Treatment Plant in southern Kane'ohe watershed (1991 photo by Chris Evans). 
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After 1965, the scientific community, including Banner and Bailey (1970), 

Maragos (1972), Smith et al. (1973), and Banner (1974) began to study changes in the 

lagoon. They speculated that eutrophication and sedimentation, as a result of urbanization 

and construction, were the primary cause of an observed decline in lagoon coral 

communities in the south lagoon and an explosive growth of the green "bubble algae" 

Dictyosphaeria cavemosa, which was smothering corals, in the middle lagoon (Plates XV 

and XVI). Reef corals in the bay's northwest lagoon remained abundant and apparently 

unaffected by the algae (Plates xvn and XVllI). Based upon surveys and the monitoring 

oftransplanted corals, Maragos (1972) estimated that 29.3% of the baywide lagoon reefs 

had been destroyed by dredging, 23.5% killed by Dictyosphaeria cavemosa, 8.5% killed 

by increased sewage, 6.7% killed by increased fresh-water runoff, and 3.1 % by increased 

sedimentation. The southeast bay was the most effected with 99.9% of all corals already 

dead. In the middle lagoon areas, 86.8% of all corals had been destroyed. The northwest 

lagoon had lost 26.4% of its corals, primarily due to dredging in the late 1930's and early 

1940's (Maragos 1972). 

By 1978, pressure from the public and scientific community led the local 

government and military to divert the large sewage discharges in the southeast lagoon to a 

newly built large ocean outfall outside the bay. Smith et al. (1981) documented the 

ecological conditions in the bay for an eighteen month period before and after sewage 

diversion and noted a rapid decline in phytoplankton, zooplankton, and benthic organisms 

(primarily suspension feeders) in the southeast lagoon and a decline in Dictyosphaeria 

cavemosa algae in the middle bay following diversion and elimination of the sewage 

nutrient subsidy. In addition, Brock and Smith (1983) monitored cryptofaunal 

communities before and after sewage diversion and noted higher hard-bottomed 

cryptofaunal community biomass during sewage loading and subsequent declines after 

diversion. 

Although these studies were able to document major changes in the bay following 

sewage diversion, they primarily focused on changes in water chemistry, plankton 

abundance, and some benthic organisms. The short duration of their studies was 

insufficient to assess changes in coral population trends. In 1983, Maragos, Evans, and 

Holthus (1985, Evans et al. 1986) initiated a re-survey of a series of coral reef transect 

23 



Plate XV: Photo of Dictyosphaeria cavemosa, green "bubble algae", overgrowth 

of Porites compressa finger coral in the central bay (1990 photo by Chris Evans). 

Plate XVI: Photo of Dictyosphaeria cavemosa, green "bubble algae", overgrowth 

of Porites compressa and Montipora capitata corals in central bay (1992 photo 

by Cindy Hunter). 
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Plate XVII: Photo of healthy Porites compressa and Montipora capitata coral 

reef community interspersed with Sebellastarte sanctijosephi feather duster 

worms in the northwest bay (1988 photo by Cindy Hunter). 

Plate XVIII: Photo of diver next to Porites compressa coral overgrowth at station 

platform #13 in northwest bay (1983 Photo by James Maragos). 
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surveys conducted by Maragos (1972) in 1971. The 1983 survey was designed to 

document changes in the coral reef community six years before and after sewage diversion. 

The results of their studies (Maragos et al. 1985, Evans et al. 1986) indicated that 

by 1983, Dictyosphaeria algae levels had plummeted to less than fifteen percent (15%) of 

the 1970171 abundance levels in the middle lagoon in addition to a remarkable recovery of 

reef corals in both the southeast and southeast -central lagoon. The third sewage treatment 

plant that had been discharging into 'Ahuimanu Stream and the northern lagoon since 1970 

was thought to have been the cause of a slight increase in Dictyosphaeria algae and a 

decline in coral abundance in the northwest sector of the bay. 

These studies (Maragos et al. 1985, Evans et al. 1986) concluded, as did other 

investigations (Banner and Bailey 1970, Maragos 1972, Smith et al. 1973, Banner 1974, 

and Smith et al. 1981), that sewage was a major stress to lagoon corals and acted as a 

stimulant to Dictyosphaeria cavemosa algae growth. In addition, it was noted that the 

detrimental effects of sewage on corals are generally magnified in confined embayments 

with restricted circulation like that of Kane'ohe Bay and especially the southern lagoon 

(Maragos et al. 1985, Evans et al. 1986). The decision to eliminate sewage discharges 

from the south lagoon was seen as a major benefit to reef coral populations in Kane'ohe 

Bay. The anticipated diversion of the third and final point source sewage discharge at 

'Ahuimanu was also predicted to halt the increase of D. cavemosa found in the northwest 

bay and result in additional recovery of reef corals throughout the lagoon. 

In 1986, the final point-source sewage discharge at 'Ahuimanu was diverted from 

entering Kane'ohe Bay. Although this should have further decreased nutrients in the bay, 

personal observations suggested that large areas dominated by reef corals in 1983 were 

again covered with algae in 1988. This author's investigation of numerous locations within 

the bay clearly indicated that there had been a relapse in Dictyosphaeria cavemosa algae 

cover and that recovery of reef corals appeared to have slowed or declined. 

These observations raised a series of questions which are addressed in this study. 

These include the following: 1) Did the Dictyosphaeria cavemosa algae levels rise between 

1983 and 1990, and if so, where, how much, and why? 2) Did coral recovery slow or 

cease compared to abundance levels found in 1970171 and 1983? 3) Was there a decrease 
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in abundance of minor coral species like Montipora capitata (=M. verrucosa in Maragos 

1977, probable endemic species to Hawai'i and nearby islands, revised in Maragos 1995), 

Pocillopora damicomis, Cyphastrea ocellina, Fungia scutaria, andlor other less common 

corals that might be sensitive to increased pollution? 4) Where did the changes take place 

and could a regional, site-by-site, or water depth analysis help in determining what the 

factors might have been influencing these changes? 5) If sewage and urban runoff had 

provided the nutrient subsidy for algae growth in the past, what was the driving growth 

force between 1983 and 1990, and is it persisting today? and finally, 6) What can be done 

to enhance the natural conditions of the marine environment and coral reefs in Kane'ohe 

Bay? 
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CHAPTER II 

MATERIALS AND METHODS 

Overview 

This research replicated two earlier underwater transect surveys and was designed 

to assess long-term changes in the coral reef slope community of Kane'ohe Bay both prior 

and subsequent to sewage diversions. This chapter describes the overall design of the 

study, research methodology, and statistical methods. It begins with a description of the 

transect methodology including the relocation of past survey sites, transect technique, and 

explanation of the measurement variables. There is a discussion of the reliability of the 

methods and preliminary work carried out prior to data analysis. As there is so much 

variation in conditions within the bay, it was necessary to divide the study area into more 

homogeneous regions. Each of the regions are explained and justified. A description of 

the analytical methods follow, beginning with the data set organization. This is followed 

by a description and justification of the overall 1970n 1-1983-1990 "trend" analysis, and 

concludes with a description of the specific analytical methods used to determine 

differences between the 1983 and 1990 surveys. 

Transect Methodology 

Relocation of Past Survey Sites 

Coral, algae, and substrate abundance was originally quantitatively measured at 

twenty-five Kane'ohe Bay reef sites by Maragos in the summer of 1971 (Maragos 1972). 

Of the twenty-five Kane'ohe Bay reef sites, fourteen lagoon reef slope sites (see Figure #1) 

were re-surveyed in 1983 (Maragos et al. 1985, Evans et al. 1986), and in 1990 for this 

study (Hunter and Evans 1995). Another lagoon reef site (station #8)(Figure #1), that had 

been previously surveyed by P. Jokiel (personal communication) in October 1970 using the 

same methodology, was also included in the re-surveys. Beginning in the summer of 

1983, twelve to thirteen years after the original survey, and five to six years after major 

sewage diversions, these same fifteen lagoon reef sites (Figure #1) were surveyed using 
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similar methods (Maragos et al. 1985, Evans et al. 1986). In the summer of 1990, seven 

years after the 1983 survey, twelve to thirteen years after major sewage diversions, and 

nearly twenty years after the original survey, the transect survey was repeated. Although 

preliminary results of the 1990 survey are presented in Hunter and Evans (1995), a more 

complete and accurate comparison of the results with the previous two surveys is presented 

in this study. A thorough description of the analytical methods and justification of those 

methods is presented later in this chapter. 

In 1971 Maragos (1972) set-up metal frame-like coral transplant platforms at each 

of his survey sites. These were used to attach transplanted corals and assess the 

importance of physical factors regulating coral growth and survival at different sites 

throughout Kane'ohe Bay (Plates XIX and XX). These frames survived at a number of 

sites and were extremely useful in replicating the exact transect site locations in both 1983 

and 1990. Although, lokiel (personal communication) did not establish any permanent 

markers at site #8, a navigational reef marker was used in the relocation of that site. Field 

notes including descriptions of visual line-ups, unique underwater features, and other reef 

markers also aided in the relocation of the survey sites. 

By the time the 1983 survey was undertaken, physical changes had occurred at 

several of the reef sites and a number of the original platforms could not be relocated 

(Maragos et al. 1985, Evans et al. 1986). The platform at station #5 had moved, station #6 

had become overgrown with live coral, stations #7 and #9 had been buried under natural 

accumulations of reef sediment, and platforms at stations #8 and # 14 were never 

established. However, from memory and notes, Maragos and lokiel were confident that 

they had found all but one of the survey stations to within 3-5 meters of the original 

transect placements. At only one site (#6), owing to changes in the "seascape as it was 

remembered", could the original survey site not be determined to this level of accuracy. In 

1983, it was estimated that the survey site was within 50 meters of the original site on a 

long and uniform windward reef slope. In 1990, the area around station #6 was re

examined in an attempt to relocate the 1971 transect station within closer proximity to the 

original alignment. Upon closer re-examination of the area, the site was relocated and 

details of the re-alignment are presented in the results section. 
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Plate XIX: Photo of diver next to overgrown coral transplant platfonn at site #10 in 

the central bay. Transplant platfonn (mesh screen) is located above concrete brick 

marked by orange flagging tape (1983 photo by James Maragos). 

Plate XX: Photo of diver hanging onto coral transplant platfonn (large 

perforated man-hole cover), overgrown by Porites compressa and PociUopora 

damicomis at site #12 in the northwest bay (1983 photo by James Maragos). 

30 



Maragos and Jokiel made it possible to find the survey sites and replicate the survey 

methods during all three surveys while this author participated in both the 1983 and 1990 

surveys (see Table #1). The 1970nl and 1983 surveys were conducted during the 

summer months from late June to early September with the exception of station #8 which 

was originally surveyed by Jokiel in October 1970 (P. Jokiel Unpublished Data). The 

1990 survey was also conducted during the summer months beginning in late June and 

ending in early August. 

SURVEY 

YEAR 

1970nl 

1983 

1990 

TABLE #1 

Survey team members and persons involved in verifying 
transect site locations by year 

PRIMARY SITE 

SURVEY TEAM MEMBERS IDENTIFICATION 

Maragos/Jokiel Original Baseline Surveys 

MaragoslEvansIHolthus Maragos/J okiel 

Evans/Oetting Maragos/Jokiel/Evans 

To compensate for the inability to find some of the 1970n 1 transect lines in 1983, 

two roughly parallel transects (Plate XXI) were established in 1983, separated by 3-5 

meters, for each one of Maragos' fourteen and Jokiel's one original transects (Maragos et 

al. 1985, Evans et al. 1986). In 1990, the survey team duplicated the 1983 survey with 

two parallel transects at each of Maragos' and Jokiel's original survey locations. Maragos 

and Jokiel, who assisted the survey team to relocate the original sites and properly position 

the transect lines in 1983, also assisted in the 1990 survey (Table #1). 

Transect TechniQue 

The survey data were collected using the contiguous quadrat method as conducted 

in 1983 (Maragos et al. 1985, Evans et al. 1986) and originally used in 1970nl (Maragos 

1972, P. Jokiel Unpublished Data - one site only). At each station, SCUBA assisted 

divers conducted surveys along 20-30 meter (66-98 foot) transect lines running from the 

muddy lagoon floor, devoid of living coral, up the reef slope and over the reef crest, 
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Plate XXI: Photo of SCUBA divers John Oetting and Chris Evans conducting 

parallel transects using contiguous quadrat survey methodology in the northwest 

bay (1990 photo by Chris EvanslMark Smaalders). 

Plate XXII: Photo of Chris Evans conducting contiguous quadrat survey 

methodology in the northwest bay (1990 photo by Chris EvanslMark Smaalders). 
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ending on the reef flat where coral growth was normally less developed. A one meter 

square (1 m2) quadrat subdivided into a lOxlO grid of 100 squares of equal area (100 cm2) 

was used to measure coral, algae, and substrate abundance along each transect (Plate 

XXII). 

Quadrat number, depth, angle of slope, live cover of individual species, and non

living substratum was estimated and recorded under each quadrat. The minimum 

"resolution" recorded was half a grid square (50 cm2 or 0.5%) while rare species of less 

than 50 cm2 «0.5%) were recorded as "present". In order not to loose track of these 

minor "presence" observations, they were later given a value of 0.1 percent cover. After 

completing the census for the first quadrat, at the base of each transect,line, the quadrat was 

flipped over to the next position on the line, and the census repeated until the quadrat 

survey reached the reef flat at the top of the line. This approach enabled a top-to-bottom 

profile survey of the reef slope, one meter wide for each transect, at each of the 15 stations. 

Measurement Variables 

There were thirteen live cover variables and two non-living substratum variables. 

These included eight possible coral variables whose measure or absence was recorded, 

including the species Porites compressa (PC), Montipora capitata (MC)( =M. verrucosa in 

Maragos 1977, probable endemic species to Hawai'i and nearby islands, revised in 

Maragos 1995), Pociliopora damicomis (PO), Fungia scutaria (FS), Pavona varians 

(PV), Cyphastrea ocellina (CO), other rare coral species (~C), and all corals combined or 

"total coral" (TC). Pavona varians continued to be assessed, but owing to its low 

abundance, was combined with "other coral" in the analysis. Algae cover was recorded 

either as Dictyosphaeria cavemosa (DC), "other algae" (OA), or "total algae" (TA). 

Although relatively rare, colonial sea anemones (ANEM), primarily Palythoa and 

Zooanthus, were also recorded. In addition, other types of attached live benthic cover, 

consisting primarily of sponges, tunicates, feather duster tube worms, and bivalve 

molluscs, were recorded as "other species" (OS) during the 1990 survey. All non-living 

substratum along the reef slopes, such as mud and sediment, were recorded as sediment 

(SD), dead coral and coraline algae were recorded as hard substrate (HD), and other waste 

debris, such as discarded metal objects, were included with hard substrate. 
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Reproducibility of Transect Methodology 

The reliability of the measurements between surveyors was checked by correlation 

analysis and Wilcoxon signed-ranks statistical analysis (Siegel 1956, Anderson Bell 

Statistical Corporation 1989). The correlation analysis was used to determine, for each 

variable, the inter-correlation of the measurements as recorded by two different observers 

on two different days. The Wilcoxon signed-ranks test was used to determine the 

presence/absence of any systematic bias by either one of the surveyors. The results of 

these tests are shown and explained later in the results section (see Table #2). 

Regional Division of Kane'ohe Bay 

Kane'ohe Bay has traditionally been divided into inshore and offshore areas or 

divided longitudinally into three regions: southeast, central, and northwest (Bathen 1968, 

Banner and Bailey 1970, Smith et al. 1981, Holthus 1986). In 1983, a fourth region was 

added longitudinally between Coconut Island (Moku 0 Lo'e) and He'eia Kea as a 

subdivision of the larger central lagoon (Maragos et al. 1985, Evans et al. 1986). This 

division of the bay into four regions, based upon land promontories and watershed 

influence, is useful for comparative purposes. The "transition zone", as described in 1983 

(Maragos et al. 1985, Evans et al. 1986), is an area of transition between the semi -enclosed 

and largely terrestrial influenced waters of the southeast bay, and the more open waters of 

the central lagoon. For the analysis of this study, the "transition zone" will be re-named the 

southeast-central bay owing to its geographical location. The bay was divided into four 

regions (Figure #1), each with its own stations as described in the following section. 

The "southeast" bay or lagoon is enclosed to the southwest, southeast, and 

northeast by the main island of O'ahu and partially blocked to the northwest by Coconut 

Island (Figure #1). Three reef survey stations exist in the "southeast" bay. Stations #1 and 

#2 are located on opposite sides of the large fringing reef in the southeast comer of the bay 

and station #3 is located on the southeast fringing reef of Coconut Island. 

The "southeast-central" bay lies northwest of the "southeast" basin and is bounded 

by Coconut Island to the south and Ke Alohi Point at He'eia Kea to the north. This region 
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includes reef stations #4 and #5 on the southwest and northwest fringing reefs of Coconut 

Island. Station #6 is located on the northeast side of the large patch reef, sometimes 

referred to as Checker Reef, just northwest of Coconut Island and opposite the Sampan 

Channel. Station #7 is located in a protected area inside of a small cove on the west side of 

the same large patch reef that station #6 is located on. 

The "central" region lies just northwest of the "southeast-central region", southeast 

of the northwest region, and inside of the large barrier reef to the northeast. This region 

includes reef station #8 located on the east side of a small patch reef just north of He'eia 

Kea small boat harbor. Station #9 is located to the north on the southwest side of what 

used to be an old patch reef that has been mostly buried in sediment from the barrier reef. 

Stations #10 and #11 are located to the west on the windward and leeward sides of a patch 

reef just offshore of Kahalu'u. 

The "northwest" bay lies in the northern most section of the lagoon in an area 

influenced by both terrestrial and oceanic conditions. Approximately six streams empty 

into this region while oceanic waters flush the area via the dredged ship channel and over 

the less developed and deeper northwest section of the barrier reef. Reef stations #12 and 

#13 are located on the windward and leeward sides of a patch reef near the Kahalu'u 

stream mouth. Station #13 is heavily influenced by terrestrial runoff while station #12 is 

only slightly less influenced from stream runoff. Station #14 is located to the north on the 

southeast side of one of the many patch and fringing reefs near the main channel that 

extends the length of the bay. Station #15, the northern most station, is located on the end 

of a long finger-like projection of fringing reef jutting out into the "northwest" bay. 

Although conditions in this region are lagoonal, they are constantly influenced by oceanic 

waters entering the bay through the dredged ship channel and over the deeper northwest 

section of the barrier reef. 

Data Analysis 

Preparation for Analysis 

Following completion of the 1990 on-site field surveys, the raw data from each 

quadrat, in each of the transect surveys, was transcribed and double checked for 
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completeness in percent cover. Survey data were then entered into a Macintosh Excel 

spreadsheet computer program (Microsoft 1992) for data manipulation and analysis. Tidal 

differences between stations and survey periods were compensated for by subtracting the 

tidal level recorded during the survey, bringing the surface level of all the transect surveys 

to a zero foot tide standard. All depth measurements originally recorded in feet were 

converted to depth in meters (3.28 feet/meter) and averaged to the nearest meter integer. 

Individual q~adrat measurements recorded within a single meter depth interval and given 

transect were averaged and transferred to a separate spreadsheet containing only one 

quadrat measurement per meter depth interval. 

Summary data was analyzed using the SAS software package (Statistical Analysis 

System: SAS Institute Inc. 1989) through TSO (Time Sharing Option) on the University of 

Hawai'i's IBM ES-9000 mainframe computer. Additional statistical comparisons, not 

possible on SAS, were run on ABstat software (Anderson Bell Statistical Program: 

Anderson Bell Statistical Corporation 1989). 

Data Set Construction 

The data was organized into two different data sets and run in two different 

statistical procedures. The fIrst analysis was between all three years in an overall "trend" 

analysis and the second was conducted to determine specifIc differences between 1983 and 

1990. 

Before conducting the overall statistical comparisons between years, it was 

necessary to determine how to handle the unequal number of observations by depth, 

transect, and year. As noted before, there was only one transect per site recorded for the 

original 1970171 survey. The 1983 and 1990 survey results each contained double the 

amount of data consisting of two replicate transects per site. To perform valid statistical 

comparisons between all three time periods, equal numbers of observations were needed 

for each of the data sets (1970171, 1983, and 1990). Therefore, for each of the 1983 and 

1990 surveys, the transect performed closest to the original 1970171 site was designated as 

transect "A" and the replicate designated as transect "B". The two transects were then 

statistically compared (Wilcoxon signed-ranks test: ABstat 1989) to determine if there were 
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statistical differences between them (Siegel 1956). Results of the statistical comparisons 

are presented and explained in a series of summary tables in the results section (Tables #3-

5). If there were no differences found between the "A" and "B" transects, then a random 

choice between the "A" and "B" data was made for further statistical analysis. If a 

statistical difference was found, then only transect "A" was chosen owing to its closer 

approximation to the original transect site. In addition, it was found that some transect sites 

were shallower than others, and not all depth measurements were consistent at every site. 

To maintain equal numbers of observations per site, only those depth measurements 

present for all three years and site locations were used. 

The second analysis was conducted to look at specific differences only between the 

1983 and 1990 surveys. Although the overall "trend" analysis required that much of the 

data that had been collected be forfeited, this analysis used all of the 1983 and 1990 data 

that could be matched by depth, site, region, and baywide. 

Kane'ohe Bay Descriptions 

Prior to conducting the analytical comparisons necessary to determine statistical 

differences between surveys, it was decided to establish the coral reef state of affairs in 

Kane'ohe Bay during the beginning, middle, and end of the study. A description of the 

reef slopes of Kane'ohe Bay is represented and explained in a series of graphs. These 

descriptive figures can be found in the results section and show benthic cover averaged by 

bay, region, site, and depth during each of the 197017 1, 1983, and 1990 surveys (see 

Figures #2-1 O)(DeltaGraph: DeltaPoint 1989). 

Overall "Trend" Analysis 

Overall statistical comparisons in benthic reef slope cover between all three survey 

years (1970171, 1983, and 1990) were performed using the repeated measures analysis of 

variance (Sokal and Rohlf 1973, Gill 1978, SAS Institute Inc. 1989). The repeated 

measures analysis was not only the test of choice (Gill 1978) for this overall comparison, 

but the only pre-programmed computerized mainframe statistical test available that allowed 
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all three years to be compared as the fixed treatment effect while the depth measurements 

were blocked out as replicates. Preliminary test results of the statistical comparisons 

between years are presented in the results section, in a series of summary tables (#6, #11, 

and #16), by bay and region, site, and depth. 

A close review of the data from previous publications (Maragos et al. 1985, Evans 

et al. 1986) suggested that the Kane'ohe Bay coral reef data may have been non-normal. A 

normality' check (SAS Institute Inc. 1989) was performed on all three years of data and the 

results confirmed that the data was indeed non-normal. Although the repeated measures 

analysis of variance is robust and not that much damaged by unfulfilled assumptions, the 

results were considered preliminary and appropriate additional methods were used to 

confirm the results (Cochran 1947, Eisenhart 1947, Gill 1978). 

One method used to test the robustness of the repeated measures analysis of 

variance was to also perform the Kruskal-Wallis non-parametric one-way analysis of 

variance (Siegel 1956, Gill 1978, Zar 1984, SAS Institute Inc. 1989) on the data and 

compare the results between tests. If the results were the same, then the data did not violate 

the repeated measures analysis of variance assumptions enough to inflict fatal injuries upon 

the results. If there were inconsistencies between results, then an additional data 

transformation and re-run of the repeated measures analysis were performed. 

Unfortunately, one problem with transformations is that most are not able·to handle large 

numbers of zeros such as found in the three Kane'ohe Bay data sets. 

Mter an extensive search, the "Rankits" transformation to standard normal scores 

was the most recommended for this type of data transformation (Bartlett 1947, Harter 

1961, Gill 1978). The "Rankits" transformation has some desirable properties that helped 

minimize and eliminate departures from the assumptions of normality. In some cases it 

reduces both additivity and non-homogeneity of variance to lower levels than any 

transformation of this type (Harter 1961, Gill 1978). Therefore, if necessary, following 

the Kruskal-Wallis test, the data was transformed using the "Rankits" transformation and 

re-run using the repeated measures analysis of variance procedure. The results of the 

repeated measures analysis were then compared with both the Kruskal-Wallis test results 

and "Rankits" transfonnation results for inconsistencies between analyses. If a high 

number of inconsistencies were present, signifying significant violations in the underlying 
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assumptions for the parametric analysis of variance test, then the repeated measures test on 

the non-transformed data could not be used. However, if there were only a few or no 

inconsistencies then the repeated measures results were assumed to be valid. In the case 

that there were a few inconsistencies between test results, then the variability of the data 

was probably suppressing the significance levels in one or more of the tests. If this was 

the case, then a subjective judgment was made evaluating the different test results in 

conjunction with the frequency distributions to determine the most appropriate test result. 

Final combined results of the three tests and their differences are presented in a series of 

summary tables (#7, #12, and #17) shown by bay and region, site, and depth in the results 

section. 

Studentized Range Test 

The Newman-Keuls studentized range test (Pearson and Hartley 1958, Rosner 

1982, Zar 1984) was then used to determine statistical differences for each variable 

between individual survey periods (1970171-1983, 1983-1990, and 1970171-1990). 

Results were determined by bay, region, site, and depth. Although the KnJ.skal-Wallis test 

was not able to determine specific differences between years, the Student Newman-Keuis 

range test was performed using the "Rankits" transformed data to make sure the robustness 

of the original range test was holding. Final combined results are presented in a series of 

summary tables (#8-10, #13-15, and #18-20) located in the results section and 

discrepancies between normal and "Rankits" transformed analytical test results are circled. 

As noted above, in the case of discrepancies, the final result shown in the circle was 

determined through further analysis of individual analytical test results and frequency 

distributions. 

Wilcoxon Signed-Ranks Analysis Between 1983-1990 

In the previous "trend" analysis much of the 1983 and 1990 data was forfeited in 

order to compensate for specific test requirements of equal sample size when compared 

with the 1970171 data. Although it was not possible to use all of the data for the overall 

"trend" analysis, a Wilcoxon signed-ranks test was performed between 1983 and 1990 to 
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make better use of those more comprehensive data sets (Siegel 1956, Anderson Bell 

Statistical Corporation 1989). In the Wilcoxon signed-ranks analysis, each observation 

from 1983 and 1990 was matched by site, depth, and transect. Statistical comparisons 

were then made for each variable by bay, region, site, and depth. Results are presented in 

a series of summary tables (#21-23) in the results section. Although these results generally 

coincide with the overall "trend" analysis results, the tests were distinct and made use of 

separate data sets. As expected, the results of the 1983-1990 Wilcoxon signed-ranks 

analysis have a higher number of significant differences, compared to the overall "trend" 

analysis, owing to the more than doubling in sample size of the data set. 
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CHAPTER III 

RESULTS 

Overview 

This chapter describes the results of the 1970171, 1983, and 1990 Kane'ohe Bay 

transect surveys and their statistical comparisons .. Results begin with a summary of the 

methodological results including the relocation of transect sites, the refinement of the 

survey data structure, and the reliability of the transect methodology. This is followed by 

descriptions of the Kane'ohe Bay reef slopes averaged across the bay, then by region, site, 

. and depth for each survey year. Analytical statistical comparisons are then presented 

between 1970171, 1983, and 1990 survey years; and specifically between the 1983 and 

1990 surveys. Owing to the large amount of data divided by each variable and described in 

averages by bay, region, site, and depth, the reader may want to prioritize their interests 

and concentrate only on those areas of concern or review the overall summary results in the 

conclusions section. 

Methodological Questions 

Verification of Site Locations 

All site locations were re-determined as planned. The only site location within 

question was station #6. In 1983, the reef slope around station #6 appeared long and 

uniform and different from the Dictyosphaeria cavemosa algae covered reef of 197017 1. 

Not enough time was taken in 1983 to examine the area, and Maragos estimated the sire to 

be within 50 meters of his original placement (Maragos et al. 1985, Evans et al. 1986). In 

1990, with the assistance of Maragos, the area around the site was re-examined and the 

original transect location relocated to within 3-5 meters of the original transect placement. 
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Refinement of Transect Survey Data Structure 

The data was organized by site or station (1-15), year (1970171, 1983, and 1990), 

and transect ("A" and "B"), and grouped together within survey years. From a total of 

seventy-five (75) transect records, one thousand seven hundred and thirty-two (1732) 

individual quadrat entrees occurred from which eight hundred and twenty-seven (827) 

entrees remained once all the depth measurement intervals were averaged to single meter 

depth measurements. After these were analyzed, it was found that only the 1-7 meter depth 

range was consistent through all three survey years and all stations. Therefore, to maintain 

equal sample sizes, only the 1-7 meter depth range data was used in the overall "trend" 

analysis. Out of these entrees, three hundred and fifteen (315) records were used in the 1-7 

meter, transect "A" only, repeated measures "trend" analysis between 1970171, 1983, and 

1990; and six hundred and fifty four (654) records were used in the matched data, by site, 

depth, and transect, Wilcoxon signed-ranks test between 1983 and 1990. Each quadrat 

record had a distinct location by site, year, transect, and depth and contained a total of 

sixteen separate measurements including angle of slope (Sl) and fifteen coral, algae, and 

substrate cover variables. 

Only those cover variables of specific importance are presented in the survey 

descriptions and statistical results. Out of the fifteen variables, two were combined and 

three were dropped because they did not significantly add to the analysis. Pavona varians 

and "other coral" were combined to constitute a single new "other coral" (OC) variable. 

Sea anemones (Palythoa and Zooanthus) were found primarily on the coral reef flats and, 

although present in all three survey years, did not occur in great enough abundance on the 

reef slopes to effect the analyses. Even though anemones were found in higher abundance 

in the 1970171 survey, no significant differences were found between survey years by site 

or area (repeated measures P>0.05, SAS Institute Inc. 1989) and the results are not shown. 

Other types of benthic invertebrate cover, besides coral and anemones, were not 

recorded in 1970171, only noted if present in 1983, and specifically recorded by percent 

cover in 1990. This variable called "other species" during the 1990 survey represented less 

than one percent «1.0%) cover and is not shown further in the analysis. "Total algae" as 

well, is not shown. Although we recorded three categories of algae; including 

Dictyosphaeria cavemosa (DC), "other algae" (OA), and "total algae" (TA); "other algae" 
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turned out to be of such low abundance that the combined result of D. cavemosa and "other 

algae" together ("total algae") basically mimicked D. cavemosa cover. Therefore, "total 

algae" was not very useful and was dropped from the analysis. In summary, three hundred 

and fifteen (315) distinct records were used for each of eleven individual variables in the 

overall three year "trend" analysis and six hundred and fifty four (654) records were used 

for each of the same variables in the two year (1983-1990) analysis. 

Reproducibility of Transect Methods 

Results of the reliability tests of the transect methodology are shown in Table #2. 

Of the six variables analyzed, the lowest inter-correlation value was R=0.77 and the highest 

R=0.96. This indicates that there was a highly significant correlation (P:::;O.O 1) between 

investigators and that each of their survey results were statistically similar. The Wilcoxon 

signed-ranks test was also performed and the results indicate that there were no significant 

differences between investigators at the P:::;0.05 level. These test results also show that 

there was no systematic bias between investigators. The results of both tests were 

statistically significant and confmn the reliability of the transect methodology. 

Reef Slope Descriptions 

A description of Kane'ohe Bay in each of the three surveys on a baywide and 

regional scale is presented first, followed by site, and depth descriptions in subsequent 

sections. In the first section, Figures #2, #3, and #4 show the average percent cover of 

each of the eleven bottom types by region and baywide in 1970nl, 1983, and 1990 (see 

Appendices A and J for data tables). Bottom types are listed, beginning with algae cover in 

the first grouping followed by coral and substrate cover groupings. The baywide and 

regional descriptions are followed by descriptions by site and include Figures #5, #6, and 

#7 showing differences by survey year (see Appendix B for data tables). Finally, the bay 

is described according to depth and includes Figures #8, #9, and #10. 
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TABLE #2 

Results of the transect methodology reproducibility test 
showing the inter-correlation and Wilcoxon signed-ranks values 

between two trained investigators 

SUBSTRATE CORAL ALGAE 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata DC = D. cavemosa 
HD = Hard Substrate PD = PocilloDora damicomis 

VARIABLES SD lID PC MC PD DC 

Sample Size (N) 43 43 43 43 43 43 

Inter-Correlation 0.96 0.77 0.85 0.96 0.82 0.85 
Coefficient (R) 

Significance Level of the P:S;O.Ol P:S;O.Ol P:S;O.Ol P:S;O.Ol P:S;O.Ol P:S;O.Ol 
Correlation Coefficient 

Wilcoxon signed-ranks 0.11 0.49 0.37 0.12 0.10 0.41 
probability 

Mean Values 29.92 22.29 29.12 0.16 0.11 18.21 

Investigator # 1 

Investigator #2 27.44 24.12 30.42 0.12 0.07 18.01 
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General Baywide Description 

Overall, the reef slopes of Kane'ohe Bay were dominated by non-living bottom 

cover consisting of sediment and hard substrate (Figures #2-4). Although sediment (47%) 

was more than double the cover of hard substrate (19%) in 1970n I, the later two surveys 

showed that they were almost equal in cover in 1983 (~7/35%) and in 1990 (35/32%). 

Porites compressa coral and Dictyosphaeria cavemosa algae make up most of the 

remaining live reef slope cover during all three surveys. In 1970n1, D. cavemosa, at 16% 

average cover, was more abundant than P. compressa at 10% and "total coral" at 11 %. In 

1983, the environment had changed and the dominant live cover shifted to 19% Porites 

compressa cover, nearly doubling from 10% abundance during the 1970n1 survey. "Total 

coral" cover doubled from an abundance of 11 % to 23% while D. cavemosa algae 

plummeted from 16% to only 3%. By 1990; P. compressa (20%) and "total coral" (24%) 

changed very little (+1 %), yet D. cavemosa more than doubled from 3% to almost 8% 

average cover, reaching half of its 1970nl abundance. 

Other corals and algae were much less abundant on the reef slope, reaching a 

maximum of only 4% cover for anyone variable. Montipora capitata (=M. verrucosa in 

Maragos 1977, probable endemic species to Hawai'i and nearby islands, revised in 

Maragos 1995) was the most common of the minor corals and reached a maximum 

abundance of 4% cover. Montipora capitata steadily increased during the surveys from 

1% in 1970n1, to approximately 3% in 1983, and 4% in 1990. Pocillopora damicomis 

reached a maximum abundance in the 1983 survey of 0.7% cover, while in both the 

1970n1 and 1990 surveys, P. damicomis averaged only 0.15%. Cyphastrea ocellina 

followed a similar pattern with the highest cover in 1983 (0.09%) and less cover in the 

other two years. In both 1970n1 and 1990, C. ocellina averaged only 0.008% cover, less 

than 10% of its 1983 abundance. Fungia scutaria's abundance pattern was different in that 

it was most abundant in 1970n1 with 0.14% cover. In 1983, its abundance dropped to 

0.11 %, and then decreased down to 0.03% cover In 1990. All "other coral" combined 

followed a similar pattern to P. damicomis and C. ocellina with the highest abundance in 

1983. "Other coral" started out at only 0.12% in 1970n1, increased to 0.16% in 1983, 

and then dropped to its lowest abundance of 0.07% in 1990. "Other algae" increased over 

the three survey years from 1.2% in 1970n1 to 1.4% in 1983, and 1.7% in 1990. 
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FIGURE #2 
Reef slope cover in Kane'ohe Bay averaged 

by bay and region in 1970/71 
(Transect "A" averaged for all matched depths) 
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FIGURE #3 
Reef slope cover in Kane'ohe Bay averaged 

by bay and region in 1983 
("A" and "B" transects averaged for all matched depths) 

~> 

80 

60 {tJ 
~ 

4-0 8 
f-.. 

<0 ~ 
~ 

,S'." ~ 
Efc (./,. ...... 

c-q, '~~ 
q <s> ""'r 

lJ(>.\. I,., 
';:ll"~ 

~~<e>~ 
-:r~y.; 

..f-o v 
~~r--

.N o~ 
~ • <"'0 <1<. . ~... ,..... 

..<> c . ~ '-'0 Q ~. 

.,.¢-. C% ~ .. ;, ~ ... ", ~ . 
Q ...... Q.., Q "<1<-

v~~ 
v 

«.-~~ 
6~~ 

~t\
~~~ 

~~ 

'?~ 

~O 

oJ> 7 .. ' Q 

0~ C' 

O 
0 ........ 0 ..... 

.,. c· ..... ,-.. ".?..-r~ <?/. Q . f> 

'<J'~ ~. 
:1'-0, -'<'c;-

Or 
q./ q~ 

<J v~~ 

c -1~ 
QJ., ct~ 

~.A 
~o 

U'Q 

#r 
~ 

~ 
~ 



.j:
C.:l 

FIGURE #4 
Reef slope cover in Kane'ohe Bay averaged 

by bay and region in 1990 
("A" and "B" transects averaged for all matched depths) 
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General Description of the Bay by Re~ions 

The results of the regional descriptions are also shown in Figures #2-4 (see 

Appendices A and J for data tables). Although there are some specific differences between 

regions, the basic patterns of relative cover between variables hold regionally as they did in 

the baywide comparisons. One of the major patterns that stands out was that Porites 

compressa and "total coral" increased in abundance from stations in the southeast lagoon to 

stations in the northwest bay. ThC? other major pattern was that in, the two surveys where 

Dictyosphaeria cavemosa algae was common, it was found predominately in the central 

and southeast-central bay. In each of the following descriptions, non-living bottom cover 

is described first, followed by major coral species, minor coral species, and finally algae. 

1970171 

Results of reef slope cover by region in 1970171 are shown in Figure #2. Soft 

sediment was the dominant cover ranging from 27-76% depending upon area. It was 

highest in the two southern sectors of the bay and lowest in the two northern regions. The 

highest sediment cover was found in the southeast bay at 76%. Going northward, 

sediment cover declined to 54% in the southeast-central bay, continued to decline to 27% in 

the central bay, and increased slightly to 37% in the northwest bay. Hard substrate was 

highest in the southeast and northwest regions and lowest in the middle two sectors. The 

highest abundance was in the northwest lagoon at 30% average cover. The southeast bay 

had 20% average cover and the two middle regions were equally low at 14%. 

Coral cover was dominated by Porites compressa with levels of "total coral" cover 

only slightly higher in each of the four regions. Porites compressa reached a high of 24% 

in the northwest bay and a low of 0.3% in the southeast sector. The southeast-central and 

central region averaged 5% and 10% respectively. All other corals were very rare with 

Montipora capitata leading the group with an overall bay average of 1 %. Pocillopora 

damicomis, Fungia scutaria, and "other coral" averaged between 0.1-0.2% cover 

baywide, while Cyphastrea ocellina was extremely rare with a baywide average of only 

0.008%. 
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Minor corals were concentrated in the middle and north~m sectors of the bay and 

almost completely absent in the southeast sector. Montipora capitata was found in all four 

regions, but most abundant in the northwest (1.9%) and southeast-central (1.4%) regions. 

Its lowest average cover was in the southeast bay with only 0.25% followed by a slightly 

higher abundance (0.5%) in the central bay. Pocillopora damicomis decreased in average 

abundance, from only 0.33% in the northwest bay, to 0.17% in the central bay, 0.07% in 

the southeast-central bay, and was completely absent in the southeast bay. Fungia scutaria 

was found mostly (0.26%) in the northwest and central regions of the bay. It was also 

found in the southeast lagoon (0.016%) and southeast-central lagoon (0.007%), but in 

ever-decreasing proportions. Cyphastrea ocellina was very rare and found only in the 

northwest (0.028%) and central (0.005%) parts of the bay. All "other corals" were found 

primarily in the central (0.20%) and northwest (0.18%) bay. Their average abundance 

declined to 0.08% in the southeast-central bay and were absent in the southeast lagoon. 

Algae cover was dominated by Dictyosphaeria cavemosa which was most 

abundant in the two central bay sectors. The highest average abundance was in the central 

bay at 34%, followed by 24% in the southeast-central bay. It was uncommon in the 

northwest (1.4%), and absent in the southeast sector. The category "other algae" was rare 

with the highest average concentration of 5% in the southeast sector of the bay. All other 

areas averaged less than I % cover with the southeast bay having 0.5% cover and the 

southeast-central 0.01 % cover. No "other algae" was found in the central bay. 

1983 

Figure #3 shows that there were some dramatic changes in reef slope cover by 

region in 1983 compared to 1970n 1. Sediment cover declined in all sectors from a 

baywide average of 47% in 1970nl to 37% in 1983 (-10%). The biggest decline was in 

the southeast sector from 76% to 53% (-23%) while the central sector remained virtually 

unchanged (27% to 26%) with less than 1 % decline. The southeast-central bay declined 

from 54% to 42% (-12%), while the northwest region orily declined from 37% to 31 % (-

6%). Hard substrate was up from 19% baywide in 1970nl to 35% in 1983 (+16%). It 

in~reased in all regions except the northwest where it did not change. The largest increases 

were in the central (+18%) and southeast-central (+25%) areas, while the southeast bay 
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increased only 7%. With-the increase in hard substrate and decline in sediment, these two 

variables were almost equal in average cover by region and baywide in 1983. 

"Total coral" cover doubled, increasing from 11 % to 23% (+12%) across the bay 

with the greatest increase from 11 % to 32% (+22%) in the central bay. Porites compressa 

nearly doubled from 10% to 19% (+9%) across the bay and increased the most from 10% 

to 27% (+17%) in the central bay. The next largest increase was from 24% to 32% (+8%) 

in the northwest bay. The southeast bay and southeast-central region both increased from 

0.3% to 5.6% (+5.3%) and from 5% to 11% (+6%) respectively. Although uncommon, 

Montipora capitata more than doubled baywide from 1 % to almost 3% (+2%) cover. The 

largest increase was from 0.2% to 3.0% (+2.8%) in the southeast bay. The southeast

central and central bay both increased +2.3 and +2.7% respectively. The only region that 

dropped in cover was the northwest bay where M. capitata declined 1.2%. Pociliopora 

damicomis was uncommon but increased in all four regions from a baywide average of 

0.15% in 1970171 to 0.72% (+0.57%) in 1983. The increases were all about the same, 

ranging between +0.4% to +0.7% cover. Cyphastrea ocellina, although very rare 

followed the same pattern and increased in all four regions from a baywide average of 

0.008% to 0.09% (+0.08%). Fungia scutaria was the only coral that declined in average 

baywide cover, but the decline was only from 0.14% to 0.11% (-0.03%). It declined 

slightly (-0.008% to -0.2%) in three of the regions and increased 0.1 % in the southeast

central lagoon. "Other corals" showed mixed results, but the largest change was an 

increase from 0.2% to 0.5% (+0.3%) in the central bay. 

Dictyosphaeria cavemosa decreased dramatically from an average 16% to just less 

than 3% (-13%). There were slight increases of the algae in the southeast (+0.5%) and 

northwest (+3%) sectors of the bay while the middle two sectors dropped dramatically. 

Dictyosphaeria cavemosa declined the most in the central bay from 34% to 4% (-29%) and 

from 24% to 2% (-22%) in the southeast-central bay. "Other algae" had mixed results with 

some increases and decreases and an overall increase from 1.2% to 1.4% (+0.2%) cover. 

The greatest change was a decrease from 4.7% to practically nothing (0.05%)(-4.65%) in 

the northwest bay. This was countered by an increase from no "other algae" cover to 3.6% 

(+3.6%) in the central lagoon. The other two regions increased only slightly (+0.5 and 

+0.6%) but still remained under 1 % in cover. 
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1990 

Figures #3-4 show that there was little apparent change between 1983 and 1990. 

Sediment cover changed only slightly overall (-3%) with decreases in the southern sections 

of the bay countered by increases in the northern sectors of the bay. The greatest change 

was the decline in sediment from 53% to 42% (-11 %) in the southeast bay followed by a 

decline from 42% to 33% (-9%) in the southeast-central lagoon. With a 4% increase in the 

central bay and the 5% increase in the northwest region, all of the regions ended up with 

similar amounts of sediment cover (31-42%). Hard substrate declined about 3% overall 

with declines in the three northern sectors of the bay and a slight increase in the southeast 

bay. The greatest change was the decline in hard substrate from 34%.to 27% (-7%) in the 

central lagoon and from 30% to 26% (-4%) in the northwest bay. The southeast-central 

bay declined about 3% and the southeast bay increased about 1 % bringing both of those 

regions each to a total of 37% cover. 

Coral abundance in 1990 shows that there was a clear and steady increase in "total 

coral" and Porites compressa cover moving from the southeast bay to the northwest bay. 

"Total coral" and P. compressa increased baywide but the average increase was less than 

1 % and actually included slight declines in the two northern sectors offset by slightly 

greater increases in the two southern sectors. The greatest change was an increase of "total 

coral" in both the southeast (+5%) and southeast-central regions (+5%) consisting of 4% 

and 2% increases of P. compressa in the same regions. This was countered by decreases 

of "total coral" in the central sector (-4%) and the northwest region (-0.6%) and a 2% and 

0.6% decline of P. compressa in the same regions. Montipora capitata increased slightly 

bay~ide (+ 1 %) represented by increases in all three regions except for a slight decline in 

the central sector (-0.9%). The greatest change in M. capitata was an increase from 4% to 

7% (+3%) in the southeast-central lagoon. This region also contained the highest coverage 

of the bay in both 1983 and 1990. There was a slight but dramatic decline in Pocillopora 

damicomis from a baywide average of 0.72% in 1983to 0.14% in 1990 (-0.58%). These 

declines between 1983-1990, took place in each of the four regions across the length of the 

bay. Fungia scutaria also declined overall from a baywide average of 0.11 % in 1983 to 

0,03% in 1990 (-0.08%). The greatest decline was in the two middle bay regions followed 

by a smaller decrease in the northwest region and no change in the southeast bay. 

Cyphastrea ocellina also declined from an average 0.09% to 0.008% (-0.082). Again, 
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declines took place in all regions except the southeast, where there was no change. "Other 

corals" also declined overall and included an increase in the northwest and southeast 

regions and a decrease in the two middle bay regions. 

The most dramatic change of any reef slope cover in the bay was that of the algae 

Dictyosphaeria cavernosa. The baywide average of D. cavernosa more than doubled from 

2.9% in 1983 to 7.8% in 1990 (+4.9%). The greatest change was in the central bay with 

an increase from 4.5% in 1983 to 13.4% in 1990 (+8.9%). The southeast-central bay also 

increased from 2.0% to 10.2% (+8.2%). Slight declines of about 0.3% took place in each 

of the southeast and northwest regions. "Other algae" also increased baywide but only 

slightly from 1.4% in 1983 to 1.7% in 1990 (+0.3%). The greatest change was an 

increase from 1 % to 7% (+6%) in the southeast bay. This was partially countered by a 

decrease in the central bay from 3.6% to 1.1 % "other algae" cover ( -2.5 % ). A very slight 

increase of 0.1 % took place in the northwest bay followed by a slight decrease of 0.6% in 

the southeast-central bay. 

Kane'ohe Bay Reef Slope Descriptions by Site 

Figures #5, #6, and #7 show average baywide percent cover for the eleven bottom 

types by site and year (see Appendix B for data tables). Each of these graphs show relative 

cover beginning at station # 1 in the southeast end of the bay and continuing north to 

stations # 14 and # 15 in the northwest end of the bay (see Figure # 1 for map of station 

locations). Although overall abundance patterns were similar to those found by baywide 

and region, individual sites were unique in their coral, algae, and substrate cover. 

Sediment continued to be the most abundant bottom cover averaged over all sites and 

survey years, but on a site by site and survey basis, individual sites and years may have 

been dominated by one or another bottom types. In general, coral and hard substrate were 

low and D. cavernosa and sediment were high in 1970171 (Figure #5). In 1983 (Figure 

#6), D. cavernosa and sediment cover declined while coral and hard substrate increased 

almost completely across the bay. Abundance in 1990 (Figure #7) appeared similar to 

1983 except for a marked increase in D. cavernosa and "other algae" at specific stations, 

supplemented by a mix of increases and decreases in P. compressa and "total coral" cover. 
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FIGURE #5 
Reef slope cover in Kane'ohe Bay averaged 

by site in 1970/71 
(Transect "A" averaged for all depths) 
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FIGURE #6 
Reef slope cover in Kane'ohe Bay averaged 

by site in 1983 
("A" and "B" transects averaged for all matched depths) 
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FIGURE #7 
Reef slope cover in Kane'ohe Bay averaged 

by site in 1990 
("A" and "B" transects averaged for all matched depths) 

~ 
b. 

\00 
SO 

u 
% 
18 
~ 
P'" 

60 
AO 
'2,0 

& 
.-;;-

0> 
¢ 
~ o 

...P 

~ <P 

c:P 
....> 

{5' 

J' 

57 

./ 
2 

/ 
Cih 

:;'0. 
~ 

loa 
80 
60 

40 
<0 

ftJ 
~ 

e 
~ 
{j 

.~ f::? 
~F "-'</; is! 

'Ct"..., ';j;jQ 

q oS ~~ 
~6 

'~'l 
r-oQ 

~~ 

c- . <1~ . 
0.... '"' ..... ~ 

/> c- Y'J.... -f" ~ <'" Jr,. 
..<'> %: ::>".;., .J;, . ~~<1 

v ' '?/ Q<"Q r" <. 
C".- Co 

O 0 ""9 "> c· "... "',..-
7'A ~/. "'9 .J' 

V(:l 9-~ ... .,. 
Q <;> 

o 
~q../ 

tr 
~ 

~ 
~ 

~ vtll' 

.~ '14 
Ql,. cttl 

<?"A 
~o 

U'Q 



1970171 

Figure #5 shows that in 1970171, sediment was fairly high in abundance 

throughout the bay with average levels of 86% at site #1, 93% at site #2, and around 60% 

at sites #3, #4, #5, and #13. Hard substrate was moderately low (5-19%) at most stations 

with higher concentrations (25-38%) at sites #3, #12, #13, #14, and #15. Both sediment 

and hard substrate cover at site #8 were never recorded and are therefore shown as blank 

representing missing data. 

"Total coral" ranged in average cover by site from 0.1 % to over 43%. Porites 

compressa made up most of the "total coral" cover with highest concentrations at sites #6 

(19%), #12 (27%), #14 (43%), and #15 (30%). Sites #8 (14%), and #11 (16%) also had 

notable concentrations of P. compressa while stations #4, #9, and #10 were all around 4%. 

Stations #1-3, #5, #7, and #13 were all less than 2% cover. Minor corals were all well 

below 1 % in cover except for M. capitata with an abundance of 5% at stations #6 and #14 

and around 1.5% at stations #4 and #15. 

Dictyosphaeria cavemosa abundance was high, up to 57%, and concentrated in the 

middle of the bay at stations #4 through #11. Stations #7 (57%), #9 (47%), #10 (38%), 

and #11 (32%) were highest, while stations #5-7, and #8 all were between 13-17% in D. 

cavemosa cover. The only other site with any significant cover was station #15 with 4%. 

Station #14 followed with 0.8% and #12 with 0.08% cover. Stations #1-3 and #13 had no 

D. cavemosa cover at all. "Other algae" was mostly low in cover with significant 

occurrences at station #15 (12%) and #12 (5%). Stations #1, #3, and #13 all had between 

0.6-0.7% while station #6 had 0.07% cover. No other measurable amount of "other algae" 

was found. 

1983 

Figure #6 shows that in 1983 there were some major changes in relative benthic 

cover compared to 1970171 (Figure #5). Hard substrate increased between 4% and 54% at 

all but three stations. The greatest increases were at stations #2 (+54%) and #6 (+32%), 

while stations #4, #5, #7, #10, and #13 all increased in the 21-26% range. Stations #9 
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was next with a 15% increase followed by sites #1 and #11 in the 10-11 % range and #14 

with a 4% increase. The other three stations #3 (-5%), #12 (-2%), and #13 (-21 %) all 

decreased in hard substrate cover. Because no substrate data was taken at station #8 in 

1970171, changes could not be analyzed at this site. While hard substrate increased at most 

locations, sediment cover declined between 4% and 58% at all sites except #7 (+3%), #9 

(+4%), and #11 (+0.6%). The greatest decline was at station #2 (-58%) followed by 

stations #5 (-23%), #10 (-19%), and #1 (-13%). All other stations, except those noted 

above, decreased between 4% and 8% in cover. 

Porites compressa increased dramatically between 0.8% and 29% at eleven sites 

(#1, #2, #3, #5, and #7-14), decreased at stations #4 (-2%), #6 (-12%), and #15 (-6%), 

and hardly changed at station #2 (-0.05%). The largest increases were at stations #7 

(+24%), #8 (+29%), #10 (+24%), and #13 (+23%). "Total coral" followed a similar 

pattern except for an increase at station #2 (+ 1.5%) and basically no change at station #4 

(+0.06%). Montipora capitata was up slightly (+1% to +8%) at most sites (#1-5, #7, #9-

11, and #13) with slight declines at stations #6 (-2%), #14 (-4%), #15 (-1 %) and hardly 

any change at stations #8 and #12. Pocillopora damicomis was up (+0.1 % to +2.4%) at 

all sites except station #15. The greatest increases were at stations #8 (+1.0%) and #12 

(+2.4%). Fungia scuta ria increased at four sites (#4, #5, #7, and #10), decreased at eight 

sites (#3, #8-9, and #11-15), and did not change at three sites (#1, #2, and #6). 

Cyphastrea ocellina increased at all stations except #4 where it was not found in either 

year. "Other coral" was less than 1 % in cover at all stations except for #11 where it 

reached a peak abundance of 1.6%. Although "other coral" was not found at most 

locations (#1-5, #7, #12-13, and #15), it increased at station #11, and declined at five other 

locations. 

Dictyosphaeria cavemosa cover declined dramatically at the middle bay stations 

(#4-11) from a high of 57% in 1970171 to a much lower level between 1;..10% in 1983. 

The greatest declines took place at stations #7 (-54%), #9 (-44%), #10 (-33%), and #11 

(-31 %). Other major declines in D. cavemosa cover occurred at stations #4 (-16%), #5 

(-12%), #6 (-15%), and #8 (-3%). Although there were major declines at some stations, 

slight increases (+0.05% to +8.6%) occurred at seven of the sites (#1-3, and #12-15) with 

the greatest increases at stations #3 (+1 %), #13 (+4%), and #15 (+8.6%). "Other algae" 

which was notable at stations #12 (5%) and #15 (12%) in 1970171, and completely 
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disappeared at those sites in 1983. Declines of between 0.6-0.7% cover were recorded at 

stations #1, #3, and #13. Increases in "other algae" cover took place at stations #2 (+4%) 

and #6 (+2.5%) and increased most notably at station #9 from no cover in 1970171 to 16% 

in 1983. 

1990 

Figure #7 shows that benthic cover by site in 1990 appears more like 1983 (Figure 

#6) than 1970171 (Figure #5). Compared to 1983, hard substrate showed major increases 

(+2% to +14%) at seven stations (#3-5, #8, and #11-13) and just as dramatic decreases 

(-4% to -30%) at seven other stations (#1-2, #6-7, #9-10, and #15) while site #14 showed 

hardly any change (-0.04%). Sediment showed similar increases (+4% to +14%) between 

. 1983 and 1990 at eight stations (#1, #6, #8-10, and #13-15) and'decreases (-1 % to -32%) 

at seven stations (#2-5, #7, and #11-12). 

Between 1983 and 1990, Porites compressa saw increases of 1 % to 13% at seven 

sites (#2-4, #6-7, #11, and #15) and similar decreases (-0.6% to -11 %) at eight stations 

(#1, #5, #8, #9-10, #12, and #13-14), while "total coral" followed the same pattern at the 

same sites. The largest increases of P. compressa were at sites #15 (+13%) and #3 

(+10%) while substantial declines took place at sites #8 (-11 %) and #12 (-9%). Montipora 

capitata was up slightly (+0.4% to +3%) at six sites (#3, #6-7, #10, #13, and #15) with 

similar declines (-0.1% to -2.5%) at eight sites (#1-2, #5, #8-9, #11-12, and #14) and a 

major increase of 12% at station #4. Although Pocillopora damicomis is hardly noticeable 

on the graph (Figure #7), there were notable declines (-0.06% to -2%) at fourteen of the 

fifteen stations. The only site that increased in P. damicomis was station #15 from 0.23% 

to 0.28% in cover (+0.05%), Fungia scuta ria increased slightly at four sites (#3, #6, #8, 

and #12), decreased at six sites (#5, #7, #9-11, and #14), and did not change at the five 

other sites (#1-2, #3, #13, and #15). Cyphastrea ocellina decreased at thirteen sites and 

increased very slightly at sites #2 and #4. "Other coral" increased at four sites (#1, #9, 

#10, and #14), decreased at three sites (#6, #11, and #14), and did not change at eight sites 

(#2-5, #7-8, and #12-13). 
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In 1990, the green macro algae Dictyosphaeria cavemosa made somewhat of a 

comeback. Dictyosphaeria cavemosa cover increased once again at the middle bay stations 

(#4-11) from a moderately low level of 1-10% in 1983 to a somewhat greater abundance of 

2-29% in 1990. Although this was not quite as high as the 13-57% cover in 1970171, it 

was a notable increase. There were also slight increases at stations #2 (+0.3%), #12 

(+0.1), and #15 (+3%), and slight decreases at stations #3 (-1 %), #13 (-3%), and #14 

(-0.8%). "Other algae" increased slightly (+0.004% to +1 %) at nine sites (#1, #3, #5, #7-

8, #10, #12-13, and #15) with similar decreases (-0.1% to -2.5%) at three sites (#6, #11, 

and #14). There was a major increase (+22%) of "other algae" at station #2 and a 

substantial decline (-13%) at station #9. Station #14 did not have any "other algae" cover 

during any of the three surveys. 

Reef Slope Descriptions by Depth 

Figures #8, #9, and #10 show the average baywide percent cover of each of the 

eleven bottom types by depth in 1970171, 1983, and 1990 (see Appendix C for data 

tables). Each of these graphs shows relative percent cover of all the variables beginning at 

the top of the reef slope and continuing down the slope, meter by meter, to the bottom 

where the coral reef slope meets the muddy lagoon floor. 

The set of three graphs (Figures #8, #9, and #10) demonstrate the general pattern of 

benthic cover by depth which remained basically the same over the three surveys in 

question. In all three years, sediment was the most abundant bottom type increasing as you 

went down the slope and peaking at or close to 100% on or near the bottom of the reef 

slope. Hard substrate, made up of primarily dead coral and coraline algae, was the next 

most common cover peaking between 45-52% on the reef crest and edge of the reef flat. In 

all three surveys, hard substrate diminished with depth. Although in 1983 and 1990, it 

followed a bi-modal pattern with a second and slightly lower abundance peak in the 4-6m 

depth range. 

With the exception of the 1970n 1 survey where Dictyosphaeria cavemosa algae 

dominated the average live cover, coral dominated the average live cover in the later 

surveys. In 1983 and 1990, Porites compressa was the most abundant coral and reached 
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FIGURE #8 
Reef slope cover in Kane'ohe Bay averaged 

by depth in 1970/71 
(Transect "A" averaged for all sites at each depth) 
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FIGURE #9 
Reef slope cover in Kane'ohe Bay averaged 

by depth in 1983 
("A" and "B" transects averaged for all sites at each matched depth) 
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FIGURE #10 
Reef slope cover in Kane'ohe Bay averaged 

by depth in 1990 
("A" and "B" transects averaged for all sites at each matched depth) 
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peak abundance between 36-47% at 1-2 meters depth. "Total coral" cover, made up of all 

the corals added together, was slightly higher in abundance (39-50%), but consisted 

primarily of P. compressa and mimicked its abundance closely. Montipora capitata was 

minor in comparative cover but was the next most common average coral cover in the bay 

with a maximum of approximately 7% at 4 meters depth in 1990. Pocillopora damicomis 

was less common and most abundant in 1983, reaching a peak of 3.5% at 0 meters depth. 

Fungia scuta ria reached a maximum abundance of 0.5% at 0 meters depth in 1970nl 

while C. ocellina topped out at 0.4% at 0 meters depth in 1983. "Other corals" were very 

rare but when combined, reached a peak abundance of 0.9% at 9 meters depth in 1983. 

Algae cover was interesting in that its abundance oscillated up and down the reef 

slope over the survey period. In 1970n1 the survey found that Dictyosphaeria cavemosa 

was the dominant live cover in the bay. In 1970n1, D. cavemosa peaked at 29% at 4 

meters depth while P. compressa and "total coral" peaked at 23% and 26% respectively. At 

the time, D. cavemosa was found at all depths, but concentrated in the 1-7 meter depths. 

"Other algae" was less common, but reached 14.5% at 0 meters depth. In 1983, D. 

cavemosa was much less common and only reached a peak of 8% cover at 1 meter depth. 

At that time, the algae was concentrated in the 0-4 meter depths and was not found below 7 

meters depth. "Other algae" reached a peak of 6% at 0 meters depth. In 1990, D. 

cavemosa made somewhat of a comeback, reaching a peak of 22%, at 3 meters depth and 

was found back down to 12 meters depth. "Other algae" was again most common at 0 

meters depth with a high concentration of almost 9% cover. 

1970n1 

In 1970n 1 (Figure #8) the most abundant bottom type was sediment reaching its 

highest abundance of 94% at 12 meters depth. Next in abundance was hard substrate, 

reaching a peak of 46% on the reef crest and flat and decreasing from there down to the 

lagoon floor. The slight bump in abundance (17%) at the bottom of the slope was the 

calcium carbonate skeletal remains of once living coral that had broken off and tumbled to 

the bottom of the slope where it had succumb to the muddy and highly turbid environment 

of the lagoon floor. 
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Live coral consisted primarily of Porites compressa interspersed with minor 

amounts of other corals. Although other corals were present, "total coral" followed the 

same abundance patterns and trends as P. compressa. "Total coral" peaked at 26% just 

below the reef crest while P. compressa peaked at 23% at the same depth. Coral cover was 

concentrated between 0-8 meters depth peaking in shallow·water of 1-3 meters. Montipora 

capitata reached peak abundance at slightly less than 4% while all other corals were well 

below 1%. 

Dictyosphaeria cavemosa was the dominant live cover and reached relatively high 

abundance (6-29%) in the 0-8 meter depth range peaking at 4 meters. "Other algae" was 

fairly uncommon but did reach 14% at the top of the reef slope. This was primarily 

because of its abundant occurrence at stations #12 and #15 (see Figure #5). 

1983 

Although similar to 1970171, results of the survey in 1983 (Figure #9) indicate that 

there was a slight decrease in sediment and algae cover in conjunction with an increase in 

hard substrate and coral. The most abundant bottom type was again sediment reaching its 

highest abundance of 100% at the bottom of the reef slope. Hard substrate was next in 

abundance, reaching a peak of 51 % at the reef crest and generally decreasing as one 

approached the lagoon floor. Hard substrate abundance was slightly bi-modal with the 

greatest abundance at the reef crest and flat and a second peak at approximately 5 meters 

depth. The trough between the two abundance peaks corresponds nicely with increased 

coral cover in the 2-4 meter depth range. 

Live cover was dominated by Porites compressa interspersed with minor amounts 

of other corals. Porites compressa peaked at 2 meters depth (42%) while "total coral" was 

slightly more abundant (46%) at the same depth. Corals were again most abundant in 

shallow water, this time found primarily from 0-10 meters in depth with highest 

concentrations in the 0-7 meter range. Minor corals were again dominated by M. capitata 

reaching a peak abundance of about 5% at 5 meters depth while P. damicomis was similar 

with a peak abundance of 3.5% at 0 meters. All other corals were below 1 % in cover and 

concentrated in shallow to mid depths. 
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Although Dictyosphaeria cavemosa algal cover was next in abundance compared to 

P. compressa, it only reached 8% cover at 1 meter depth. Compared to its higher 

abundance (29%) in 1970171, abundance had dropped and what remained was concentrated 

in shallower water. "Other algae" was again uncommon and reached a slightly lower peak 

of 6% at the reef crest. This occurrence was again due to patchy occurrences at a few but 

different stations (#2, #6, and #9: see Figure #6) than found in 1970171. 

1990 

Benthic cover in 1990 (Figure #10) appeared to be similar to 1983 (Figure #9) 

except for an increase in Dictyosphaeria cavemosa cover. Sediment continued to be the 

most abundant bottom type reaching its highest abundance of 96% at the bottom of the reef 

slope. Hard substrate was similar to its 1983 abundance, reaching a peak of 51 % at the 

reef crest and peaking a second time at a slightly lower level of 37% at 6 meters depth. 

Live cover was again dominated by Porites compressa interspersed with minor 

amounts of other corals. Porites compressa peaked at a slightly shallower depth of 1 meter 

(47%), than in 1983 (2 meters at 42%), while "total coral" was just a little more abundant at 

50% and the same depth. Once again, coral was primarily in shallow water reaching a peak 

just below the reef crest and slowly declining towards the bottom of the reef slope. The 

minor corals were again dominated by M. capitata reaching a peak abundance of about 7% 

at 4 meters. Pocillopora damicomis decreased with a peak abundance of only 0.4% and all 

other corals were well below 1 %. 

Dictyosphaerit;l cavemosa algal cover was again next in abundance compared to P. 

compressa but climbed 14% from 1983 to reach a peak of 22% cover at 3 meters depth. 

Not only did D. cavemosa increase in abundance but once again was peaking further down 

the slope (as in 1970171) with an extended range down to 12 meters depth. "Other algae" 

was uncommon with a slightly higher peak abundance of 9% at the top of the reef slope. 

This was again primarily due to patchy occurrences at a couple of but different stations (#2 

and #9: see Figure #7) than was found in the previous surveys. 
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Analytical Comparisons 

Results of Statistical Comparisons Between Replicate Transects 

As stated in the methods section, it was important to maintain equal sample sizes for 

statistical comparisons between all three years. Therefore, only one of the replicate 

transects at each of the fifteen sites was used from the 1983 and 1990 surveys. Results of 

the statistical comparisons between the replicate "A" arid "B" transects for all major 

variables are shown by depth in Table #3. Only four (2.8%) ofthe one hundred and forty

three comparisons were significant at the P:::;;0.05 level and two (1.4%) at the P:::;;O.OI 

critical level. In four of the cases, the "B" value was greater, and in two of the cases it was 

lower. No major patterns were apparent and the number of significant differences was less 

than five percent of the total. Results of the statistical comparisons between transects by 

site are shown in Table #4 and by region and baywide in Table #5. Seventeen (10.3%) of 

the one hundred and sixty-five site comparisons were significant at the P:::;;0.05 level and 

seven (4.2%) at the P:::;;O.O 1 level for a combined total of fourteen percent of the 

comparisons. Roughly half, or eleven of the values were significantly greater in the "B" 

transect by site and thirteen were lower. Although there were no overriding dominant 

patterns by site, clearly certain variables show significant differences between transects at 

specific sites. At the regional level, five (11 %) of the values were significantly different 

and five (45%) of the el~ven values were different at the baywide level. From these 

results, I concluded that there were significant differences between transects within the bay 

for certain variables and particular sites. It may have only been that the spatial variability 

was significant in those cases, but as demonstrated above, the "A" and "B" transect values 

were different in enough cases that it would have been difficult to group them as replicates 

in the statistical analysis. Because transect "A" was closest to the original 1970171 transect 

series, it was used alone in the overall 1970171-1983-1990 "trend" analysis. 

Results of Overall "Trend" Analysis by Baywide and Region 

The preliminary results of the repeated measures statistical comparisons between 

any of the three years (1970171, 1983, and 1990) by region and baywide are shown in 

Table #6. The results indicate that there were significant differences at the P:::;;0.05 (*) and 
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SUBSTRATE 

TABLE #3 

Results of 
Wilcoxon signed-ranks tests 

for differences between 
"A" and "B" transects in 1983 

by depth 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 

ALGAE 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicornis DC = D. cavernosa 

FS = Fungia scutaria 
CO = Cyphastrea oce/tina 
OC = "Other Coral" 

NS = non-significant comparison 
9 = P:::; 0.05 and transect "A" is greater than transect "B" 

~ = P :::; 0.05 and transect "A" is less than transect "B" 
Values shown are actual P values taken from Wilcoxon signed-ranks tests 

~ lID . TC PC MC PD FS CO OC OA 
NS NS NS NS NS NS NS NS NS 

1 NS NS NS NS 9- 0} NS NS NS NS 
~.002 0.04 

2 NS NS NS NS NS NS NS NS NS NS 
3 NS NS NS NS NS NS NS NS NS NS 
4 NS NS NS NS NS NS NS NS NS NS 
5 NS NS NS NS NS NS NS NS NS NS 
6 NS NS NS NS NS NS NS NS NS NS 
7 NS NS NS = NS NS NS NS NS NS 

0.05 
8 NS NS NS NS NS NS NS NS NS NS 
9 NS NS NS NS NS NS NS NS NS NS 
10 NS NS NS NS 9- NS NS NS NS NS 

0.03 
11 = NS NS NS NS NS NS NS NS NS 

0.04 
12 NS NS NS NS NS NS NS NS NS NS 
13 NS NS NS NS NS NS NS NS NS NS 
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SUBSTRATE 

TABLE #4 

Results of 
Wilcoxon signed-ranks tests for differences 

between "A" and "B" transects in 1983 
by site 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 

ALGAE 

SO = Sediment MC = Montipora capitata . OA = "Other Algae" 
HO = Hard Substrate PO = PocilLopora damicomis DC = D. cavemosa 

SITE 
1 
2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 
13 
14 
15 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

NS - non-significant comparison 
=- = P:::; 0.05 and transect "A" is greater than transect "B" 

= = P :::; 0.05 and transect "A" is less than transect "B" 
Values shown are actual P values taken from Wilcoxon signed-ranks tests 

SD lID TC PC MC PD FS CO OC OA 
NS NS NS NS NS NS NS NS NS NS 
NS NS NS NS NS NS NS NS NS = 

~.022 
NS NS NS NS NS NS NS NS NS NS 
NS NS = NS NS ? NS NS NS NS 

0.020 0.018 
c 'if- NS ,,- NS NS NS NS NS NS 

0.003 0.02 0.042 
NS 9' NS NS == NS NS NS NS = 

0.04 ~.006 ~.034 
NS NS = = NS NS NS NS NS NS 

0.034 0.033 
NS == = c NS NS NS NS NS NS 

~.005 0.002 0.002 
NS NS NS NS NS NS NS NS NS 

~.022 
= NS NS =j' NS NS = NS NS NS 

0.01 0.030 ~.032 
NS NS NS NS NS NS NS NS ? NS 

0.05 
NS NS NS NS NS NS NS NS NS NS 
NS NS NS NS NS NS NS NS NS NS 
NS NS NS NS NS NS NS NS NS NS 

c =j' = c NS NS NS NS NS NS 
0.04 0.01 0.025 ~.025 
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SUBSTRATE 

SD = Sediment 
HD :;:: Hard Substrate 

TABLE #5 

Results of 
Wilcoxon signed-ranks tests 

for differences between 
"A" and "B" transects in 1983 

by baywide and region 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PD = Pocillopora damicomis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

NS = non-significant comparison 

ALGAE 

OA = "Other Algae" 
DC = D. cavemosa 

~ = P ~ 0.05 and transect "A" is greater than transect "B" 
0= P ~ 0.05 and transect "A" is less than transect "B" 

Values shown are actual P values taken from Wilcoxon signed-ranks tests 

SD HD TC PC MC PD FS CO OC OA 
BAYWIDE = -{~ = 0 NS NS NS NS =~ NS 

0.02 0.002 0.04 0.03 0.01 

NORTI-IWEST NS NS NS NS NS NS NS NS NS NS 
CEN1RAL = NS NS NS NS NS NS ~~ NS 

0.006 0.03 0.04 
SE-CENfRAL NS NS NS NS NS NS NS NS NS = 

0.034 
SOlITHEAST NS NS NS NS NS NS NS NS NS = 

0.023 
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TABLE #6 

Preliminary results 
of repeated measures analysis for differences between 

1970171, 1983, and 1990 surveys 
by baywide and region 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicornis OC = D. cavernosa 

FS = Fungia scutaria 
CO = Cyphastrea oceLLina 
OC = "Other Coral" 

NS = Non-Significant * = P ~ 0.05 * * = P ~ 0.01 

BAYWIDE 

NOR1lIWEST 

CEN1RAL 

SE-CENIRAL 

SOlJIHEAST 

BAYWIDE 

NOR1lIWEST 

CEN1RAL 

SE-CENIRAL 

SOUIHEAST 

SD 

** 
NS 

NS 

** 
** 

HD TC PC MC PD FS CO OC 

** ** ** * ** * ** NS 

NS NS NS NS NS ** NS NS 

* ** ** ** ** NS ** NS 

** ** ** * ** NS NS NS 

NS * * ** * NS NS NS 

TABLE #7 

Final combined results of repeated measures, 
"Rankits", and non-parametric one-way ANOV A for 

differences between 1970171, 1983, and 1990 surveys 
by baywide and region 

Circled symbols indicate final statistical determination 
between non-consistent result with re eated measures test 

SD lID TC PC MC PD FS CO OC 

** ** ** ** * ** * ** NS 

NS NS NS NS NS NS ** (*) NS 

NS * ** ** ** ** NS ** NS 

** ** ** ** * ** NS (*) NS 

** NS * * ** * NS NS NS 
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P:::;0.01 (**) level for a number of variables in various regions and for almost all the 

variables baywide. Twenty-one (48%) of the forty-four regional comparisons and nine 

(82%) of the eleven baywide statistical comparisons were significantly different at the 

P:::;0.05 level or below. The final combined results of the repeated measures test, "Rankits" 

transformation repeated measures, and the Kruskal-Wallis non-parametric one-way 

analysis of variance are shown in Table #7. Twenty-four (54%) of the forty-four regional 

and ten (91 %) of the eleven statistical baywide comparisons were significantly different 

using the combined results of all three statistical procedures. Only three (6.8%) of the 

. combined regional and one (9.1 %) of the baywide results were inconsistent with the 

repeated measures test results and the final statistical determinations are distinguished by a 

circle around the test result. Significant differences were found in many areas of the bay 

for most variables except "other coral". 

Hard substrate and sediment were both significantly different over time baywide. 

Regionally, hard substrate was different over time in the southeast-central and central bay 

while sediment was different in the southeast and southeast-central bay. 

"Total coral" was significantly different over time baywide and in all areas except 

the northwest region. Porites compressa, M. capitata, and P. damicomis all followed the 

same pattern. Cyphastrea ocellina was also significantly different over time baywide and 

different in all regions except the southeast bay. Fungia scutaria was significant at the 

baywide scale but concentrated only in the northwest bay. "Other coral" was not 

significantly different over time at any geographic level. 

Dictyosphaeria cavemosa was significantly different over time at the baywide level 

and in all regions except the southeast bay. "Other algae" was also significant over time at 

the baywide level but only in the central bay when analyzed regionally. 

Results of Baywide and Regional Analyses Between Years 

The Student Neuman Keuls test was conducted to refine the findings found in the 

repeated measures trend analysis to specific differences between years (1970171-1983, 

1983-1990, 1970171-1990). The results of the statistical comparisons by region and 
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baywide between the different years are shown in three separate tables. The 1970171-1983 

results are shown in Table #8, while 1983-1990 is shown in Table #9, and 1970171-1990 

is shown in Table #10. In all cases the number of inconsistencies between the normal and 

"Rankits" transfonned analytical test results were within reason (11 % or less) and the 

robustness of the tests were valid. In addition to the tables, there is a figure in the appendix 

for each year showing average percent cover for transect "A" 1-7 meters depth (Appendix 

D: Figures #13, #14, and #15). The abundance data values from which the graphs and 

statistical tables are based upon can be found in Appendix E. 

1970171-1983 

The results of the Student Neuman Keuis statistical comparisons between 1970171 

and 1983 are shown in Table #8. The graphical representation of percent cover data values 

for 1970171 and 1983 can be seen in Appendix D (Figure #13). Twenty-three (52%) of the 

forty-four regional comparisons and eight (73%) of the eleven baywide statistical 

comparisons were significantly different. The differences were found in a number of live 

cover and substrate variables. Only five (11 %) of the forty-four student Neuman Keuls 

transformed and non-transformed analytical test results were inconsistent at the regional 

level and one (9%) out of the eleven results at the baywide level. All of the inconsistent 

results are distinguished by a circle around the test result. Although there were some 

inconsistencies between nonnal and "Rankits" transfonned analyses, the result shown 

circled in the table was determined to be the most confident result following further 

evaluation of the statistical results and actual frequency distributions as described in the 

methods section of this report. 

Hard substrate increased between 1970171 and 1983 baywide and in the southeast

central and central bay while sediment decreased baywide and in the southeast and 

southeast-central bay. 

"Total coral" increased between 1970171 and 1983 baywide and in all regions 

except the northwest bay. Porites compressa and P. damicomis followed the same pattern 

with baywide increases in all regions except the northwest sector. Montipora capitata also 

increased baywide and was significantly different in the southeast and central bay. 

73 



SUBSTRATE 

SO = Sediment 
HO = Hard Substrate 

TABLE #8 

Results of 
student Neuman Keuls tests 

for differences between 1970171 and 1983 
by baywide and region 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PO = Pocillopora damicomis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

ALGAE 

OA = "Other Algae" 
DC = D. cavemosa 

9 = a significant increase between years I ,, = a significant decrease between years 

NS = Non-Significant I * = P ~ 0.05 I * * = P ~ 0.01 

Circled symbols indicate final statistical determination between· 
non-consistent transformed and non-transformed anal tical test results 

SD lID TC PC MC PD FS CO OC OA 
BAYWIDE = =? ~:= {jo 

IG9~ 
::::= NS = :::: NS NS 

** ** ** ** ** ** 

NORlHWEST NS NS NS NS NS NS = (!) NS NS 
* 

CENIRAL NS c::.l' ~'= ? == NS NS IG=~ * ** ** ** ** ** 
SE-CENIRAL c == == {jo NS NS :C!). NS NS 

* ** ** * ** 
SOlJITlEAST = NS G~J I(*?~ == NS NS NS NS 

** ... ** 
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SUBSTRATE 

SD = Sediment 
HD = Hard Substrate 

TABLE #9 

Results of 
student Neuman Keuls tests 

for differences between 1983 and 1990 
by baywide and region 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PD = Pocillopora damicomis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

ALGAE 

OA = "Other Algae" 
DC = D. cavemosa 

9 = a significant increase between years I ~ = a significant decrease between years 

NS = Non-Significant I * = P :5 0.05 I * * = P :5 0.01 

Circled symbols indicate final statistical determination between 
non-consistent transformed and non-transformed anal tical test results 

SD lID TC PC MC PD FS CO DC OA 
BAYWIDE NS NS NS NS NS = 0 ~ NS NS 

** * ** 

NOR11IWEST NS NS NS NS NS NS NS 1(:) NS NS 

CENTRAL NS NS NS NS = = NS = NS 1(:) * ** ** 
SE-CENTRAL NS NS NS NS NS = NS 1(:) NS NS 

** 
SOlJIHEAST NS NS NS NS NS NS NS NS NS NS 
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SUBSTRATE 

SD = Sediment 
HD = Hard Substrate 

TABLE #10 

Results of 
student Neuman Keuls tests 

for differences between 1970171 and 1990 
by baywide and region 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora eapitata 
PD = Pocillopora damicornis 
FS = Fungia scutaria 
CO = Cyphastrea oeel/ina 
OC = "Other Coral" 

ALGAE 

OA = "Other Algae" 
DC = D. eavernosa 

9? = a significant increase between years I = = a significant decrease between years 

NS = Non-Sigriificant . I * = P ~ 0.05 I * * = P ~ 0.01 

Circled symbols indicate final statistical determination between 
non-consistent transformed and non-transformed anal tical test results 

SD lID TC PC MC PD FS CO OC OA 
BAYWIDE = =~ =? ~~ =.r NS ~ NS NS 1(;) ** ** ** ** * * 

NOR1lIWEST NS NS NS NS NS NS = NS NS NS 
** 

CEN1RAL NS NS =? =? NS NS NS NS NS NS 
** ** 

SE-CEN'IRAL = =~ '? «jo «} 

I~~ 
NS NS NS NS 

** ** ** ** * 
SOUTHEAST = NS .[~ =? =} IG}~ NS NS NS NS 

** ** ** ** 
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Cyphastrea ocellina increased baywide and in all regions except the southeast bay. Fungia 

scutaria decreased significantly in the northwest bay and "other coral" was not significant in 

any area. 

Dictyosphaeria cavernosa algae decreased between 1970171 and 1983 baywide and 

in the southeast-central and central bay while increasing in the northwest bay. "Other 

algae" increased in the central bay only. 

1983-1990 

The results of the Student Neuman Keuls statistical comparisons between 1983 and 

1990 are shown in Table #9. The graphical representation of percent cover data values for 

1983 and 1990 can be seen in Appendix D (Figure #14). Only nine (20%) of the forty-four 

regional comparisons and four (36%) of the eleven baywide statistical comparisons were 

significantly different. The differences were found only in a few minor coral species and 

the two algae variables. No differences were found by substrate. Only three (6.8%) ofthe 

forty-four student Neuman Keuls transformed and non-transformed analytical test results 

were inconsistent at the regional level and none (0%) out of the eleven results at the 

baywide level. All of the final statistical determinations between inconsistent results are 

distinguished by a circle around the test result. 

"Total coral", "other coral", and P. compressa did not change significantly at all 

between 1983 and 1990 when averaged at the regional or baywide level. Cyphastrea 

ocellina changed the most with significant decreases baywide and in all regions except the 

southeast bay. Pocillopora damicornis decreased baywide and in the southeast-central and 

central bay. Fungia scutaria declined baywide and M. capitata declined in the central 

region. 

Dictyosphaeria cavernosa increased between 1983 and 1990 baywide and in the 

two central bay regions while "other algae" decreased in the central lagoon. No other 

significant differences were found. 
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1970nl-1990 

The results of the Student Neuman Keuls statistical comparisons between the 

beginning (1970nl) and final (1990) surveys are shown in Table #10. The graphical 

representation of percent cover data values for 1970n 1 and 1983 can be seen in Appendix 

D (Figure #15). Fifteen (34%) of the forty-four regional comparisons and eight (73%) of 

the eleven baywide statistical comparisons were significantly different. The differences 

were found in a number of live cover and substrate variables. Only two (4.5%) of the 

forty-four student Neuman Keuls transformed and non-transformed analytical test results 

were inconsistent at the regional level and one (9%) out of the eleven results at the baywide 

level. All of the final determinations between inconsistent results are distinguished by a 

circle around the test result. 

Hard substrate increased between 1970nl and 1990 baywide and in the southeast

central bay while sediment decreased baywide and in the southeast and southeast-central 

bay. 

"Total coral" increased between 1970nl and 1990 baywide and in all regions 

except the northwest bay. Porites compressa followed the same pattern with baywide 

averages and all regions increasing except the northwest sector where it has consistently 

shown high coverage over the years. Montipora capitata also increased baywide and was 

significantly different in the southeast and southeast-central bay. Pocillopora damlcomis 

also increased but only in the southeast bay. Fungia scutaria decreased significantly 

baywide and in the northwest bay. Cyphastrea oce/tina and "other coral" did not change at 

the regional or baywide level. 

Dictyosphaeria cavemosa algae decreased between 1970n 1 and 1990 baywide and 

in the southeast-central and central bay. "Other algae" increased at the baywide scale only. 

Results of Overall "Trend" Analysis by Site 

The preliminary results of the repeated measures statistical comparisons between all 

three years (1970nl, 1983, and 1990) by site are shown· in Table #11. The results indicate 

78 



SUBSTRATE 

SO = Sediment 
HO = Hard Substrate 

(NR = No Record) 

TABLE #11 

Preliminary results of 
repeated measures analysis 

for differences between 
1970171, 1983, and 1990 surveys 

by site 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PO = Pocillopora damicomis 
FS = Fungia scutaria 
CO = Cyphastrea ocelfina 
OC = "Other Coral" 

NS = Non-Significant * = P $; 0.05 

SITE SD lID 'T'r' PC MC PD FS ~ '-' 

1 NS NS ** NS ** * NS 

2 ** * NS NS NS * NS 

3 ** NS ** ** ** NS NS 

4 ** ** NS NS * NS NS 

5 NS NS NS NS NS NS NS 
6 * ** NS NS NS * NS 

7 NS ** ** ** * ** NS 

8 NR N.R ** ** NS ** NS 

9 NS ** ** ** NS * NS 

10 NS NS ** ** ** ** * 
11 NS NS NS NS ** NS NS 

12 NS NS NS NS NS NS NS 

13 NS NS NS NS NS NS NS 
14 NS NS NS NS NS NS NS 
15 NS * NS NS NS NS NS 
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ALGAE 

OA = "Other Algae" 
OC = D. cavemosa 

* * = P $; 0.01 

CO DC OA DC 
NS NS NS NS 

NS NS ** NS 

NS NS NS NS 
NS NS NS * 
NS NS NS NS 
NS NS NS NS 
NS NS NS ** 
NS NS NS NS 

NS NS NS ** 
* NS NS ** 
NS NS NS ** 
NS NS * NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 



that there were significant differences at the P~0.05 (*) and P~O.OI (**) level for a number 

of variables at various depths. Forty-three of the one hundred sixty-three statistical 

comparisons (26%) were significantly different at P~0.05 and P~O.O 1 level. The 

combined results of the repeated measures test, "Rankits" transformation repeated 

measures, and the Kruskal-Wallis non-parametric one-way analysis of variance are shown 

in Table #12. Fifty-nine (36%) of the one hundred sixty-three statistical comparisons were 

significantly different using the combined results of all three statistical procedures. Twenty 

(12%) of the combined results were inconsistent with the repeated measures test results and 

the final statistical determinations are distinguished by a circle around the test result. Most 

of the significant differences occurred in the "total coral" variable but there were also 

differences in a number of other live cover and substrate variables at various sites. 

There were six significant differences over time in hard substrate cover and seven in 

sediment. Hard substrate changed significantly at sites #2, #4, #6-7, #9, and #15. 

Sediment changed at sites #2-4, #6, #10-11, and #14. Substrate was not recorded at site 

#8 in 1971, so no comparison could be made at that site location. 

"Total coral" changed significantly over time at nine sites including #1-3, #5, #7-

10, and #13. Porites compressa was similar with changes at seven sites including #1 and 

#3, #7-10, and #13. Montipora capitata changed at eight sites: #1-5, #7, and #10-11. 

Pocillopora damicomis differed significantly at six sites including #1-2, #5, #7-8, and 

#10. Cyphastrea ocellina changed at four sites: #2 and #8-10. Fungia scutaria changed at 

only site #10 and "other coral" did not change at all. 

Dictyosphaeria cavemosa changed significantly over time at six sites: #4, #6-7, and 

#9-11. "Other algae" changed over time at five sites including #1-2, #9, and #11-12. 

Results of Analysis by Site Between Years 

The results of the Student Ne~man Keuls statistical comparisons by site between 

the different years are shown in three separate tables. The 1970n 1-1983 results are shown 

in Table #13, while 1983-1990 is shown in Table #14, and 1970nl-1990 is shown in 

Table #15. The number of inconsistencies between the "Rankits" transformed data and the 

non-transformed data were within reason (14% or less) and the robustness of the tests were 
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SUBSTRATE 

SD = Sediment 

TABLE #12 

Final results of 
repeated measures, "Rankits", and 

non-parametric one-way ANOV A for differences 
between 1970171, 1983, and 1990 surveys 

by site 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 

ALGAE 

MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
(NR = No Record) CO = Cyphastrea ocellina 

OC = "Other Coral" 

NS = Non-Significant * = P ~ 0.05 ** =P~O.OI 

SITE SD 
1 NS 

2 ** 
3 ** 
4 ** 
5 NS 
6 * 
7 NS 

8 N.R 
9 NS 
10 ~~ 
11 ~~ 
12 NS 

13 NS 

14 (*) 
15 NS 

Circled symbols indicate final statistical determination 
between non-consistent result with re eated measures test 

lID TC PC MC PD FS CO OC 
NS ** (*) ** * NS NS NS 

* ~~ NS C*~ * NS (!2 NS 
NS ** ** ** NS NS NS NS 

** NS NS * NS NS NS NS 
.-

NS (*) NS <!~ (*) NS NS NS 

** NS NS NS ~~ NS NS NS 

** ** ** * ** NS NS NS 

NR ** ** NS ** NS (:J NS 
......". 

** ** ** NS ~~ NS (*) NS 
NS ** ** ** ** * * NS 
NS NS NS ** NS NS NS NS 
NS NS NS NS NS NS NS NS 
NS (*) (*) NS NS NS NS NS 
NS NS NS NS NS NS NS NS 

* NS NS NS NS NS NS NS 
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SUBSTRATE 

SD = Sediment 
HD = Hard Substrate 

(NR = No Record) 

TABLE #13 

Results of student Neuman Keuls tests 
for differences between 1970171 and 1983 

by site 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PD = Pocillopora damicomis 
FS = FUlIgia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

ALGAE 

OA = "Other Algae" 
DC = D. cavemosa 

=eo. = a significant increase between years I = = a significant decrease between years 
NS = Non-Significant * = P ~ 0.05 * * = P ~ 0.01 

Circled symbols indicate fmal statistical determination between 
non-consistent transformed and non-transformed analytical test results 

SITE SD lID TC PC MC PD FS CO DC OA DC 
1 NS NS :::1: CD -=:.= NS NS NS G) NS 

** ** * 
2 = "r ~ 

NS 
~ 

~= NS NS NS .~ NS 
** * ** * 

3 NS NS G) ~ 
NS NS NS NS NS NS NS 

4 NS "iF NS NS NS NS NS NS NS NS Q 

** * 
5 NS NS 

~ 
NS Q CD NS NS NS NS NS 

6 = "r NS NS NS I~ NS NS NS NS = 
* ** * 

7 NS ::::: == ? ~. ::::= NS NS NS NS Q ** ** ** ** 
8 N.R NR d;:. "r. NS == NS CD NS NS NS 

** ** ** 
9 NS ~= ? "i? NS I~ 

NS CD NS 
~ = 

* ** ** ** 
10 NS NS "''f' =} == ~ CD ".= NS NS c 

** ** ** ** * ** 
11 CD NS NS NS ::::= NS NS NS NS CD 0 

** * ** 
12 NS NS NS NS NS NS NS NS NS NS NS 
13 NS NS CD CD NS NS NS NS NS NS NS 

14 NS NS NS NS NS NS NS NS NS NS NS 
15 NS NS NS NS NS NS NS NS NS NS NS 
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SUBSTRATE 

SD = Sediment 
HD = Hard Substrate 

(NR = No Record) 

TABLE #14 

Results of student Neuman Keuls tests 
for differences between 1983 and 1990 

by site 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PD = Pocillopora damicomis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

ALGAE 

OA = "Other Algae" 
DC = D. cavemosa 

? = a significant increase between years I c = a significant decrease between years 
NS = Non-Significant * = P $ 0.05 * * = P $ 0.01 

Circled symbols indicate final statistical determination between 
non-consistent transformed and non-transformed analytical test results 

SITE SD lID TC PC MC PD FS CO DC OA OC -
1 NS NS = NS c c NS NS NS NS NS 

...... ...... ... 
2 NS NS NS NS NS NS NS CD NS NS 

... 
3 c NS NS "1.~ NS NS NS NS NS NS 

** * ** 
4 c NS NS NS ? NS NS NS NS NS NS 

* * 
5 NS NS NS NS NS t:iS. NS NS NS NS NS 
6 NS NS NS NS NS (NS) NS NS NS NS NS 
7 NS = NS NS NS """'7' NS NS NS NS NS 

* ... ...* 
8 NS NS = c NS c NS Q NS NS NS 

... * ** ** 
9 NS 0 = c NS .eJ NS Q NS CD = 0 

** * * * 
10 Q NS NS NS NS c c c NS NS NS 

** ... ... 
11 Q NS NS NS c NS NS NS NS Q NS 

* 
12 NS NS NS NS NS NS NS NS NS 7 NS 

* 
13 NS NS NS NS NS NS NS NS NS NS NS 
14 NS NS NS NS NS NS NS NS NS NS NS 
15 NS 0 NS NS NS NS NS NS NS NS NS 

... 
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TABLE #15 
Results of student Neuman Keuls tests for differences between 1970171 and 1990 by site 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
(NR = No Record) CO = Cyphastrea ocellina 

OC = "Other Coral" 
0} = a significant increase between years I a =. a significant decrease between years 

NS = Non-Significant * = P $; 0.05 ** =P$;0.01 
Circled symbols indicate final statistical determination between 

non-consistent transformed and non-transformed analytical test results 

SITE SD lID TC PC MC PD FS CO OC OA DC 
1 NS NS NS NS NS NS NS NS NS G) NS 

2 =~ 

~ 
NS 
~ 

NS CD NS NS = ~= =:= 

** * ** * ** 
3 c NS 0} ~= NS NS NS NS NS NS 

** ** ** ** 
4 c 0} NS NS NS NS NS NS NS = 

** ** * * 
5 NS NS 

~ 
NS 
~ CD NS NS NS NS NS 

6 c 0} NS NS NS NS NS NS NS NS NS 
** ** 

7 NS NS c::::"= 0} == c NS NS NS NS a 

** ** * * ** 
8 NR NR =::= 0} NS NS . NS NS NS NS NS 

** ** 
9 NS NS NS CD NS NS NS NS NS NS NS 

10 Q NS == 9J> NS NS NS NS NS = 
** ** * * 

11 NS NS NS NS NS NS NS NS NS NS a 

** 
12 NS NS NS NS NS NS NS NS NS =:= NS 

* 
13 NS NS CD NS NS NS NS NS NS NS NS 

14 G) NS NS NS NS NS NS NS NS NS NS 

15 NS NS NS NS NS NS NS NS NS NS NS 
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valid. In addition to the tables, there is a figure in the appendix for each year showing 

percent cover by site (Appendix F: Figures #16, #17, and #18). The abundance data 

values from which the graphs and statistical tables are based upon, can be found in 

AppendixG. 

1970171-1983 

The results of the Student Neuman Keuls statistical comparisons between 1970171 

and 1983 are shown in Table # 13. The graphical representation of percent cover data 

values for 1970171 and 1983 can be seen in Appendix F (Figure #16). Fifty (31 %) ofthe 

one hundred sixty-three statistical comparisons between 1970171 and 1983 were 

significantly different. The differences were found in a number of live cover and substrate 

variables at various sites. Twenty-two (13.5%) of the one hundred sixty-three results were 

inconsistent between the transformed and non-transformed results and are distinguished by 

a circle around the test result. 

Hard substrate increased significantly between 1970171 and 1983 at five sites 

including #2, #4, #6-7, and #9. Sediment decreased at sites #2 and #6 and increased at site 

#11. 

The most significant changes between 1970171 and 1983 occurred as increases in 

both Porites compressa and "total coral". "Total coral" increased at nine sites including 

#1-3, #5, #7-10, and #13. Changes in P. compressa were similar with increases at seven 

sites including #1, #3, #7-10, and #13. Montipora capitata and P. damicomis both 

increased at six sites. Montipora capitata increased at sites #1-2, #5, #7, and #10-11 while 

P. damicomis increased at sites #1-2, and #5-10. Cyphastrea ocellina increased at sites 

#8-10 and F. scutaria decreased at site #10. "Other coral" did not change significantly at 

any site. 

Dictyosphaeria cavemosa decreased significantly between 1970171.and 1983 at six 

sites including sites #4, #6-7, and #9-11. "Other algae" increased at site #2, #9, and # 11 

and decreased at site #1. 
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1983-1990 

The results of the Student Neuman Keuls statistical comparisons between 1983 and 

1990 are shown in Table #14. The percent cover values for 1983 and 1990 can be seen 

graphically in Appendix F (Figure #17). In this analysis only thirty-one (19%) of the one 

hundred sixty-five statistical comparisons were significant. Differences were found in 

almost all the live cover and substrate variables at various sites. Nine (6%) of the one 

hundred sixty-three results were inconsistent between the transformed and non-transformed 

results and are distinguished by a circle around the test result. 

Hard substrate decreased significantly between 1983 and 1990 at sites #7, #9, and 

#15 while sediment decreased at sites #3-4 and #10-11. 

"Total coral" decreased significantly between 1983 and 1990 at three sites (#1, #8, 

and #9) and increased at site #3. Porites compressa decreased at sites #8 and #9. 

Pocillopora damicornis decreased at four sites including #1, #7-8, and #10. Cyphastrea 

ocellina decreased at sites #8-10 and increased at site #2. Montipora capitata decreased at 

sites #1 and #11 while increasing at sites #3-4. Fungia scutaria decreased at site #10 and 

"other coral" did not change at any site. 

Algae results were mixed with "other algae" decreasing significantly between 1983 

and 1990 at sites #9 and #11 and increasing at sites #2 and #12. D cavernosa increased 

significantly only at site #9. 

1970171-1990 

The results of the Student Neuman Keuls statistical comparisons between the 

beginning (1970171) and final (1990) surveys are shown in Table #15. Percent cover 

values are shown graphically in Appendix F (Figure #18). Thirty-eight (23%) of the one 

hundred sixty-three statistical comparisons were significantly different. Differences were 

found in most of the live cover and substrate variables at numerous sites. Eleven (6.8%) of 

the one hundred sixty-three results were inconsistent between the transformed and non

transformed results and are distinguished by a circle around the test result. 
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Hard substrate increased significantly between 197017 1 and 1990 at sites #2, #4, 

and #6 while sediment decreased at six sites #2-4, #6, #10, and #14. 

"Total coral" increased significantly between 1970171 and 1990 at seven sites 

including #2-3, #5, #7-8, #10, and #13. Porites compressa increased at five sites, namely 

#3, and #7-10. Montipora capitata increased at six sites, namely #2-5, #7, and #10. 

Pocillopora damicomis increased at sites #2 and #5 and decreased at #7. Cyphastrea 

ocellina increased only at site #2. Fungia scutaria and "other coral" did. not change 

significantly at any site. 

Dictyosphaeria cavemosa decreased significantly between 197017 1 and 1990 at 

four sites including #4, #7, and #10-11. "Other algae" increased at sites #2 and #12 and 

decreased at site #1. 

Results of Overall "Trend" Analysis by Depth 

The preliminary results of the repeated measures statistical comparisons between 

any of the three years (1970171, 1983, and 1990) by depth are shown in Table #16. The 

·results indicate that there were significant differences over time at the P~0.05 (*) and 

P~O.OI (**) level for a number of variables at various depths. The final combined results 

of the repeated measures test, "Rankits" transformation repeated measures, and the 

Kruskal-Wallis non-parametric one-way analysis of variance are shown in Table #17. The 

table shows changes over time and thirty-five (45%) of the seventy-seven comparisons 

. were significantly different between one or more of the three survey years. Six (7.8%) of 

the combined results were inconsistent with the repeated measures test results and are 

distinguished by a circle around the test result. 

Hard substrate was significantly different over time in the 4-7 meter depth range. 

Sediment was significantly different at all depths except 4 and 5 meters. 

Porites compressa and "total coral" had significant differences over time at all 

depths while M. capitata changed only in the lower 6-7 meter level. Cyphastrea ocellina 
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TABLE #16 

Preiiminary results of 
repeated measures analysis for 

differences between 1970171, 1983, and 1990 surveys 
by depth 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea oce/tina 
OC = "Other Coral" 

NS = Non-Significant *=P~0.05 * * = P ~ 0.01 

DEPTH SD HD TC PC MC PD FS CO DC OA 
1 ** NS * ** NS ** NS ** NS NS 

2 * NS ** ** NS ** NS NS NS NS 

3 NS NS NS NS NS NS NS NS NS NS 

4 NS * * NS NS * NS * NS NS 

5 NS * NS NS NS NS NS NS NS NS 

6 * * ** * * * NS NS NS NS 

7 ** ** ** * * NS NS NS NS NS 
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TABLE #17 

Final combined results of repeated measures, 
"Rankits", and non-parametric one-way ANOVA for 

differences between 1970171, 1983, and 1990 surveys 
by depth 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

NS = Non-Significant *=P~0.05 * * = P ~ 0.01 

Circled symbols indicate final statistical determination 
between non-consistent result with re eated measures test 

DEPTH SD HD TC PC MC PD FS CO OC OA 
1 ** NS * ** NS ** NS ** NS NS 

2 * NS ** ** NS ** NS NS NS NS 

3 (*) NS (*) (*) NS NS NS NS NS NS 

4 NS * * ~*) NS * NS * NS NS 

5 NS * ~~ \.*) NS NS NS NS NS NS 

6 * * ** ** * * NS NS NS NS 

7 ** ** ** ** * NS NS NS NS NS 
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and P. damicomis changed mostly in shallow water. Fungia scutaria and "other coral" did 

not change significantly at any depth between surveys. 

Dictyosphaeria cavemosa changed significantly over time in the 3-6 meter depth 

range while "other algae" did not change significantly at any depth between surveys. 

Results of Analysis by Depth Between Years 

The results of the statistical comparisons by depth between the different years are 

shown in three separate tables. The 1970171-1983 results are shown in Table #18, while 

1983-1990 is shown in Table #19, and 1970171-1990 is shown in Table #20. In all cases, 

the number of inconsistencies were within tolerance (10% or less) and the robustness ofthe 

tests are valid. In addition to the tables, there is a figure in the appendix for each year 

showing percent cover by site (Appendix H: Figures #19, #20, and #21». The abundance 

data values from which the graphs and statistical tables are based upon can be found in 

Appendix I. 

1970171-1983 

The results of the Student Neuman Keuls statistical comparisons between 1970171 

and 1983 are shown in Table #18. The graphical representation of percent cover data 

values for 1970/71 and 1983 can be seen in Appendix H (Figures #19 and #20). Thirty

three (43 %) of the seventy-seven statistical comparisons between 1970171 and 1983 were 

significantly different. The differences were found in a number of species and substrate 

variables dispersed over various depths. Eight (10%) of the combined results were 

inconsistent between the transformed and non-transformed analytical tests and are 

distinguished by a circle around the test result. 

Hard substrate increased between 1970171 and 1983 at the deeper levels and was 

significant in the 4-7 meter depth range while sediment declined significantly at the 1, 2, 

and 7 meter depths. 
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SUBSTRATE 

SD = Sediment 
HD = Hard Substrate 

(NR = No Record) 

TABLE #18 

Results of 
student Neuman Keuls tests 

for differences between 1970171 and 1983 
by depth 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PD = Pocillopora damicornis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

ALGAE 

OA = "Other Algae" 
DC = D. cavernosa 

{» = a significant increase between years I c = a significant decrease between years 

NS = Non-Significant I * = P ~ 0.05 I * * = P ~ 0.01 

DEPTH 
1 

2 

3 

4 

5 

6 

7 

Circled symbols indicate fmal statistical determination between 
non-consistent transformed and non-transformed anal tical test results 

SD HD TC PC MC PD FS CO DC OA 
c NS d.= ? NS 9 NS {» NS NS 
* * * ** ** 
= NS ::::::: {» NS .:::;:= NS NS NS NS 
* ** ** ** 

NS NS CD CD NS NS NS NS NS NS 

NS CD d'::. 

~ 
NS c..:;::. NS o:{= NS NS 

* * * 
NS c= (i;) CD NS NS NS NS NS NS 

* 
NS ? ~ ~ 

c= NS NS NS NS 
* * * 

Q ? ~ {= NS NS NS NS NS 
** ** ** * * 
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SUBSTRATE 

TABLE #19 

Results of 
student Neuman Keuis tests 

for differences between 1983 and 1990 
by depth 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 

ALGAE 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

d.= = a significant increase between years I ~ = a significant decrease between years 

NS = Non-Significant I * = P ~ 0.05 I * * = P ~ 0.01 

DEPTH 
1 

2 

3 

4 

5 

6 

7 

Circled symbols indicate fmal statistical determination between 
non-consistent transformed and non-transformed anal tical test results 

SD HD TC PC MC PD FS CO DC OA 

Q NS NS NS NS = NS = NS NS 

** ** 
G) NS NS NS NS = NS NS NS NS 

* 
G) NS NS NS NS NS NS NS NS NS 

NS NS NS NS NS ~ NS ~ NS NS 

* 
NS NS NS NS NS NS NS NS NS NS 

NS NS NS NS NS = NS NS NS NS 

* 
. NS NS NS NS NS NS NS NS NS NS 
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SUBSTRATE 

SO = Sediment 
HO = Hard Substrate 

TABLE #20 

Results of 
student Neuman Keuis tests 

for differences between 1970171 and 1990 
by depth 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 
MC = Montipora capitata 
PO = Pocillopora damicornis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

ALGAE 

OA = "Other Algae" 
OC = D. cavernosa 

? = a significant increase between years I ~ = a significant decrease between years 

NS = Non-Significant I· * = P s; 0.05 I * * = P S; 0.01 

DEPTH 
1 

2 

3 

4 

5 

6 

7 

Circled symbols indicate final statistical determination between 
non-consistent transformed and non-transformed anal tical test results 

SD HD TC PC MC PD FS CO DC OA 

= NS c::~ ? NS NS NS NS NS NS 
** * ** 

= NS ::::;:: dJo NS NS NS NS NS NS 
* * ** 

G) NS CD CD NS NS NS NS NS NS 

NS ? c:J ~ NS NS NS NS NS NS 
* ** ** 

NS ~:::I c:J CD NS NS NS NS NS NS 
* ** 

= 0} ~~ ? ~= NS NS NS NS NS 
* * ** * * 
= 0} ~~ 0} "~ NS NS NS NS NS 

** ** * * * 
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The most significant change between 1970n 1 and 1983 was an increase in both 

Porites compressa and "total coral" at all depths in the comparison. Montipora capitata 

increased at the 6 and 7 meter depths. Pocillopora damicomis increased significantly at the 

1, 2, 4, and 6 meter depths and C. ocellina increased significantly at the 1 and 4 meter 

depths. Fungia scutaria and "other coral" had very low values and did not change. 

As coral cover increased between 1970nl and 1983, Dictyosphaeria cavemosa 

algae significantly declined in the 3-6 meter depth range. "Other algae" had very low 

values and did not change. 

1983-1990 

The results of the Student Neuman Keuls statistical comparisons between 1983 and 

1990 are shown in Table #19. The percent cover values for 1983 and 1990 can be seen 

graphically in Appendix H(Figures #20 and #21). In this analysis only ten (13%) of the 

seventy-seven statistical comparisons were significant. Differences were found in only 

three of the live cover variables and one substrate variable. Five (6%) of the seventy-seven 

combined results were inconsistent between the transformed and non-transformed 

analytical tests and are distinguished by a circle around the test result. 

Hard substrate did not change significantly between 1983 and 1990 but sediment 

declined in the 1-3 meter depth range. 

The most significant change was the decline between 1983 and 1990 in Pocillopora 

damicomis at the 1, 2, and 6 meter depths. Cyphastrea ocellina also declined at both the 1 

meter and 4 meter depths. As in the previous comparison, no significant differences were 

found with "total coral", P. compressa, M. capitata, F. scutaria. and "other coral" . 

Dictyosphaeria cavemosa algae also reversed its trend and increased in abundance 

between 1983 and 1990 at both the 3 and 5 meter depth measurements. As in the previous 

comparison, no significant differences were found with "other algae". 
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1970nl-1990 

The results of the Student Neuman Keuls statistical comparisons between the 

beginning (1970nl) and final (1990) surveys are shown in Table #20. Percent cover 

values are shown graphically in Appendix H (Figures #19 and #21). Twenty-eight (36%) 

of the seventy-seven statistical comparisons were significantly different. Seven (9%) of the 

seventy-seven combined results were inconsistent between the transformed and non

transformed analytical tests and are distinguished by a circle around the test result. 

Hard substrate followed the 1970n 1-1983 pattern and increased significantly 

between 1970n 1 and 1990 in the 4-7 meter depth range. Sediment declined significantly 

from 1-3 and 6-7 meters depth. 

Fourteen of the significant differences between 1970n 1 and 1990 were found in the 

Porites compressa and "total coral" variables. Although most of the change occurred 

between 1970nl and 1983, P. compressa and "total coral" increased at all depths. 

Montipora capitata was the only other coral to change significantly with an increase at 6 

and 7 meters. Most of the change in M. capitata also occurred between 1970nl to 1983. 

Although C. oce/tina and P. damicomis significantly increased between 1970n 1 and 1983 

and then decreased between 1983 and 1990, there was no significant difference between 

1970n 1 and 1990. As in the previous two analyses, there were no significant changes in 

F. scutaria and "other coral" abundance. 

Dictyosphaeria cavemosa was just the reverse from the major corals with an overall 

significant decline between 1970n 1 and 1990 in the 4-6 meter depth range. Even though 

there was a major increase in D. cavemosa algae between 1983 and 1990, there was still an 

overall significant decline between 1970nl and 1990. As in the previous two analyses, 

there was no significant change in "other algae". 

Results of Specific Analysis Between 1983 and 1990 

In the previous "trend" analysis more than half of the 1983 and 1990 data was 

forfeited in order to compensate for specific test requirements of equal sample size 
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corresponding with the 1970171 data. As explained in the methods section, the Wilcoxon 

signed-ranks test was performed on all of the 1983 and 1990 data that could be matched by 

site, depth, and transect. The results of these comparisons are shown by region and 

baywide in Table #21, by site in Table #22, and by depth in Table #23. The exact 

Wilcoxon signed-ranks test probabilities are shown for all comparisons found to be 

significant at the P~0.05 level. 

By Bay and Region 

Results of the statistical comparisons between 1983 and 1990 are shown by region 

and baywide in Table #21. Percent cover data values for each of the 1983 and 1990 

surveys by region and baywide can be found in Appendices A and J and are graphically 

represented in Figures #2-4 shown earlier. There were twenty-three (52%) significant 

differences out of the forty-four regional comparisons and six (54%) out of eleven baywide 

comparisons. The differences were found in a number of species and substrate variables 

dispersed over various bay regions and when analyzed baywide. 

Hard substrate decreased significantly between 1983 and 1990 baywide and in the 

central bay. Sediment decreased baywide and in the southeast and southeast-central bay 

while increasing in the northwest bay. 

The most significant change was the significant decline of Pocillopora damicomis 

between 1983 and 1990 baywide and in all four regions. Cyphastrea ocellina significantly 

declined baywide and in all regions except the southeast bay. Fungia scutaria also declined 

baywide and in the southeast-central and central regions of the bay. Montipora capitata 

and "total coral" both increased in the southeast-central bay but decreased in the central bay. 

"Other coral" declined in the southeast-central bay and P. compressa did not change. 

Dictyosphaeria cavemosa increased significantly between 1983 and 1990 baywide 

and in the two central bay regions. "Other algae" increased in the southeast and northwest 

regions of the bay while decreasing in the central bay. 
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TABLE #21 

Results of 
Wilcoxon signed-ranks tests 

for differences between 
1983 and 1990 

by baywide and region 
(Transects "A" and "B" for all matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

NS = Non-Significant I 9]0 = P ~ 0.05 I ~ = P ~ 0.05 
Values shown are actual P values taken from Wilcoxon signed-ranks tests 

SD lID TC PC Me PD .FS CO DC OA 
BAYWIDE c 0 NS NS NS 0 0 = NS NS 

0.01 0.02 0.00 0.00 0.00 

NORTI-IWEST C:::,f' NS NS NS NS = NS = NS =:::: 

0.03 0.01 .0003 0.006 
CEN1RAL NS = = NS = c = = NS = 

0.04 0.005 0.02 0.00 .0004 0.00 0.002 
SE-CENTRAL = NS ~= NS ~= = = = = NS 

0004 .0005 0.001 0.00 0.02 .0004 0.03 
SOUllffiASf = NS NS NS NS = NS NS NS == 

0.002 ~.001 0.00 
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SUBSTRATE 

TABLE #22 

Results of Wilcoxon signed-ranks tests 
for differences between 1983 and 1990 by site 
(Transects "A" and "B" for all matched depths) 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 

ALGAE 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicomis OC = D. cavemosa 

FS= Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

NS = Non-Significant {- = P $; 0.05 ~ = P $; 0.05 
Values shown are actual P values taken from Wilcoxon signed-ranks tests 

SITE SD HD TC PC MC PD FS CO OC OA DC 
1 NS NS ~ Q NS = NS NS NS NS NS 

0.03 0.01 ~)'002 
2 Q Q NS == NS = NS NS NS .0:::;, NS 

0.01 0.04 0.01 0.04 0001 
3 0 NS NS ? NS NS NS NS NS 0 

.0001 0.03 0.03 0.02 
4 0 oj} == {- == NS NS NS NS NS =~ 

0.00 0.03 0.00 0.01 .0001 0.02 
5 NS NS = NS NS 0 0 0 NS NS == 

0.02 0.002 0.02 0.03 ~.002 
6 9} 0 NS ? NS 0 NS NS ~ NS == 

0.05 ~0003 0.03 0.01 0.03 ~t·OOI 
7 0 0 == 9} NS = NS '" NS ? 

0.01 ~.005 0.03 0.02 0004 0.01 ~.034 ~.001 
8 NS NS '" '" = c NS = NS NS NS 

0.003 0.005 0.04 0.00 ~.004 
9 ? 0 c 0 NS '" '" 0 NS = 7 

0.04 0~003 0.002 0.01 0.03 0.03 ~.002 0007 .0001 
10 NS NS NS NS NS '" ~ 0 NS NS =", 

0.00 0.005 0.01 0.002 
11 0 NS NS NS '" '" '" Q Q NS ? 

0.02 0.02 0.02 0.01 0.03 ~.005 0.02 
12 NS NS NS NS NS '" NS = NS == NS 

0.02 0.03 0.022 
13 NS NS NS NS NS NS NS '" NS NS NS 

0.03 
14 NS NS NS NS NS NS NS NS NS NS NS 
15 {> 0 NS NS NS NS '" NS == NS 

0.01 .0003 0.03 0.03 0.009 
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SUBSTRATE 

TABLE· #23 

Results of 
Wilcoxon signed-ranks tests 

for differences between 1983 and 1990 by depth 
(Transects "A" and "B" for all matched depths) 

CORAL 
TC = "Total Coral" 
PC = Porites compressa 

ALGAE 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

NS = Non-Significant I =}> = P ~ 0.05 I = = P ~ 0.05 
Values shown are actual P values taken from Wilcoxon signed-ranks tests 

DEPTH SD lID TC PC MC PD FS CO OC OA IX: 
0 = NS NS NS ~ Q NS = NS 

.' NS 
0.016 ~.030 ~.OOO 0005 .011 

1 = c =~ {b NS = NS = NS NS NS 
0001 0.047 0.011 ~.009 ~.OOO 0004 

2 = NS NS NS NS ~ NS ~ NS NS 9 

~.044 0.001 ~.002 0.006 
3 = NS NS NS NS 0 NS NS NS NS ? 

~.002 0.010 0003 
4 NS NS NS NS NS = = = NS NS ~r 

0.004 0.026 ~.014 ~.002 
5 NS NS NS NS NS = = 0 NS NS ~~ 

0006 Q. 0 4Ji ~.OIS 0002 
6 NS NS NS NS NS = = NS NS NS "'i' 

0.007 Q.OI0 0.043 
7 NS NS NS NS NS NS NS = NS NS NS 

~.022 
8 NS NS NS NS NS NS NS NS NS NS NS 
9 NS NS NS NS NS = NS NS NS NS NS 

~.021 
10 NS NS NS NS NS NS NS NS NS NS NS 
11 NS NS NS NS . NS NS NS NS NS NS NS 
12 = = NS NS NS NS NS NS NS NS 

~.020 (LOI6 0 .030 
13 NS NS NS NS NS NS NS NS NS NS NS 
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By Site 

Results of the statistical comparisons between 1983 and 199q are shown by site in 

Table #22. Percent cover values for each of the 1983 and 1990 surveys by site can be 

found in the Appendix B data tables and are graphically represented in Figures #5-7 shown 

earlier. There were seventy-one (43%) significant differences out of the one hundred and 

sixty-five statistical comparisons. The differences were found in all of the species and 

substrate variables dispersed over various sites. 

Hard substrate decreased significantly between 1983 and 1990 at sites #2, #6-7, 

and #9, while increasing at station #4. Sediment decreased at sites #2-4, #7, and #11 while 

increasing at sites #6, #9, and #15. 

The most significant change was a significant decline between 1983 and 1990 of 

Pocillopora damicornis at ten (67%) of the fifteen sites surveyed. Most of the changes 

took place iii the central regions of the bay including sites #5-12, and also in the south end 

of the bay at stations # 1-2. Cyphastrea ocellina followed a similar pattern of declines at 

nine (60%) of the fifteen sites surveyed. Decreases took place at stations #5, #7-13, and 

#15. Porites compressa changed at eight sites including five significant increases and three 

decreases. Increases took place at sites #2-4 and #6-7 while sites #1 and #8-9 declined. 

"Total coral" changed at five sites with increases at sites #4 and #7 and decreases at stations 

#1, #5, and #8-9. Montipora capitata increased at three sites (#3-4 and #15) with 

decreases at two sites (#8 and #11). Fungia scutaria decreased at four sites (#5 and #9-11) 

and "other coral" declined at sites #6 and #11. 

Dictyosphaeria cavernosa changed significantly between 1983 and 1990 at eight 

sites which included seven increases and only one decline. Increases took place in the two 

central regions of the bay including sites #4-7 and #9-11 while site #3 declined. "Other 

algae" increased at four sites including #2, #7, #12, and #15 while decreasing at site #9. 
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By Depth 

Results of the statistical comparisons between 1983 and 1990 are shown by depth 

in Table #23. Percent cover values for each of the 1983 and 1990 surveys can be found in 

Appendix C and are graphically represented in Figures #8-10 as shown earlier. There were 

thirty-four (24%) significant differences out of the one hundred and forty-three statistical 

comparisons. The differences were found in a number of species and substrate variables 

dispersed over various depths. 

Hard substrate decreased significantly between 1983 and 1990 at 1 and 12 meters 

depth. Sediment decreased in the 0-3 meter depth range while increasing at 12 meters 

depth. 

The most significant change between 1983 and 1990 was a decrease in Pocillopora 

damicomis at depths from 0-6 meters and at the 9 meter depth. Cyphastrea ocellina 

followed a similar pattern with significant decreases at depths including 0-2 meters, 4-5 

meters, and 7 meters depth. Fungia scutaria also decreased but only in the 4-6 meter depth 

range while M. capitata decreased only at the 0 meter mark. Porites compressa increased 

at the 1 meter depth and "total coral" increased significantly at 1 and then 12 meters depth. 

Dictyosphaeria cavemosa algae also increased significantly between 1983 and 1990 

in the 2-6 meter depth range while "other algae" increased only at the 0 meter depth mark. 
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CHAPTER IV 

DISCUSSION 

Overview 

This chapter begins with a review of environmental conditions in Kane'ohe Bay 

before and after sewage diversion. Changes in coral and algae cover between the three 

surveys are summarized and trends contrary to coral reef recovery are noted. Factors 

contributing to the observed changes are discussed and related to previous predictions 

associated with sewage diversion and coral reef recovery in Kane'ohe Bay. Other studies 

concerning multiple stable states, variation in natural communities, nutrients, 

sedimentation, fresh-water flooding, and possible changes in herbivory influence are all 

discussed in relation to changes in the Kane'ohe Bay coral reef community structure 

following diversion of sewage discharges. 

Kane'ohe Bay Before and After Sewage Diversions 

In 1973, Kane'ohe Bay was described as "a reef ecosystem under stress" (Smith et 

al. 1973). Smith and collaborative authors (Smith et al. 1973) as well as others (Banner 

and Bailey 1970, Maragos 1972, and Banner 1974) attributed that stress to a combination· 

of urbanization and increased sedimentation associated with land clearance, fresh-water reef 

kills exacerbated by stream channelization, nutrients contributed by increased sewage 

discharges, and dredge and fill operations conducted primarily by military personnel during 

the World War II era. Although Maragos (1972) concluded that dredging and filling was 

the single most destructive impact to have affected the coral reefs in Kane'ohe Bay, human 

population growth and its associated impacts had halted or slowed recovery of reef corals 

following previous dredge and fill operations, and degraded many of the surviving reefs. 

Maragos (1972) and others (Banner and Bailey 1970, Smith et al. 1973, and Banner 1974) 

documented that large amounts of sediments from increased land clearance and runoff were 

smothering corals primarily in the southeast bay and nutrients from increased runoff and 

sewage discharges were feeding massive growths of the green "bubble algae" 

Dictyosphaeria cavemosa in the Il'jddle lagoon. As a result of scientific attention and 

public outcry, local, state, and federal government officials responded with diversion of the 

102 



two largest sewage discharges from the southeast bay in 1977-1978 (Smith et al. 1981, 

Maragos et al. 1985, and Evans et al. 1986). Studies conducted before and after sewage 

diversion, documented a rapid and dramatic decline in nutrient concentrations, 

phytoplankton abundance, benthic suspension feeders, reef cryptofauna, and water 

turbidity in the southeast and central bay during the following year (Smith et al. 1981, 

Brock and Smith 1983, Taguchi and Laws 1989). 

Results from the 1970171 and 1983 surveys presented in this study, and also 

published earlier (Maragos et al. 1985, Evans et al. 1986), found that Dictyosphaeria 

cavernosa algae levels had dramatically declined and that coral communities had begun to 

recover within six years of the sewage diversions. Although corals took longer to respond 

to the sewage diversion than other organisms, by 1983 they were beginning to recolonize 

all previously degraded lagoon habitats (Maragos et aI. 1985, Evans et al. 1986). Personal 

observations also found corals recolonizing many degraded areas throughout the bay. At 

the time, it was thought that coral recovery appeared to be nearing completion in the central 

bay, but that it would take at least one to two decades respectively for recovery to peak in 

the southeast and southeast-central regions of the bay. These studies and others (Berwick 

and Faeth 1988) predicted that the removal of the final point-source sewage discharge in the 

northwest bay, in conjunction with continued flushing of nutrient supplies from the 

sediments, would accelerate coral recovery and reverse the spread and growth of 

Dictyosphaeria cavernosa in the northern part of the bay. 

Coral Reef Recovery and Trends to the Contrary 

The diversion of the final point-source sewage discharge at 'Ahuimanu in the 

riorthwest bay, took place in 1986. Compared to 1983, reef surveys in 1990 (Table #24) 

showed that "total coral" increased only in the southeast-central bay. Porites compressa 

showed no overall change and the primary component contributing to a "total coral" 

increase was due to an increase of M. capitata in that area of the bay. Dictyosphaeria 

cavernosa, once thought to be an indicator of eutrophication, increased significantly in the 

two central regions of the bay and when averaged across the bay as a whole. This increase 

in Dictyosphaeria cavernosa countered the earlier 1970171 to 1983 downward trend, and in 
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combination with lack of coral recovery suggested that conditions in Kane'ohe Bay were 

no longer recovering as had been the case in 1983. 

In addition to the 1983 to 1990 changes noted above, Pocillopora damicomis 

declined baywide and in all regions of the bay. Cyphastrea ocellina declined baywide and 

in all regions except the southeast bay. Fungia scutaria declined baywide and in the two 

middle regions, and Montipora capitata declined in the central bay. Many of these declines 

were in direct contrast to the increases found between 1970n 1 and 1983 and may indicate 

significant reef decline. Interestingly, Montipora capitata, the only coral that increased in 

abundance, was found by Maragos (1972) in his coral transplant and growth studies to be 

the only coral within the bay not greatly inhibited by factors related to sewage discharge. 

Although Dictyosphaeria cavemosa baywide abundance levels dropped 82% between 

1970nl and 1983, the algae rebounded 81 % in the southeast-central bay, 66% in the 

central bay, and 62% when averaged across the bay between 1983 and 1990. Contrary to 

earlier predictions (Maragos et al. 1985, Evans et al. 1986, and Berwick and Faeth 1988), 

the results of the 1983 and 1990 surveys presented in this study and earlier (Hunter and 

Evans 1995), indicate that continued coral reef recovery and algal declines after 1983 

probably did not occur. 

Furthermore, transect surveys in the fall of 1995 (Kober and Mohajerani 1995) 

indicate that at five sites studied, Dictyosphaeria cavemosa algae levels in Kane'ohe Bay 

were close to or above 1990 levels. Each of the sites was chosen from one of the four 

Kane'ohe Bay regions with an additional site (#13) located offshore of the most recent 

sewage discharge at 'Ahuimanu. Results from their study shows that the only location that 

decreased in algae cover between 1990 and 1995 was at station #5 in the southeast-central 

bay. However, algae cover was still more than double 1983 levels at that location. The 

largest increase between 1990 and 1995, was found at station #13, in the northwest bay, 

where algae cover increased dramatically from less than 1 % average cover to over 25% 

cover, a 24% increase. Station #9, in the central bay, also increased from an average of 

26% cover to over 43% cover, an increase of 17% in 1995. Station #i5, in the northwest 

bay, where algae levels had been increasing since 1971, showed a slight decrease from 

13.9% in 1990 to 13.2% in 1995, a decline of less than 1 %. Findings from station #2, in 

the southeast bay, indicate that algae cover at that site is still lower than 1 % cover. This 

was similar to all previous surveys. Although the 1995 transects were conducted only at 
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selected sites, when all five sites were totaled and averaged for each survey year, there was 

a dramatic increase in algae from 10.1 % in 1990 to 17.7% in 1995, more than a 7% 

baywide increase. 

Potential Factors Relating to Reef Decline 

At present, factors contributing to the decline of the reefs in Kane'ohe Bay seem to 

be more elusive than the causes presumed to have produced the earlier degradation. There 

is no question that dredge and fill operations during the World War II era degraded many of 

the reefs in Kane'ohe Bay. Freshwater floods caused by urbanization and stream 

channelization led to shallow water reef kills during extreme flood events. Increased 

sedimentation from land clearance contributed to water turbidity and reef burial. Increased 

sewage discharges led to a loss in water quality by increasing water turbidity and supplying 

large amounts of nutrients, feeding phytoplankton populations, suspension feeders, and 

presumably causing the massive blooms of the green "bubble algae", Dictyosphaeria 

cavemosa. The most significant question is whether nutrients from the sewage actually led 

to the D. cavemosa algae blooms or whether other factors may have also been at play. The 

1983 survey, six years after the major sewage diversion, suggested that removal of most of 

the sewage contributed to algal decline and reef recovery. But the question remains of what 

happened between 1983 and 1990 when D. cavemosa cover increased and coral recovery 

slowed and declined. 

Several explanations may account for the increased algae levels and lack of coral 

recovery found in 1990. Six hypotheses follow: 1) Because much of the reef degradation. 

was previously thought to be linked to nutrient subsides from sewage and sedimentation, it 

is reasonable to hypothesize that nutrients might once again be related. Although sewage 

declined after the initial diversion, a series of other conditions including an increased 

number of cesspools, faulty septic systems, leaky sewer lines, raw sewage bypasses from 

treatment plants and pumping stations, increased tour boats dumping garbage and human 

wastes, and increased runoff and sedimentation from land clearance, residential 

neighborhoods, golf courses, urban development, and major highway construction may 

have raised nutrient levels back above the needed threshold to maintain an increased algal 

population between 1983 and 1990. 2) A decrease in herbivorous fish, molluscs, or 
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echinoderm populations from over fishing or natural fluctuations might have allowed algae 

the competitive edge against corals. 3) Although D. cavemosa algae is not found 

anywhere else in concentrations as high as in Kane'ohe Bay, recent declines in coral and 

increases in algal abundance may reflect some natural fluctuation in reef community 

structure and succession. 4) A catastrophic event, such as a fresh-water coral reef kill, 

could have offset the balance between coral and algae allowing Dictyosphaeria cavemosa 

the competitive edge over corals during recovery. 5) Additional reef disturbances could 

have occurred from physical or chemical damage to corals. Physical damages often result 

from boat collisions, human trampling and breakage, use of destructive fishing gear and 

chemicals, removal of coral curios, and even physical breakup of coral colonies to obtain 

feather duster worms and other organisms for the aquarium trade. Chemical damages often 

result from chemical wastes and dumping, poisons used for fishing, over use of chemicals 

such as with residential tenting a.nd termiticides, and chemical byproducts from everyday 

use such as from automobiles and other machines and equipment. And 6) where the 

combination of all of these disturbances, and maybe others, could have taken their toll on 

the well being and integrity of the coral reefs in Kane'ohe Bay. 

Water Quality 

Water quality data have failed to detect any significant long term degradation in the 

water column of Kane'ohe Bay since sewage diversion. Measures of mean nutrient levels, 

turbidity, and chlorophyll.a have remained essentially the same or declined slightly over the 

last decade suggesting little change or slightly improved water conditions in the bay 

(Taguchi and Laws 1989, E. Laws personal communication). As mentioned earlier, 

diagnostic tests of water quality are important but are limited in their ability to diagnose 

changes to the benthic environment. Bell (1992) believes that the level of nutrients 

associated with nuisance algae growth or eutrophication, in coral reef communities, is quite 

low and may represent a lower threshold than previously suspected. It is also true that in 

some cases naturally elevated levels of nutrients do not always correspond to high standing 

crops of algae. Other chemical, physical, or biological factors may limit algal growth in 

these cases. It is also true that elevated nutrient levels are sometimes taken up into algae 

tissues faster than they can be measured and are not reflected in water quality tests. There 

is also some evidence that riverine inputs responsible for elevated "background" levels of 
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nutrients in enclosed lagoons may create a delicate situation where additional nutrients may 

disrupt an equilibrium and push the ecosystem over the threshold of eutrophication. 

Nutrient subsidies, as discussed earlier, may derive from a number of sources 

including sediment release and recycling, nitrogen fixation and export from reefs, land and 

urban runoff, municipal sewage bypasses, cess pools, non-maintained septic tanks, leaky 

sewer lines, and illegal dumping of human wastes from commercial and recreational 

boaters. Years of sewage loading and increased runoff into Kane'ohe Bay have supplied 

the waters of the bay with massive amounts of organic and inorganic materials. What is 

not taken up by the reef biota or flushed from the bay, settles out to the lagoon floor or 

stays in solution and suspension in "backwater" or poorly circulated areas of the bay. It 

has been suggested that fluxes of nutrients from sediments and the decomposition of an 

estimated four hundred tonnes of benthic organisms following sewage diversion were the 

most likely causes of the less-than-expected decline in chlorophyll a levels after sewage 

diversion (Laws and Redalje 1982). It has also been suggested that these sediments could 

have provided a continued source of nutrients for an extended period of time following 

relaxation of nutrient loading. One factor limiting the storage of nutrients in the bay 

sediments is the presence oflarge numbers (lO-20/m2) of alpheid shrimp living and 

burrowing in the mud (Harrison 1981), which constantly flush and rework the sediments 

reducing stratification and nutrient buildup. Flushing of the bay with offshore water and 

the gradual depletion of nutrient reserves in the sediments was expected to further reduce 

the chlorophyll a concentrations in the years following sewage diversion (Taguchi and 

Laws 1989). 

However, recent studies by Stimson et al. (in press) found that Dictyosphaeria 

cavemosa algae grown in continuously supplied seawater from Kane'ohe Bay declined in 

growth rate while algae supplied with nitrogen enrichment was able to maintain its growth. 

These results suggest that nitrogen is a limiting factor to D. cavemosa and that Kane'ohe 

Bay water does not contain sufficient concentrations of nitrogen to support continuous 

algae growth. Nevertheless, D. cavemosa grows well under ambient conditions on the reef 

slopes of Kane'ohe Bay. Although nutrient concentrations in the water column were low, 

Stimson et al. (in press) found that ammonium, nitrate, and phosphate concentrations 

inside of the Dictyosphaeria cavernosa algal chambers were significantly higher than in the 

surrounding water. This suggests that inorganic nutrients are probably released from 
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underlying sediments, overgrown coral, and micro fauna inhabiting the algal chambers, 

and accumulate in the chambers rather than diffusing into the overlying water column. 

Although D. cavemosa growth rates did not change significantly when exposed to different 

temperatures, the annual pattern of the algae growth does correspond to annual water 

temperatures in the bay. Stimson et al. suggested that microbial regeneration of inorganic 

nitrogen and ammonium excretion by benthic invertebrates is temperature dependent and 

that increased temperature of bay waters in the summer and fall increases nutrient 

concentrations in the algal chambers thereby promoting increased algae growth during 

those times of the year. 

Fresh Water Flooding 

Although average measures of water quality have improved since sewage diversion, 

mean concentrations of chlorophyll!t, particulate carbon (PC), and particulate nitrogen 

(PN) all increased between 1972 and 1988 (Taguchi and Laws 1989). This unusual pattern 

of increased chlorophyll!t, PC, and PN concentrations can be traced to large temporal 

variation in rainfall and sedimentation from runoff. Although a major water diversion 

project decreased stream flow in the northern watersheds of the bay, larger areas of 

impervious surfaces from home, road, business development, and channelization of 

watershed areas of the bay that drain into streams in the southern and central areas of the 

bay have accelerated stream and surface runoff. Recent heavy rainfall events have been 

associated with large amounts of runoff and high suspended sediment stream loads. 

An unusual storm event over New Year's Eve on December 31, 1987 and 

January 1, 1988 (see Figures #11 and #12) resulted in substantial mortality of the shallow 

water benthos in Kane'ohe Bay followed by an extended period of phytoplankton growth 

(Taguchi and Laws 1989, Jokiel et al. 1993). Chlorophyll!t concentrations after the storm 

increased from 2mg m-3 to more than 40mg m-3 (Jokiel et al. 1993). This chlorophyll!t 

concentration was among the highest ever recorded for marine phytoplankton and almost 

four times the highest concentration measured in the bay during the period of sewage 

discharges (Taguchi and Laws 1989, Jokiel et al. 1993). 
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FIGURE #11 
Rainfall data (1/100 inch) 

for selected sites in the Kane'ohe Bay watershed 
between 1960 and 1990 
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FIGURE #12 
Steam Discharge (cubic feet/second) 

at selected streams in the Kane'ohe Bay Watershed 
between 1960 and 1990 
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Nutrients from land runoff as well as decomposition of organisms killed by salinity 

stress were the apparent cause of this spectacular bloom. Taguchi and Laws (1989) found 

it remarkable that a rainfall event could produce a phytoplankton response almost four times 

greater than that caused by the daily discharge of 1.8 x 104 m3 of secondary sewage 

effluent. However, there is evidence that comparable phytoplankton blooms have not 

occurred when comparable amounts of rain were recorded in previous years. Figures #11 

and #12 show rainfall and stream discharge data for Kane'ohe Bay between 1960-1990. 

These figures indicate that there were a number of years of above average rainfall and 

stream discharge in the watershed. Although some of these events caused extensive flood 

damage, for the years shown, only the storm events of 1965 and 1987-1988 caused 

significant coral kills in the bay (Banner 1968, Holthus et al. 1986, Holthus et al. 1989, 

Jokiel et al. 1993). 

Hurricane I wa in 1982 produced huge amounts of wind and rain, as great if not 

greater than either the 1965 or 1987-1988 storms, but the impacts were not nearly as 

destructive to the reefs of the bay. It turns out that in both the severe cases of reef 

mortality, most of the rain fell during spring tides. This occurrence, in addition to light 

wind conditions not found during Hurricane Iwa, exacerbated the effects of reduced 

salinity on the shallow reef flats and upper coral reef slopes thereby killing significant 

numbers of the near-shore shallow-water fauna. If there had not been the extreme low 

tides or light winds, mortality would have been greatly reduced (Banner 1968, Jokiel et al. 

1993). 

Although events like this may be acute in nature, they can have substantial 

repercussions. It is generally believed that water quality parameters usually return to 

normal within two to three months following a major freshwater-kill, while the benthic 

community structure of coral reefs effected by these disturbances may be altered for more 

extended periods. In the 1987-1988 storm episode, Pocillopora damicornis and Montipora 

capitata were found to be the most sensitive to reduced salinity stress and were completely 

killed off along the shallow fringing reefs and reef flats near shore (Jokiel et al. 1993). 

Interestingly, Brown and Howard (1985) and Dahl and Lamberts (1978) described P. 

damicornis in other areas as tolerant to adverse conditions being found near shore where 

there was silt and fluctuating water temperatures. In addition, Maragos (1972) found M. 

capitata in Kane'ohe Bay to grow better in slightly reduced salinities. Of course, major 
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storm events resulting in extreme runoff in conjunction with low winds and spring tide 

conditions may push some corals beyond their thresholds of survival. Although Jokiel et 

al. (1993) found P. damicornis and M. capitata to be the most sensitive to this combination 

of events, Porites compressa was more resilient to reduced salinity and survived in areas 

where other corals completely succumbed. These results suggest that when freshwater 

run-off potential has been increased through human landscape change, and a major rain fall 

event occurs in association with spring tides and low wind conditions, selective shallow

water reef kills can occur thereby promoting significant long-term shifts in coral reef 

community structure. 

Sedimentation 

Johannes (1972) suggested that exposure of reef corals to brackish, silt-laden water 

associated with flood runoff has probably been the single greatest cause of reef destruction 

historically. He suggested that some of the damage would have occurred naturally, but that 

bad land management has greatly magnified the problem. Evidence from before (1982-

1987) and after work began (1988-1989) on a large Q'ahu highway (H-3) construction 

project, linking Pearl Harbor and Kane'ohe Marine Corps Air Station, indicates that 

sediment loads in a Kane'ohe stream increased between five and six-fold compared to pre

construction levels (Hill and DeCarlo 1991). Because of differences in rainfall and their 

direct effect upon stream flow and sediment loads, Hill and DeCarlo (1991) used least

squares regression and analysis of residuals to differentiate increased sediment loads from 

differences in rainfall and stream flow. They found that the differences in sediment loads 

after construction were significantly higher than pre-construction and were not entirely due 

to stream flow but derived at least in part from construction activities. 

In addition to nutrient enrichment, increased sedimentation decreases light 

availability and increases energy expenditures needed by corals for sediment cleaning and 

expUlsion. Sedimentation is also known to decrease coral growth (Dodge and Vaisnys 

1977) and reduce reproduction (Tomascik and Sander 1987). Juvenile corals may be 

particularly sensitive to sedimentation, since they barely protrude above the substrate 

surface and are more likely to be smothered by sediments than larger established colonies 

(Bak and Elgershuizen 1985). Wittenberg and Hunte (1992) found that juvenile coral 
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abundance was lower and nuisance algae cover higher on eutrophiclhigh sediment reefs. 

Hughes (1984) and Hughes and Jackson (1985) have shown that smaller corals influenced 

by sedimentation often have higher mortality than larger individuals and the difference may 

be very significant on eutrophic reefs. Burial of hard substrate under soft sediments can 

also reduce substrate availability for coral recruitment (Birkeland 1982, Hodgson 1990). 

Although coral plating morphology does not seem to be favored in high sediment 

environments, branching coral morphology may be more effective in passive rejection of 

sediments (Brown and Howard 1985). Some branching corals have suffered under high 

sediment regimes, but this may be the result of light limitation; and where plating varieties 

are differentially affected, it is likely that the decline of these corals is due to the lack of 

sediment rejection capabilities (Brown and Howard 1985). Porites compressa finger 

coral, with its vertical growth morphology, seems to be well-suited to the moderate levels 

of sedimentation naturally occurring in Kane'ohe Bay. Montipora capitata, second in coral 

abundance across the bay, seems to grow faster under slightly reduced salinities and forms 

either plates or finger projections or combinations of the two, depending upon 

environmental conditions (Maragos 1972). This ability may partially explain, in 

conjunction with Maragos' (1972) previous findings that Montipora capitata is not greatly 

inhibited by sewage discharge, why M. capitata was the only coral that increased in cover 

between 1983 and 1990. 

Multiple Stable States 

Nutrients released during and after major freshwater-kill events, in areas already 

stressed like Kane'ohe Bay, may augment nutrient cycling between the plankton and the 

benthos, ultimately favoring algal growth. Increased nutrient levels resulting from acute, 

freshwater-kill events promote major plankton blooms which eventually die and settle out, 

thereby providing additional nutrients to the benthic algae. Nutrients from sewage and 

runoff may have favored algal recovery over corals, following the freshwater-kill of 1965. 

A similar response may have occurred following the 1987-1988 freshwater-kill. 

Interestingly, algae levels seemed to have increased in periods following these freshwater

kill events. Although this kind of algae bloom is rare, Knowlton (1992) suggested that 

coral reef communities have several attributes that favor the existence of more than one 
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stable state. In particular, reefs that favor corals over algae at one time, may pass through a 

kind of phase shift or threshold where algae become the favored organism over coral. 

According to Knowlton (1992), both eqUilibrium state's may be stable, yet following a 

shift, the physical environment may change making it difficult to return to the previous 

configuration. 

Continued Nutrient Stress from Sewage 

Between 1983 and 1990, increased nutrient loads were also being supplemented by 

frequent municipal sewage bypasses and nutrient rich groundwater flows from residential 

cesspools and non-maintained septic and sewage collection systems. The Kane'ohe, 

'Ahuimanu, and Kahalu'u sewage collection system includes approximately sixty-five 

miles of underground sanitary sewer lines. Unfortunately, the average age of the gravity 

lines is twenty-five years with some more than thirty-five years old. The sewer lines are in 

desperate need of repair and since 75% of the system lies below the ground water table, 

water infiltration is a weakness and inflow comprises up to 40% of total flow volume 

during the rainy season (Office of State Planning 1992). 

The Kane'ohe sewage treatment plant currently operates at capacity and this added 

volume overloads the system, requiring regular bypasses of the excess sewage flow into 

the bay. In addition, power outages often occur, especially during high winds and rain 

storms. During such outages, plant malfunctions, and some maintenance operations, raw 

or partially treated sewage is pumped into adjacent streams or shunted through the old 

Kane'ohe Sewage Treatment Plant's gravity outfall line into the southeast bay (Office of 

State Planning 1992). The effect of this activity may be substantial. Planned and 

accidental bypasses of municipal sewage into the bay may appear minor when compared to 

previous discharges, but in conjunction with sewage discharges into the northwest bay, 

they have averaged over 1,135,560 liters (300,000 gallons) per day from 1978 to 1986 

(Department of Health 1990). Since 1986, when the 'Ahuimanu Sewage Treatment Plant 

discharge was diverted to the ocean outfall at Mokapu, individual sewage spills of up to 

121,126,400 liters (32 million gallons) per occurrence have continued. In addition to the 

nutrient effects on the marine ecosystem of Kane'ohe Bay, large quantities of chlorine are 

added to the raw sewage in order to kill pathogens (Department of Health 1990). Although 
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chlorine is important in sterilization of bacteria, it may cause secondary effects on coral 

reproduction and decreased resistance to disease and pollution. 

Leaks and seepage from the remaining 25% of the sanitary sewer lines above the 

ground water table, may contribute to non-point source pollution through contamination of 

ground water and streams entering the bay (Office of State Planning 1992). Additional 

non-point source pollution derives from approximately twenty-nine hundred (2,900) 

cesspools which service about ten-thousand (lO,ooO) residents, mostly in the central and 

northern watersheds of the bay. This is the highest density of cesspools on O'ahu and has 

been conservatively estimated at contributing 3,081,153 liters (814,000 gallons) of waste 

water load per day to the ground and ground water flows (Office of State-Planning 1992b). 

Furthermore, many septic tanks and other individual waste water treatment systems are not 

properly maintained (e.g. pumped and treated) and effectively function as cesspools 

increasing the amount of raw sewage entering the ground, ground water, and ground water 

flows. 

NUtrient Effects on Coral and AI&ae 

It is well documented that nutrient enrichment and eutrophication decreases coral 

growth and survival and enhances the productivity of phytoplankton and benthic macro 

algae (Tomascik and Sander 1985, Lapointe 1989, Lapointe and O'Connell 1989; Bell 

1990, Riegl and Velimirov 1991, Smith and Buddemeier 1992, and Wittenberg and Hunte 

1992). In Bermuda, Lapointe (1989) found that the green macro algae Cladophora 

porlifera, had formed widespread blooms in the inshore environment in response to 

nutrient enrichment from ground water tainted with nutrients from cesspools. Other major 

reef systems such as the Great Barrier Reef and the Florida Reef Tract have also been 

increaSingly discussed in terms of observed or perceived nutrient stress due to non-point 

and point source pollution (Smith and Buddemeier 1992). Recent observations from areas 

near Lahaina, Maui, indicate that sewage from injection wells may be the primary cause of' 

extensive algae blooms in near shore waters (B. Magruder personal communication). 

Although it is illegal, sewage collection pump-out trucks have been observed dumping 

untreated sewage from cess pools and septic tanks in storm drains and stream channels that 

empty into Kane'ohe bay (C. Honig personal communication). 
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Increased Ocean Recreational Activities 

Kane'ohe bay has always been an aesthetically desirable place for recreational 

boating and fishing, but during the more polluted years did not attract much interest from 

commercial operators or marine recreation tour businesses. Following sewage diversion, 

and the initial reef recovery in the bay, ocean recreation became increasingly popular and 

commercial operations on the bay increased multi-fold. During 1990-1991, one study 

(Office of State Planning 1992b) estimated an average of thirty-five boats per day using the 

bay on weekdays and about sixty-eight boats on the weekends. Before a 1990 moratorium 

prohibiting expansion of commercial boating activity on the bay, there were no effective 

limits on densities of people and/or boats that could be used on the bay (Plate XXID). 

Although the moratorium limits new commercial operations, existing ones have been 

allowed to remain. Commercial operators moor their large boats and barges on the reef 

flats and sand bars, use them as base platforms for snorkeling, SCUBA diving, fishing, 

motor boating, jet-skiing, water skiing, canoeing, kayaking, sailing, picnicking, and other 

tourist activities at a monetary charge (Plate XXN). Operators shuttle tour groups to and 

from their base platforms via smaller boats thereby maintaining first'rights to desirable reef 

areas and increasing the number of tourists being handled per day. Personal observations 

note that there were no more than two large commercial tour boat operations on the bay in 

1983, but by 1990 more than fourteen boats in the under forty foot range and' another five 

boats in the over forty foot category were conducting tours on the bay at around three 

hundred to four hundred people per day (Office of State Planning 1992b). Although only 

anecdotal accounts exist, commercial operators and other boaters have been observed 

illegally dumping sewage from their boats into the bay (c. Honig personal 

communication). Undoubtedly, the shear number of people now using the bay has some 

impact. Whether the greater impact is from physical damage on the corals due to trampling, 

or nutrient enrichment from human wastes has not been quantified. Additional damage 

occurs from anchors, boat groundings, accidental coral breakage by divers, oil and fuel 

spills, and dumping of other wastes and garbage. 
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Plate XXllI: Photo of commercial tour operation including large catamaran base 

platform and smaller individual water craft off Checker Reef just north of Coconut 

Island in southeast-central bay (1991 photo by Chris Evans). 

Plate XXIV: Photo of commercial tour boat and tourists playing volleyball on sand 

bar in northwest bay (1991 photo by Chris Evans). 
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Natural Variation in Coral Reef Communities Over Time 

It haS been suggested that recent increases of Dictyosphaeria cavernosa algae and 

lack of continued coral recovery, may reflect some kind of natural oscillation or ecological 

succession in the bay (R. Grigg personal communication). Although algae levels decreased 

between 1970171 and 1983 and increased between 1983 and 1990, it is not known when 

the changes began to take place, or what oscillations they went through in-between 

surveys. It has been established that algae cover decreased between 1970171 and 1983, but 

increased again between 1983 and 1990. At the same time, coral increased in cover and 

species richness between 1970171 and 1983, and remained the same in cover but declined 

in species richness between 1983 and 1990. Whether this is related to natural variation and 

succession or human disturbance, or a combination of these, is still unclear. Although 

other species of marine algae have been known to increase in abundance from time to time, 

the only place that Dictyosphaeria cavernosa occurs in such high abundance is Kane'ohe 

Bay (1. Maragos personal communication). 

Grassel (1973) suggested that coral reef communities form a "temporal mosaic" in 

space, or a patchwork of reef communities in different stages of recovery from various 

sources of disturbance. He went on to say that reef systems are unstable, even 

unpredictable, and that change is considered more typical than constancy. Grassel's theory 

was to gather support from the work of Grigg and Maragos (1974) and Connell (1978), 

who both found that the successional processes on coral reefs were frequently disturbed by 

natural events (Grigg and Dollar 1990). Connell (1978), in his "Intermediate Disturbance 

Hypothesis" suggested that most coral reefs are in a non-equilibrium state of high diversity, 

but if not disturbed and left alone, will progress towards a low-diversity equilibrium 

community because of dominance of individual species. 

Historical Accounts of the Reefs in Kane'ohe Bay 

The exact state of the reefs in Kane'ohe Bay prior to major urbanization of the 

watershed is not known, but it is probable that the reefs were still flourishing up until the 

late 1930's when massive dredge and fill operations caused extensive reef destruction in the 

bay. The first detailed observations in the bay were made during the mid to late 1800's and 
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early 1900's. Wilkes (1845) and Dana (1872) made observations on marine 

geomorphology. Bates (1845) remarked on the steep slopes of the lagoon reefs. Agassiz 

(1889) documented that Kane'ohe Bay contained numerous patch reefs covered by living 

corals (he includes a map), and that the edge of the bay was entirely surrounded by a 

fringing reef of corals which had gradually died out near the shore, but was thriving near 

the deeper water at the edge of the reef. 

Kane'ohe Bay was also the home of the Coral Garden Hotel and glass bottom boat 

tours (MacKaye 1915, 1916) where people carrie to see the wonders of the bay and its 

marine life during the early part of the century. MacCaughey (1918) remarked that 

Kane'ohe bay contained a great variety of coral formations and many small coral isles and 

atolls (also includes a map). He even commented that although rare, one of the most 

beautiful of the Hawaiian corals, Dimdrophillia manni was known only from Kane'ohe 

Bay. Although this species, now known as Tubastrea coccinea, is actually more 

widespread in Hawai'i, it is now very rare in the bay and was only found in very low 

abundance at one site (#11) during the 1990 reef survey. Edmondson (1928), one of the 

first biologists on staff at the University of Hawai'i, also documented that Kane'ohe Bay 

was, one of the most favorable localities for the development of shallow water corals, and 

that many species grew luxuriantly. 

In these same reports, however, there were subtle indications of erosion and 

sediment effects on the bay. Agassiz (1889) noted that the large masses of Porites growing 

near shore had little by little been choked by silt coming down from the land, and a volcanic 

sand flat with a band of living corals on the outer edge, was thus formed in marked contrast 

to the coral sand formed by the action of breakers. MacCaughey (1918) remarked that 

Kane'ohe Bay and Pearl Harbor would have been veritable coral wonderlands had there not 

been such large quantities of fresh, mud-laden water poured into these bays. Interestingly, 

he also mentioned that there was a large worm like form, Opheodesoma spectabilis, 

common in Pearl Harbor and Kane'ohe Bay. Large numbers of Opheodesoma spectabilis, 

a detritivore holothurian, were thought to be largely the result of sewage and sedimentation 

in Kane'ohe Bay during the height of the sewage discharge years in the 1960's and 1970's. 

This account indicates this species was around long before there were problems associated 

with urbanization and sewage in Kane'ohe Bay. 
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Although the effects of siltation and sedimentation had been noted earlier and 

dredge and fill operations did major damage to reefs during the World War II era, Banner 

(1974) remarked that in 1951, the reefs outside the southern part of the bay were still 

growing vigorously. He even noted (Banner and Bailey 1970) that one of the patch reefs 

south of Coconut Island (in the southeast bay), dredged down to three meters in 1939 for a 

sea plane runway, had recovered enough to have a solid margin of living Porites and 

Montipora coral colonies around the edge. Although by 1970, conditions had changed 

drastically and the same reef was covered in Dictyosphaeria cavernosa algae with only a 

few live Montipora colonies remaining. Further coral recovery of reefs damaged or 

destroyed by dredge and fill operations was undoubtedly slowed or postponed until after 

sewage diversion, especially in the southeast lagoon. 

Recent observations from both the 1983 and 1990 surveys indicate recovery of 

corals on some dredged reefs. The most significant amount of recovery was on dredged 

reef slopes in the central and northwest bay but some slopes in the southeast and southeast

central regions have also begun to recover. Most notably, some dredged flats at the three 

meter and ten meter depths have also partially recovered along raised rubble piles or ridges 

remaining from dredge paths. Coral growth in many areas on these flats have formed long 

straight parallel ridges of live coral growth of up to two meters high and two meters wide 

running ten's of meters in length. 

Although early records of Dictyosphaeria cavernosa in Hawai'i are rare, some 

accounts of its presence were found in early botanical records from Waikiki (Neal 1930) 

and Kane'ohe Bay (Howe 1934). Unfortunately, no mention of its relative abundance was 

documented in either area by these early reports. Agassiz (1889) noted that there were few 

algae in the bay. Max Doty and Isabella Abbott collected D. cavernosa (Bernice P. Bishop 

Herbarium Pacificum 1994) from Kane'ohe Bay in the 1940's and 1950's, and Dr. Abbott 

(I. Abbott personal communication) recalled that the algae was uncommon and only present 

around the base of old eroded coral heads. Interestingly, some other algae species she 

collected in the bay can no longer be found there. 

It can probably be assumed that the coral reefs of Kane'ohe Bay were relatively 

healthy prior to the late 1930's and that Dictyosphaeria cavemosa was probably not the 

dominant reef slope organism at that time. Somewhere between the late 1930's and the 
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1960's conditions in the bay began to change. As stated above, Banner (1974) noted that 

in 1951, conditions in the bay were still quite good, but by 1962, conditions in the bay had 

begun to deteriorate (E. Reese personal communication). Reese (1966) gave a presentation 

at the Governor's Conference on Natural Beauty and Community Appearance in Honolulu 

and noted that the water in Kane'ohe Bay was becoming increasingly murky and that the 

reefs were being silted-up and dying. In talking to E. Reese (personal communication), he 

recalled that in 1962 when he started to work at the Hawai'i Institute of Marine Biology in 

Kane'ohe Bay, the bay was polluted. Nevertheless, there was still good coral cover and he 

didn't recall that there was a Dictyosphaeria cavemosa algae problem until a number of 

years later. 

In his address at the Governor's Conference (Reese 1966), he remarked, "the 

inshore reefs are being killed by silting and fresh water runoff. The bay is murky and full 

of debris for days and weeks after heavy rains. Due to sewage disposal in the south basin 

of the bay, there has been a measurable increase in the fertilizer chemicals in the water and 

for the first time a major plankton bloom or red tide. There has been a striking increase in 

the abundance of filter feeding clams on the mud flats (a sure sign of biological 

enrichment), and there has been an overall decrease in water clarity probably due to both 

silting and higher standing crops of plant life in the water. Dumping sewage into the 

almost enclosed south part of the bay, where there is very poor circulation and many people 

using the area, is an incredibly bad idea. At present approximately 1.2 million gallons of 

treated sewage are being dumped into the bay per day, and it is estimated that eventually it 

will be up to 27 million gallons per day. If this happens, I can assure you that Kane'ohe 

Bay will be a very sick bay indeed!" Luckily sewage levels did not reach twenty-seven 

million gallons per day, but they did reach a combined effluent of seven and half million 

gallons per day before sewage diversion in 1977-1978. 

The first report of the Dictyosphaeria cavemosa algae problem was not documented 

until Banner and Bailey (1970) studied the algae bloom following Robert Johannes' 

observation that the bay had changed considerably since he had conducted his graduate 

studies there in the early 1960's. Maragos arrived in Hawai'i in 1967 and recalled that 

Kane'ohe bay was polluted at that time and that Dictyosphaeria cavemosa algae was 

prevalent a.'1d increasing in abundance. In 1968 Maragos (1972) began documenting coral 

and algae cover in the bay as part of his ecological studies of Hawaiian reef corals and 
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noted from anecdotal reports, that Dictyosphaeria cavemosa was much less common ten 

years before his study. Aside from the massive dredge and fill operations in the 1930's 

and 1940's, these accounts concerning Kane'ohe Bay (E. Reese personal communication, 

Reese 1966, Banner and Bailey 1970, Maragos 1972, Smith et al. 1973 Banner 1974) 

suggest that the coral reef commuruties in the bay were relatively stable and healthy up until 

the late 1950's and early 1960's when sewage, increased siltation, sedimentation, and 

fresh-water runoff began to heavily impact the reefs, changing the population structure in 

ways that favored Dictyosphaeria cavemosa algae over corals in certain areas of the bay. 

Chan~es in Coral Reef Community Structure 

Grigg (1983) suggests that the primary mechanism controlling diversity, 

community structure, and succession of coral reefs in Hawai'i appears to be natural 

disturbance. Yet in protected areas like Kane'ohe Bay, he noted a variety of other factors, 

including temperature, light, sedimentation, salinity, turbidity, predation, and bioerosion, 

may be of equal or greater importance. Of course, significant changes in salinity such as 

from freshwater-kills, increased nutrients, and other human disturbances would also be 

factors affecting changes in community structure and succession to the coral reef 

community in Kane'ohe Bay. 

It appears that the reefs of Kane'ohe Bay, over the long-term, have probably been 

relatively stable except for the occasional episode of unusual weather which may have 

severely damaged the coral reefs in the bay. The tsunami of 1946 and high winds in 1947 

dislodged many large coral heads from the tops of reefs and destroyed an old heiau on 

Kapapa Island (Sterling and Summers 1962). In 1965 torrential rains, coinciding with low 

tides, flooded the bay and killed much of the reef biota inhabiting many of the reef flats and 

. upper reef slopes (B anner 1968). The affected depth was greater in areas near shore and 

where floodwaters entered the bay. Although large storm waves and high winds can do 

tremendous damage to coral reefs, severe rain storm events and estuarine related factors 

may have had more of an impact in determining long-term community structure and 

succession of coral reefs in the bay. The Porites dominated coral community of Kane'ohe 

Bay probably developed over decades or even centuries of calm water periods influenced 

by occasional severe storm disturbances and differential mortality of more sensitive 
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species. Although modem urbanization and other contemporary land uses have probably 

exacerbated the frequency of these acute catastrophic fresh-water flooding events, the 

effects have probably been primarily limited to near-shore shallow-water areas. Major 

disturbances in these areas could have set the stage for a shift in re-colonization while 

deeper offshore areas may have remained more stable in regards to community structure. 

Major catastrophic events which have had significant impact on the whole' 

ecosystem from top to bottom at anyone time were probably rare prior to human settlement 

of the watershed. Settlement, land clearance, and agricultural impact on the watershed by 

Polynesians probably produced effects which made natural disturbances such as extreme 

stonns more acute on the bay. Whether the reefs remained healthy or whether they 

declined and then recovered following collapse of the Polynesian population is not known. 

Early historical reports refer to the reefs of the bay as thriving and healthy up to the early 

1950's; thus we can assume that the major changes in the bay that occurred during the 

1960's and 1970's were related to degradation of the environment by known and perhaps 

. still unrevealed impacts of sewage, sedimentation, and fresh-water flooding events 

exacerbated by stream channelization (Reese 1966, Banner 1968, 1974, Banner and Bailey 

1970, Maragos 1972, and Smith et al. 1973). In support of these findings, Maragos 

(1972) found that in five out of six coral species transplanted to different parts of the bay, 

coral growth and survival were negatively correlated to increased nutrient levels and 

proximity to sewage discharges. The only coral whose growth and survival was not 

inversely correlated with sewage stress was Montipora capitata. 

Reef Degradation and Dictyosphaeria cavemosa Growth 

Dictyosphaeria cavemosa algae blooms appear to be linked to nutrient subsidies 

caused by sewage and human induced sedimentation, rather than natural fluctuations in the 

environment. If this is true, it follows that the diversion of the major sewage discharges 

would have brought about a decline in the algae populations. This indeed happened, and 

the 1970nl and 1983 surveys showed that the abundance of D. cavemosa not only 

declined but crashed to one tenth of its abundance in the southeast-central bay, one 

thirteenth of its abundance in the central bay, and one fifth of its abundance overall. This 

suggests that the algae was primarily dependent on nutrient subsidies provided by the 
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previous sewage discharges, and only to a lesser extent by other factors such as runoff and 

sedimentation. In addition, the significant increase in D. cavernosa in the northwest bay 

was supported by the remaining sewage discharge at 'Ahuimanu until 1986. 

Coral reef communities subjected to increased nutrient levels appear to undergo 

deterioration due to overgrowths of algae, competition with other sessile organisms, 

increased plankton-generated turbidity, increased bioerosion, reduced coral growth, and 

poor coral recruitment (Smith and Buddemeier 1992). With an increase in nutrients, 

rapidly growing phytoplankton and benthic algae often gain a competitive advantage over 

corals, sometimes overgrowing and eventually smothering them (Banner 1974, Smith et al. 

1981, Birkeland 1988, and Grigg and Dollar 1990). Turbidity of the water resulting from 

increased plankton biomass and detritus can also cause reef deterioration (Smith et al. 

1981). High organic loading, which may be associated with some types of nutrient 

loading, can also kill corals because of elevated biochemical oxygen demand and release of 

hydrogen sulfide (Birkeland 1988). Nutrient loading may also be associated with reef 

stress induced by increased sedimentation (Smith and Buddemeier 1992). These factors 

may kill or reduce efficiency of coral growth giving competitive edge to fast growing 

organisms such as Dictyosphaeria cavernosa "bubble algae" in the case of Kane'ohe Bay. 

Cases of Algal Blooms Related to Decreased Herbivory 

Grazing of fleshy and filamentous algae by marine herbivores can effect growth, 

reprod~ction, and survival of algae and is an important factor in the dynamic balance 

between algae, corals, and other benthic organisms. The abundance of marine algae on 

coral reefs is normally maintained at low levels because of herbivory (e.g. Sammarco 

1982a, 1982b, Hay 1985, Carpenter 1986, Liddell and Ohlhorst 1986, and Hughes et al. 

1987). However, when grazer populations increase or decrease, dramatic changes in 

community structure may occur (de Ruyter van Steveninck and Bak 1986). 

The reduction in grazing by herbivores at some locations has resulted in increased 

algae abundance, inhibiting coral growth and recruitment (Hughes 1989). In the 

Caribbean, an apparent water-borne pathogen recently caused mass mortalities of the 

herbivorous sea urchin Diadema antillarum (Bak et al. 1984, Lessios et al. 1984, Hay 
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1984, Rogers 1985, de Ruyter van Steveninck and Bak 1986, Liddell and-Ohlhorst 1986, 

Hughes 1989), which led to significant increases in algae cover (de Ruyter van Steveninck 

and Bak 1986, Liddell and Ohlhorst 1986, Hughes et al. 1987). In the absence of 

Diadema, algal abundance increased enormously, up to a mean of 95% cover (Hughes et 

al. 1987). According to Liddell and Ohlhorst (1987), increased algae occurred at the 

expense of crustose coraline algae and clionid sponges at Discovery Bay in Jamaica. 

Hughes et al. (1987), also working in Jamaica, found that increased algae further reduced 

coral cover by as much as 60% following already lower levels caused by hurricane Allen. 

Herbivorous scarid and acanthurid fish populations remained low due to over fishing, and 

in the absence of high densities of fish and sea urchins, it was thought that declines in the 

reef community would probably continue resulting in further displacement of corals by 

algae (Hughes et al. 1987). The impact of the urchin mass mortalities is qualitatively 

similar to previous experimental removal of this species. In both cases, removal of 

echinoids resulted in substantial increases in macro algae (Hughes et al. 1987). 

Although much of Kane'ohe Bay has been over-fished (Office of State Planning 

1990), it is not known whether this has had a significant impact on coral and algal 

population levels within the bay. Brock (personal communication) suggested that, scarid 

(parrot) and acanthurid (surgeon) fish, the major herbivores within the bay, are 

discriminate filamentous and microalgal feeders and probably have little influence on the 

overall Dictyosphaeria cavemosa macro algae population. However, recent findings by 

Stim.son et al. (in press) found that there was a significant difference in reef slope D. 

cavemosagrowth rate when subjected to herbivore exclusion experiments. Results 

showed that the algae growth rate was highest under fine-caged conditions and dropped 

significantly under coarse-caged and uncaged conditions. Although growth rates did vary 

between sites for coarse-caged and uncaged algae, there was no significant difference in 

growth rate of fine-caged algae between sites. Grazing intensity was thought to vary 

depending upon the availability of algae at individual sites, but actual estimates of grazing 

intensity compared to herbivorous fish biomass was not possible owing to high variances 

in fish counts from site to site. It was suggested by Stimson et al. (in press) that large 

differences in fish counts, of the most abundant herbivore acanthurid and juvenile scarid 

fish populations, we~e probably due to high mobility and schooling habits of these fish. 
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Although sea urchins-are not abundant on the reef slopes in Kane'ohe Bay and 

were found only very rarely during the three transect surveys, no early estimates of sea 

urchin population levels were documented in Kane'ohe Bay. In an experiment to test the 

effect of urchin grazing on Dictyosphaeria cavernosa, Brock (personal communication) 

transplanted thirty-six hundred Tripneustes gratilla sea urchins to a single isolated patch 

reef in the central bay during the height of the sewage pollution. Dictyosphaeria cavernosa 

algae levels declined dramatically within three weeks of the urchin introduction and 

remained low for the time that the urchins survived. Brock also found that coral levels 

increased significantly within one year of the urchin introduction, however the transplanted 

urchin population did not self-perpetuate itself and eventually died off after about six to 

seven years. It is not known whether the bay has ever been a favorable habitat for urchins, 

but Brock suggested that urchins preferentially settle out on the shallow barrier reef before 

entering the bay, thereby preventing recruitment and settlement within the bay itself. If this 

is the case, then the urchin population within the bay may have always been low and urchin 

herbivory not much of a factor in the changing abundance of Dictyosphaeria cavernosa. 

Alternatively, some other "new" or still yet unrevealed factor is preventing the urchins from 

recruiting into and surviving within the bay. 

Other Disturbances Related to Lack of Coral Reef Recovery 

Although it has not been thoroughly documented, other factors may have some 

influence on algal abundance and coral reef recovery. Personal observations suggest that 

physical impacts from boat collisions and anchor damage have clearly disturbed some coral 

reef areas in Kane'ohe Bay, but such impacts have been occurring for many years and 

probably are not responsible for the dramatic changes in algae abundance and lack of coral 
- . 

recovery at this time. Hurricane Iwa came close to O'ahu in 1982 and brought heavy 

winds and rain to the bay. Although the rainfall and stream gauge data (Figures #11 and 

#12) indicate that these values were the highest since 1965, we know that the storm events 

of 1965 and 1987-1988 had greater impact upon the reefs owing to fresh-water flooding in 

conjunction with spring tide conditions and lack of heavy winds to break-up the fresh water 

surface layer. In addition, conditions in the bay during the summer of 1983, less than a 

year after Hurricane Iwa, indicate that coral cover was the highest and algae the lowest over 

the three survey period. Much talk about EI Nino events, increased water temperature, and 
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coral bleaching have been discussed in the literature concerning corals, but little evidence of 

mass bleaching events in Hawai'i has been documented. Predation upon corals occurs in 

Hawai'i by crown-of-thorns sea stars, fish, and other species, but no unusual patterns or 

outbreaks have been documented. Other possible causes include disease or toxicity 

brought on by known and unknown substances. Although tumors have been documented 

in Kane'ohe Bay corals, there does not seem to be any direct relationship between tumors 

and lack of coral recovery. Toxic chemicals have entered the bay through urban, 

agricultural, and military runoff as well as illegal dumping but little is known about the 

amount and resulting toxicity of these chemicals on corals or algae. Other known chemical 

sources derive from a large landfill next to the bay at the Kane'ohe Marine Corps Air 

Station and use of persistent pesticides and termiticides that have been the subject of recent 

attention. Samples of oyster tissues collected near a stream mouth in the southeast bay 

showed high levels of some metals and the persistent pesticides dieldrin and chlorodane, 

that had been banned from use in Hawai'i for more than five years at the time of sampling 

(Hunter et al. in press). 

Coral Reef Recovety 

According to Rogers et al. (1991), no one has quantitatively and comprehensively 

documented full recovery of a coral reef following a major natural or human disturbance. 

As noted earlier, it was estimated that coral reefs require up to several decades to recover 

from natural disturbances, but that the situation was not as clear where human disturbances 

had occurred and where the environment may have undergone pennanent change (Pearson 

1981). In the case of Kane'ohe Bay, where both natural and human disturbances have 

occurred and compounded upon one another, the question of recovery is further 

complicated. 

Following the 1983 study (Maragos et al. 1985 and Evans et al. 1986), there 

seemed to be a direct correlation with sewage removal and recovery of the Kane'ohe Bay 

ecosystem. At the time, it was noted that reef corals were beginning to recolonize all 

previously degraded lagoon coral habitats and recovery was nearing completion in the 

central bay. However, it was also noted that recovery would take longer in the southern 

parts of the bay where damage had been worse. At the time, it was thought that recovery 
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would take another decade in the southeast-central bay and probably two decades in the 

southeast lagoon. As we now know, more than ten years later, this was not the case and 

recovery of the bay has slowed and reversed in most areas of the bay. Although dominant 

species of coral such as Porites compressa and Montipora capitata were the least affected, 

their levels of abundance hardly increased and minor coral species such as Pocillopora 

damicornis, Fungia scutaria, and Cyphastrea ocellina all significantly decreased in overall 

abundance. 

Recovery usually takes place through the settlement, survival, and growth of 

sexually produced coral recruits, healing and regeneration of damaged colonies, and the 

asexual growth of coral fragments remaining from previously broken colonies. Coral reef 

recovery can clearly be impeded if there is reduced supply of larval recruits, substrate is 

unsuitable for settlement, increased predation, algae or other benthic organisms are 

competitively superior for space, and/or environmental disturbance continues or recurs 

relatively quickly. 

In the case of Kane'ohe Bay, hard substrate has decreased in all areas of the bay 

except for a slight increase in the southeast bay since 1983. Although there was less 

substrate available for coral recruits, there was still over 30% hard reef slope substrate 

available during the 1990 reef survey. In addition, Hodgson (1985) documented a healthy 

supply of coral larvae of all major and minor species within the waters of the bay in 1983 

and Fitzhardinge (1988) documented similar numbers and species of recruits in 1987. 

Although availability of coral larvae did not seem to be a problem in 1983 and 1987, larvae 

numbers and recruitment during other years is unknown. Other factors that may have 

impeded recovery were the unsuitability of the remaining 30% hard substrate, predation of 

new coral recruits, competition for space by algae, overgrowth by algae, and/or increased 

environmental stress affecting coral recruitment and survival. 

Although there was some coral recovery of Porites compressa and Montipora 

capitata at a few stations between 1983 and 1990, when these results were averaged at the 

regional and baywide level, the only significant increase was Montipora capitata and all 

corals combined ("total coral") in the southeast-central bay. Most of the increases in 

Porites compressa and Montipora capitata were found atsites in the southeast and 

southeast -central regions of the bay. In all cases except two, sites that had shown 
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significant increases in these two species of coral in 1990 also had significant declines of 

one or more other coral species. The only sites that actually increased in P. compressa 

and/or M. capitata cover without witnessing other coral species declines were stations #3 

and #4. Of these two stations, only site #3 showed overall improvement with an increase 

in both P. compressa and M. capitata and an associated decline in Dictyosphaeria 

cavernosa algae cover. 

The explanation for the changes at these two stations is not exactly clear, but both 

sites #3 and #4 occur on the reef slopes of Coconut Island, which is also the location of the 

University of Hawai'i Institute of Marine Biology. In the case of Coconut Island, the 

waters around the island have been designated as a marine research reserve since 1953 

(Hawaii Revised Statutes 188-36). All fishing, collecting, and a number of other human 

activities are not allowed around the island except for research purposes. Whether marine 

protected status has secured enough extra protection from human activities to allow some 

coral species to recover compared to other areas in the bay is not certain. In contrast, site 

#5 which also occurs on Coconut Island but on the northeast side of the island, did not 

show the same pattern of recovery and actually had significant coral declines in three minor 

species and all corals combined ("total coral"). 

When a natural system is disturbed, it does not necessarily ever return to its 

previous condition. However, it was expected in this case that if some of the disturbing 

influences were removed that some recovery would occur. In-deed the reefs in Kane'ohe 

Bay seemed to be well on their way to recovery in 1983, but the results from this study and 

others (Kober and Mohajerani 1995) indicate that this is no longer the case. It is true that 

there were a few cases of recovery at a few stations, but the overall census is that 

conditions in the bay have deteriorated as declines in species richness of corals and 

increased algae levels have shown. 

It has been suggested in this study that nutrient levels in the bay have remained high 

or increased since 1983 and that this is the primary cause of recent changes in the reef 

community. Although this is probably true, other factors such as freshwater-kills, 

sedimentation, increased ocean recreation levels, decreased herbivore populations, toxic 

chemicals, and yet unrevealed factors have undoubtedly contributed to the situation. 

However, the situation may have been further complicated by natural events or variations in 
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community structure in combination with continued human disturbance. Nevertheless, it is 

clear that the bay has not continued to recover since 1983 and disturbances caused by 

human use of the bay waters and surrounding watershed have continued or increased. 

Without knowing more about the exact causes of the reef declines, it is difficult to predict 

the future of Kane'ohe Bay and its coral reef ecosystem. However, a reduction in any or 

all of the potential factors that may be linked to reef decline would be favorable to coral 

recovery. Since it is difficult to control the frequency and severity of natural disturbances, 

it is recommended that more effort be made to reduce human derived disturbances affecting 

the bay and surrounding watershed. Only then, may conditions in the bay improve again. 

The question of recovery time is still uncertain, yet under present conditions it seems 

unlikely that full recovery will occur in the foreseeable future. 
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CHAPTER V 

CONCLUSIONS 

This study confirms that the coral reefs of Kane'ohe Bay as a whole have not 

continued to recover following a short-lived improvement associated with sewage diversion 

in 1977-1978. In-deed, the coral reefs in all four regions of the bay showed significant 

declines in coral cover between 1983 and 1990 (see Table #24). This was in sharp contrast 

to increases in coral cover reported between 1970nl and 1983. The lack of coral recovery 

between 1983 and 1990 of the dominant coral species Porites compressa and Montipora 

capitata in conjunction with the significant declines of less common coral species 

Pocillopora damicornis, Fungia scutaria, ·Cyphastrea ocellina, and other minor corals, 

raises serious questions about changing environmental conditions in Kane'ohe Bay. 

Although there was some recovery of Porites compressa and Montipora capitata at a few 

stations, when these results were averaged at regional and baywide levels, the only 

significant increase was Montipora capitata and all corals combined ("total coral") in the 

southeast-central bay. 

Just as dramatic, if not more, was a resurgence in the population level of the green 

"bubble algae", Dictyosphaeria cavernosa, which increased significantly in the southeast

central and central regions of the bay and when averaged across the bay. This was also in 

sharp contrast to significant algae declines reported between 1970nl and 1983. Not only 

did average algae cover increase between 1983 and 1990, but it was also found at deeper 

depths, covering more reef area, and peaking further down the reef slope in 1990 as 

compared to 1983 levels. Recent findings by Kober and Mohajerani (1995), indicate that 

average D. cavernosa algae levels have continued to increase, particularly in the central and 

northern parts of the bay. This increase in algae cover in both 1990 and 1995, in 

combination with a number of coral species declines between 1983 and 1990, indicates that 

conditions in Kane'ohe Bay have not continued to recover, and have deteriorated when 

compared to the observed reef community in 1983. A more detailed account of the changes 

in substrate, coral, and algae cover is summarized in the following sections. 
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TABLE #24 

Combined results of repeated measures analysis, "Rankits", one-way ANOV A, Student Neuman Keuls, and 
Wilcoxon signed-ranks tests between 1970171 and 1983, 1983 and 1990 (Wilcoxon signed-ranks tests), and 1970171 and 1990 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 

PC = Porites compressa 
SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea oce/lina 
OC = "Other Coral" 
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Summary of Overall Survey Results 

Substrate Cover Summary 

In all three surveys, 1970171, 1983, and 1990, the average Kane'ohe Bay reef 

slope was dominated by sediment and non-living hard substrate (see Appendix J for data). 

Significant differences(P~0.05) between survey years (1970171 and 1983, 1983 and 

1990, and 1970171 and 1990) are shown in Table #24. In 1970171, sediment was more 

than twice as abundant as hard substrate which in tum was more abundant than any other 

bottom type. By 1983, sediment had declined. At the same time hard substrate increased, 

thereby making these two substrate types almost equal in abundance. Between 1983 and 

1990, sediment and hard substrate both declined. The overall differences between 1970171 

and 1990, were quite similar to the changes between 1970171 and 1983 with a decline in 

sediment and an increase in hard substrate. Regional differences between 1970171 and 

1990 shared some similarities between both the 1983 and 1990 surveys, with sediment 

declines in the two southern regions and an increase in hard substrate in the southeast

central bay. The significant increase in hard substrate in the central bay between 1970171 

and 1983 was countered by a significant decrease in hard substrate in the same region 

between 1983 and 1990, thereby canceling out any difference between 1970171 and 1990. 

The central and northwest regions of the bay showed no significant differences in either 

sediment or hard substrate cover between 1970171 and 1990. 

Major Coral Cover Summary 

Live reef slope cover varied in abundance but was dominated by either coral or 

algae, depending on the survey year. The dominant coral was consistently Porites 

compressa which made up between 83-87% of the "total coral" cover interspersed with a 

number of less common minor coral species. In all three surveys, Porites compressa and 

"total coral" increased in abundance along a gradient from the southeast lagoon to the 

northwest bay. Between 1970171 and 1983, Porites compressa nearly doubled and "total 

coral" did double, with increased abundance in all regions of the bay except the northwest 

sector. Surprisingly, in the 1990 survey, P. compressa did not change significantly at the 

regional or baywide level. Yet, according to the 1983-1990 Wilcoxon signed-:ranks tests, 
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"total coral" increased in the southeast-central bay and declined in the central bay owing to 

significant changes in minor coral species in conjunction with slight changes in P. 

compressa cover. Overall betweeil1970171 and 1990, P. compressa and "total coral" 

followed the same pattern as between the earlier 1970171 and 1983 surveys, with increases 

at the baywide level and in all regions except the northwest bay. 

Minor Coral Cover Summruy 

In addition to the dominant coral Porites compressa, other coral species commonly 

found in Kane'ohe Bay included Montipora capitata, Pocillopora damicornis, Fungia 

scutaria, and Cyphastrea ocellina. Coral species rare in the transect surveys included 

Pavona varians, Tubastrea coccinea, Montipora patula, Psammocora stellata, and 

Pocillopora meandrina and these rare corals were grouped into the single category of 

"other coral" for this study. 

Between 1970171 and 1983, there were significant increases in M. capitata, P. 

damicornis, and C. ocellina averaged across the bay. Montipora capitata, the most 

common of the minor species, increased in the southeast and central regions of the bay as 

well as baywide. Pocillopora damicornis was next in abundance and increased baywide 

and in all regions except the northwest bay. Fungia scutaria did not change except for a 

significant decline in the northwest bay. Cyphastrea ocellina increased baywide and in all 

regions except for the southeast bay. Collectively, the other minor coral species ("other 

coral") did not significantly change at the baywide or regional levels. 

In contrast to the increased overall abundance of the minor corals between 1970171 

and 1983, there were significant declines in P. damicornis, F. scutaria, and C. ocellina 

between 1983 and 1990 when averaged across the bay. Montipora capitata, increased in 

the southeast-central bay and decreased in the central bay, canceling out any significant 

differences averaged at the baywide level; the decline in the central bay (1983-1990) was in 

contrast to an earlier increase (1970171-1983) in that region and an increase in the southeast 

bay (1983-1990) boosted a similar increase in between the previous two surveys (1970171-

1983). Pocillopora damicornis declined in all areas (1983-1990) where it had increased 

before (1970171-1983) with an additional decline in the northwest bay. Although F. 
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scuta ria had not showed much change between 1970171 and 1983, except for the decline in 

the northwest bay, there were decreases in the two middle bay regions as well as when 

averaged across the bay between 1983 and 1990. Cyphastrea ocellina reversed its earlier 

trends between 1970171 and 1983 and declined when averaged for all sites across the bay 

and in all regions except the southeast bay between 1983 and 1990. "Other coral" also 

significantly declined between 1983 and 1990 but only in the southeast-central bay. 

Overall between 1970171 and 1990, little change occurred in minor coral cover 

except for an increase in M. capitata and a decline in F. scutaria at the baywide level. 

Montipora capitata increased (1970171-1990) in the southeast bay where it had previously 

increased between 1970171 and 1983, and increased in the southeast~central bay (1970171-

1990) where it had increased between 1983 and 1990. Pocillopora damicomis did not 

increase or decrease on a baywide scale but did increase in the southeast bay. Fungia 

scutaria followed a similar pattern to 1983-1990, where it decreased on a baywide scale; 

regionally, its pattern of change was similar to 1970171-1983 where there was a decrease in 

the northwest region, and was similar to 1983-1990 where there were declines in the two 

middle bay sectors. In contrast to the major increases in 1970171-1983 and the decreases 

between 1983 and 1990, C. ocellina showed no significant differences between 1970171 

and 1990 when averaged across the bay or at the regional level. All other minor coral 

("other coral") species combined also did not change at the baywide or regional levels. 

Algae Cover Summary 

In all three surveys, Dictyosphaeria cavemosa was by far the dominant benthic 

macro algae on the reef slopes of Kane'ohe Bay, interspersed with a number of uncommon 

minor "other algae" species. In 1970171, D. cavemosa algae was the most abundant live 

bottom cover on the lagoon reef slopes even surpassing Porites compressa and "total 

coral" cover on a baywide level. It was found primarily in the two middle bay regions with 

minor occurrences in the northwest bay. 

By 1983, the D. cavemosa population had dropped significantly in the two middle 

bay regions and baywide, but showed a significant increase in the northwest bay. "Other 

algae" did not change on a baywide scale but did increase in the central bay. 
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By 1990, D. cavernosa rebounded with increased levels in the two middle bay 

regions and baywide. During the same period (1983-1990), "other algae" declined in the 

central bay, where it had previously increased (1970171-1983), and also increased (1983-

1990 in the southeast and northwest regions of the bay. 

Although Dictyosphaeria cavernosa cover had significantly decreased in the second 

survey (1970171-1983) and then increased in the third survey (1983-1990), the overall 

change between 1970171 and 1990 included a decline in the two middle bay regions as well 

as on a baywide level. Another interesting change was the oscillation in abundance up and 

down the reef slope over the survey period. In 1970171, D. cavernosa was found at all 

depths and was most abundant in the 1-7 meter depth range with a peak at 4 meters. By 

1983, D. cavernosa was not very abundant anywhere, but was primarily found in the 0-4 

meter range with a peak at 1 meter, and totally absent below 7 meters. In 1990, D. 

cavernosa was once again abundant in the 1-4 meter range with a peak at 3 meters and 

found down to a depth of 12 meters. 

Unexpected results 

A simple explanation for these observed changes in the coral reef community of 

Kane'ohe Bay is not entirely clear at this time. It was expected that the reefs in Kane'ohe 

Bay would have continued to recover following the 1983 survey and the diversion of the 

'Ahuimanu wastewater discharge in 1986. However, this was not the case, and as shown 

above, corals declined and algae levels increased between 1983 and 1990. Except for 

episodes of heavy rainfall and runoff, water quality measures for pollution basically 

remained the same or improved since sewage diversion in 1977-1978, thereby not 

supporting the observed changes in the reef community. In addition to the documented 

changes in coral and algae cover, results from this study indicate that current water quality 

measures alone are not sufficient enough to detect changes in coral reef community 

structure and that continual monitoring of benthic communities is necessary for determining 

environmental conditions of coral reef environments. 
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Factors leading to Reef Decline 

Although this study was not able to determine the exact cause or causes of the 

observed changes in the coral reef community of Kane'ohe Bay, it is suggested that high 

nutrient inputs provided favorable conditions for the observed changes in coral and algae 

cover. High nutrient inputs were derived from a number of sources including chronic 

sewage pollution, increased sedimentation from runoff, and reef kills associated with acute 

but large episodes of freshwater runoff. 

Chronic nutrient inputs were thought to be primarily the result of non-point source 

and point source sewage pollution derived from leaky sewer lines, cesspool and septic tank 

discharges, commercial tour and recreational boat waste discharges, and periodic sewage 

bypasses from municipal wastewater treatment plants and sewage pump stations. Other 

nutrients were derived from increased sedimentation following extensive land clearance, 

building development, and highway construction. Although rare, the largest nutrient flux 

ever recorded occurred following the catastrophic freshwater-kill event caused by the New 

Year's Eve storm of 1987-1988. A second freshwater-kill event of similar proportions 

occurred in 1965. Although the cause and effect relationship is still uncertain, the highest 

levels of Dictyosphaeria cavernosa algae ever recorded in Kane'ohe Bay occurred in the 

years following the 1965 and 1987-1988 storm events. Two additional factors that may be 

involved in the observed changes in Kane'ohe Bay reef cover include; a decrease in 

herbivorous fish species owing to over fishing, and the ability of Dictyosphaeria cavernosa 

algae to concentrate nutrients from both underlying substrates and excretion from infaunal 

organisms (Stimsonet al. in press). Other factors such as increased nutrient recycling from 

the sediments, possible increased nitrogen fixation from reefs, and natural fluctuations in 

relative species abundances may also be partially responsible for the changes in coral reef 

community structure observed in Kane'ohe Bay. 

Past. Present. and Future Research 

Other researchers are currently investigating Dictyosphaeria cavernosa biology, 

nutrient input and uptake rates, sedimentation rates, and changes in herbivore guilds and 

their effect on algae abundance in Kane'ohe Bay. However, more research needs to be 
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done. Of particular interest are changes in land use and the effects of terrestrial impacts 

derived from human uses in the surrounding watershed. Few details are actually known 

about the exact amounts of nutrients, sediments, and other chemicals washed into 

Kane'ohe Bay from surface and stream runoff and this needs to be investigated further. In 

addition, little is known about leaching of nutrients and other chemicals through 

groundwater into the bay. Toxic chemicals from herbicides, pesticides, and industrial 

wastes are also known to have been used and dumped in the watershed and are being 

carried into the bay via stream flow, surface runoff, and groundwater flows. More 

research needs to be conducted to determine what are the contributing toxins, amounts and 

rates of input, and effects of these toxins upon marine life in the bay. 

Kane'ohe Bay has been one of the most intensively studied coral reef ecosystems in 

the world. As the premier location of the University of Hawai'i's Institute of Marine 

Biology and over one thousand studies done, including reports, theses, dissertations, and 

other publications, it would seem that marine scientists at the Institute would have a 

thorough understanding of Kane'ohe Bay and its marine ecosystem. However, this 

appeared not to be the case and many researchers were unaware of the recent changes 

occurring in Kane'ohe Bay documented in this study and earlier by Hunter and Evans 

(1993, 1995). Although, there was a great amount of interest concerning the initial results 

of this study, a number of scientists were skeptical of the findings owing to the small 

sample size, perceived problems with the transect methodology, and interpretation of 

results. In fact, the primary reason this research took so long to complete was the 

resistance of some coral reef biologists to accept the findings. This led the author to take 

additional time and analyze the data thoroughly in an appropriate statistical manner that 

would satisfy scientists critical of the methodology. 

In order to verify the findings of this study, a great amount of effort was 

undertaken to find and use the appropriate analytical methodology, and a variety of 

statistical methods (R. McGee personal communication) were used to confmn the results. 

As compared to earlier findings of these surveys presented by Hunter and Evans (1993 and 

1995), analytical methods used in this study are improved and provide a more advanced 

and comprehensive analysis of the results. Justification of the analytical methods are 

provided in the materials and methods section presented earlier in this report. 
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Methodological Limitations 

Although I am confident with the research results presented in this study, one of the 

greatest limitations of the study lies in the fact that only three field surveys were conducted 

over the twenty year period. Although corals are perennial in nature, inter-annual 

fluctuations of algae are known to occur and it is possible that the three survey times may 

not be truly representative of the population changes over the twenty-year period in 

question. In addition, intra-annual or seasonal fluctua,tions of Dictyosphaeria cavernosa 

algae may vary from year to year possibly causing algal comparisons to be misleading if 

relative seasonal changes did not occur at the same time every year. 

Additional concerns may arise from the limited number of survey stations and the 

transect methodology. Although the fifteen survey locations are well dispersed across the 

bay and represent most if not all of the reef types in the bay, it can probably be said that 

more sites could have been surveyed. In addition, even though the transect surveys 

documented each of the fifteen reef slope stations from reef top to bottom, other reefs are 

known to have different slope angles, proximity to terrestrial andlor oceanic influences, 

directional orientation, and different minimum and maximum depths, and because of this 

variation, the transect surveys may not be fully representative of all reef habitats in 

Kane'ohe Bay. 

Nevertheless, it must be remembered that the original transects surveys were not 

originally designed as baseline studies and were only used when they were needed to 

document changes in the bay following sewage diversion. The Maragos and Jokiel survey 

data was the only quantitative coral reef popUlation data available for Kane'ohe Bay and 

served well as baseline data for subsequent surveys and comparative purposes. The 

surveys were repeated with accuracy, and the data statistically analyzed to provide valid 

comparisons. These survey results, covering over two decades, are the only quantitative 

long-term coral reef cover survey results available for Kane'ohe Bay and may represent 

some of the most comprehensive and quantitative long-term coral reef monitoring research 

results for any coral reef ecosystem in the world. 
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The Need for Regular Monitoring 

It is therefore important that this study not only be looked upon as concerning local 

changes in the coral reef community of Kane'ohe Bay but as a model for coral reef studies 

which could be applied more broadly. Of course five years has now passed since the 1990 

survey, and because the survey of D. cavemosa conducted by Kober and Mohajerani 

(1995) was limited to only a few sites and lacked consistency with previous surveys, it is 

time again to more accurately and precisely re-survey all fifteen sites and determine changes 

in the coral reef community of Kane'ohe Bay between 1990 and 1996. Although Kober 

and Mohajerani (1995) found that D. cavemosa algae levels had increased, their data was 

limited and it is difficult to determine the true status of the coral reefs in Kane'ohe Bay 

without a more accurate, precise, and comprehensive study looking at corals and algae 

together and at more sites throughout the bay. Unfortunately, little money is available for 

this kind of survey work, and especially during times of budgetary cutbacks, time, money, 

and equipment are difficult to come by. 

Although the surveys have been somewhat sporadic in the past, let us hope that the 

results of this study provide the rationale for future monitoring of the coral reefs in 

Kane'ohe Bay. This is especially important given the fact that the findings from this study 

indicate that algae levels more than doubled in the bay between 1983 and 1990 and the 

predicted recovery of reef corals did not occur. In order to provide scientists and 

government officials with the information needed to make appropriate decisions concerning 

land and water use changes in the Kane'ohe Bay area it is imperative that regular 

monitoring of the reef slope communities be conducted and made available to the 

appropriate persons. Without this monitoring information, future decisions concerning the 

bay and the watershed will be based upon insufficient information and may lead to 

unfavorable consequences concerning the long-term recovery of Kane'ohe Bay and its 

extensive coral reef ecosystem. 

Survey Methods 

Although future researchers may not be willing to take the time to conduct such a 

detailed study as this one, the methodology provides a proven method of coral reef 
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assessment and evaluation. However, it is important to remember that coral reef surveys 

can be difficult and time consuming, and researchers undertaking such studies should be 

skilled in SCUBA diving, local species identification, record taking, and statistical 

analysis. Future survey methods may include photographic quadrats and/or underwater 

video transects. If done correctly, these techniques can provide more permanent, accurate, 

and precise records. Permanent photographic or video survey records may also provide 

future researchers the ability to re-evaluate data records and decipher additional information 

not recorded by SCUBA divers using underwater paper and pencil methods. 

Additional care in conducting transect or quadrat surveys must be taken in regards 

to timing and relative seasonal fluctuations in reef cover. Experimental design should 

include enough replicate transects or quadrats to perform appropriate statistical analyses and 

these methods should always be determined ahead of time. Because the dynamics of coral 

reef communities over time are poorly understood and the basic ecological data is non

existent for many reef locations, it is hoped that other researchers will perform more of 

these valuable but basic ecological studies and make the information available to others for 

comparative purposes. Without good baseline studies, it is impossible to determine the 

dynamics of coral reef populations over time and the effects of disturbance, whether human 

or naturally derived. In addition, more coral reef baseline studies conducted with 

subsequent re-surveys will help scientists resolve the question of what is a natural coral 

reef community at anyone point in time, what are the differences between human and 

natural disturbance, and what is a reasonable expectation for coral reef recovery following a 

given set of chronic and/or acute disturbances. 

The Need for Further Research 

This study of changes in the coral reef community of Kane'ohe Bay increases our 

understanding of coral reef ecosystem dynamics stimulated by changes in land and water 

use. However, even with more than a thousand published studies of Kane'ohe Bay and its 

flora and fauna, we.are far from having a clear understanding of the reef ecosystem and the 

changes that are taking place in the bay. We need to know more about the system as a 

whole, including the inputs and outputs of energy and nutrients over a more frequent 

interval, and the history of the bay and the ecological conditions of the reefs in the past. 
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We need more data and continued analyses of natural and/or human influenced fluctuations 

of coral reef populations in protected environments like Kane'ohe Bay. More work should 

be done to synthesize available information, conduct additional research, and more 

adequately determine the dynamics of the coral reef ecosystem in Kane'ohe Bay. Perhaps 

the greatest challenges for future research are in determining the factors responsible for the 

changes in coral and algae growth and in isolating those factors related to human 

interference compared to those produced by natural causes. 

In addition, a more comprehensive and coordinated scientific approach is needed. 

This includes interdisciplinary studies where researchers can help bring together diverse 

disciplines and integrate findings. This is needed to improve the information base and 

promote better preservation and management of natural ecosystems like Kane'ohe Bay. 

Information gaps must also be identified and new hypotheses formulated and tested. That 

being the focus of this study, I hope makes a contribution towards a better understanding 

of the changes taking place in Kane'ohe Bay, some of the factors affecting those changes, 

and ways to further improve our techniques towards improving environmental conditions 

in the bay. 

Concluding Comments 

Kane'ohe Bay is a extensive and beautiful coral reef environment that is facing 

continuing human and natural disturbance. The ecosystem has presumably adapted to cope 

with most natural disturbances, but human disturbance in and around Kane'ohe Bay needs 

to be studied in more detail. Although a reduction in all future development may help 

maintain bay conditions at the status quo, further regulations may be needed to help reduce 

disturbances caused by existing land and water use. Recommendations made by the 

Kane'ohe Bay Task Force and the Kane'ohe Bay Master Plan should be implemented as 

soon as possible and results monitored. Continuing assessment of the Kane'ohe Bay coral 

reef ecosystem and surrounding watershed will need to be made on a regular basis to 

ensure that further degradation of the reefs is not occurring. 

Finally, lessons learned from this study show that changes in land and water use 

over time must be carefully evaluated or they can have dramatic effects upon adjacent and 
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surrounding ecosystems. Kane'ohe Bay can be viewed as a microcosm of the coral reef 

biome. This biome faces similar disturbances in many areas around the world and this 

study has broader relevance to those areas. Although we lack full understanding of the 

exact causes, it is clear that human use of Kane'ohe Bay and the surrounding watershed, 

has had major impacts on the bay and its coral reef ecosystem. It is hoped that we can learn 

the consequences of poor environmental management as described in this report. Let us 

learn from this study and modify our land and water use in and around important marine 

ecosystems like Kane'ohe Bay to protect and enhance conditions in these natural 

environments and help ensure their integrity for futl;Ire generations to come. 
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APPENDIX A 

TABLE #25 
Percent cover of 

Kane'ohe Bay bottom types by bay and region 
(Transects "A" and "B" averaged for all matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate 

SD HD 
BAYWIDE 46.78 19.42 

NORTHWEST 36.98 29.65 
CENTRAL 27.41 14.73 

SE-CEN1RAL 53.66 14.74 
SOUIHEAST 76.02 20.26 

SD HD 
BAYWIDE 37.24 35.09 

NORTHWEST 31.41 29.86 
CENTRAL 26.51 33.49 

SE-CENTRAL 41.75 39.75 
SOUIHEAST 52.93 36.57 

SD HD 
BAYWIDE 34.59 31.68 

NORTHWEST 35.96 25.96 
CENTRAL 30.57 27.14 

SE-CENTRAL 32.71 36.70 
SOUIHEAST 41.63 37.48 

PD = Pocillopora damicomis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

TC 
11.42 

26.97 
10.60 

6.64 
0.61 

TC 
23.29 

34.40 
32.09 
15.65 
9.02 

TC 
24.19 

33.83 
27.67 
20.29 
13.91 

1970171 
(Transect "A" only) 

PC MC PD FS 
9.96 1.06 0.15 0.141 

24.25 1.93 0.33 0.258 
9.49 0.49 0.17 0.264 
5.04 1.45 0.07 0.007 
0.34 0.25 0.00 0.016 

1983 
(Transects "A" and "B") 

PC MC PD FS 
19.45 2.77 0.72 0.110 

32.40 0.78 1.04 0.055 
27.28 3.17 0.76 0.237 
11.04 3.75 0.67 0.102 

5.63 2.98 0.39 0.008 

1990 
(Transects "A" and "B") 

PC MC PD FS 
20.17 3.78 0.14 0.14 

31.81 1.54 0.25 0.019 
25.15 2.28 0.12 0.052 
13.12 7.03 0.11 0.018 
10.02 3.78 0.06 0.009 

144 

DC = D. cavemosa 

CO OC OA DC 
0.008 0.120 1.223 16.43 

0.028 0.128 4.675 1.37 
0.005 0.197 0.000 33.74 
0.000 0.077 0.012 23.75 
0.000 0.000 0.487 0.00 

CO OC OA OC 
0.090 0.157 1.45 2.94 

0.090 0.027 0.05 4.40 
0.141 0.507 3.62 4.47 
0.082 0.012 0.66 1.97 
0.011 0.000 0.99 0.46 

CO OC OA OC 
0.03 0.008 1.67 7.77 

0.006 0.208 0.19 4.12 
0.006 0.057 1.14 13.36 
0.010 0.000 0.06 10.24 
0.011 0.022 7.05 0.14 



APPENDIX B 

TABLE #26 

Percent cover of 
Kane'ohe Bay bottom types in 1970171 

by site 
(Transect "A" averaged for all matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicornis DC = D. cavernosa 

FS = Fungia scutaria 
(NR = No Record) CO = Cyphastrea ocellina 

OC = "Other Coral" 

1970171 

SITE SD lID TC PC MC PD FS -CO OC OA DC 
15 24.25 29.53 30.13 27.62 1.48 0.62 0.210 0.100 0.111 12.00 4.09 
14 31.40 24.63 43.25 37.42 5.01 0.07 0.250 0.000 0.454 0.00 0.78 
13 59.95 37.61 1.78 1.06 0.46 0.12 0.125 0.000 0.000 0.66 0.00 
12 36.90 28.10 27.86 26.78 0.12 0.50 0.462 0.000 0.000 5.38 0.08 
11 32.98 17.56 17.42 16.27 0.54 0.21 0.208 0.000 0.218 0.00 32.00 
10 38.71 19.16 4.27 3.48 0.21 0.11 0.242 0.017 0.227 0.00 37.87 
9 29.12 17.81 6.05 4.73 0.55 0.26 0.250 0.000 0.289 0.00 47.45 
8 NR NR 15.54 14.28 0.75 0.09 0.400 0.000 0.025 0.00 13.04 
7 37.06 5.12 0.68 0.40 0.00 0.28 0.000 0.000 0.000 0.00 57.15 
6 42.63 16.13 24.91 18.59 5.84 0.06 0.000 0.000 0.375 0.07 16.26 
5 61.17 18.60 1.96 1.69 0.22 0.03 0.020 0.000 0.000 0.00 14.89 
4 61.77 15.50 5.81 4.42 1.38 0.00 0.000 0.000 0.000 0.00 16.92 
3 60.93 31.96 1.11 0.61 0.46 0.00 0.036 0.000 0.000 0.64 0.00 
2 93.06 6.54 0.26 0.26 0.00 0.00 0.000 0.000 0.000 0.00 0.00 
1 86.26 12.71 0.12 0.00 0.12 0.00 0.000 0.000 0.000 0.62 0.00 

145 



TABLE #27 

Percent cover of 
Kane'ohe Bay bottom types in 1983 

by site 
(Transect "A" averaged for all matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

1983 

SITE SD lID TC PC MC PD FS CO OC OA DC 

15 18.17 47.29 21.87 21.32 0.03 0.23 0.006 0.172 0.111 0.00 12;69 
14 26.95 28.46 43.63 42.07 0.96 0.38 0.161 0.052 0.000 0.17 1.00 
13 52.93 16.29 26.89 23 .76 2.08 0.98 0.000 0.069 0.000 0.00 3.92 
12 31.22 25.82 42.74 39.61 0.08 2.94 0.012 0.075 0.000 0.00 0.42 
11 33.58 28.10 37.28 26.55 8.25 0.43 0.162 0.069 1.827 0.39 0.86 
10 19.49 45.44 30.28 27.17 1.24 1.14 0.569 0.165 0.000 0.12 4.58 
9 33.49 32.84 15.60 13.15 1.80 0.35 0.095 0.245 0.009 15.98 3.61 
8 19.15 26.04 45.17 43.12 0.72 1.14 0.067 0.090 0.024 0.00 9.73 
7 40.00 28.89 27.58 24.36 1.78 1.00 0.155 0.295 0.000 0.00 3.40 
6 36.48 48.22 11.90 6.99 4.00 0.87 0.000 0.038 0.046 2.60 0.78 
5 37.92 40.34 18.45 12.05 5.52 0.61 0.237 0.033 0.000 0.00 2.63 
4 53.29 39.65 5.87 2.51 3.12 0.23 0.004 0.000 0.000 0.00 1.19 
3 53.42 26.84 18.73 13.40 4.52 0.78 0.019 0.008 0.000 0.00 1.08 
2 34.90 60.25 1.80 0.21 1.47 0.10 0.000 0.010 0.000 3.70 0.05 
1 73.24 23.00 3.44 0.75 2.53 0.14 0.000 0.017 0.000 0.01 0.05 
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TABLE #28 

Percent cover of 
Kane'ohe Bay bottom types in 1990 

by site 
(Transect "A" averaged for all matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pociliopora damicomis DC = D. cavemosa 

FS = Fungia scuta ria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

1990 

SITE SD lID TC PC MC PD FS CO OC OA DC 

15 32.52 16.93 35.26 34.57 0.39 0.28 0.006 0.006 0.011 0.11 15.27 
14 30.79 28.42 40.57 38.87 0.80 0.21 0.039 0.000 0.652 0.06 0.23 
13 53.06 20.54 25.19 19.73 5.44 0.01 0.000 0.006 0.000 0.48 0.72 
12 30.16 38.03 31.18 30.63 0.00 0.51 0.025 0.012 0.000 0.21 0.54 
11 26.65 30.17 39.89 33.95 5.78 0.14 0.019 0.008 0.008 0.24 2.45 
10 23.20 34.95 27.26 25.30 1.66 0.12 0.062 0.000 0.119 1.23 13.42 
9 46.75 12.20 9.16 8.09 0.81 0.14 0.032 0.014 0.073 3.22 28.70 
8 27.60 29.36 32.43 31.96 0.26 0.09 0.100 0.005 0.024 0.004 10.72 
7 29.70 12.65 36.16 32.98 2.99 0.08 0.065 0.040 0.000 0.15 21.30 
6 45.08 30.48 15.32 10.12 5.01 0.18 0.004 0.000 0.000 0.08 8.98 
5 33.61 45.54 11.02 6.17 4.74 0.10 0.007 0.000 0.000 0.004 9.88 
4 21.36 53.73 22.56 7.16 15.32 0.08 0.004 0.004 0.000 0.00 2.33 
3 29.50 39.18 31.26 23.70 7.42 0.11 0.023 0.000 0.000 0.08 0.02 
2 24.76 51.10 2.72 1.57 1.09 0.04 0.000 0.024 0.000 26.22 0.39 
1 78.83 19.14 1.90 0.12 1.67 0.02 0.000 0.011 0.078 0.06 0.02 
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APPENDIX C 

TABLE #29 

Percent cover of 
Kane'ohe Bay bottom types in 1970171 

by depth 
(Transect "A" averaged for all sites with matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea oceltina 
OC = "Other Coral" 

1970171 

DEPTII SD HD TC PC MC PD FS CO OC OA oc 
a 19.32 45.64 3.40 2.50 0.25 0.12 0.510 0.020 0.000 14.50 7.54 
1 15.15 35.36 25.79 23.28 1.99 0.15 0.320 0.000 0.047 2.45 14.21 
2 23.23 27.24 23.97 19.87 3.57 0.11 0.433 0.000 0.000 0.09 22.00 
3 24.25 22.06 25.60 22.52 2.11 0.37 0.000 0.067 0.533 0.00 28.05 
4 32.69 17.80 15.08 14.17 0.57 0.07 0.267 0.000 0.013 0.02 29.27 
5 41.90 16.12 10.77 9.41 0.88 0.37 0.053 0.000 0.066 0.00 25.49 
6 52.20 15.63 4.80 4.43 0.30 0.07 0.000 0.000 0.000 0.00 21.07 
7 67.93 11.33 2.93 2.17 0.57 0.13· 0.000 0.000 0.066 0.00 11.27 
8 68.30 12.60 3.30 2.40 0.40 0.10 0.000 0.000 0.400 0.00 5.80 
9 88.96 7.98 1.39 0.75 0.29 0.12 0.000 0.000 0.225 0.00 1.66 
10 93.33 4.00 0.17 0.17 0.00 0.00 0.000 0.000 0.000 0.00 2.50 
11 93.50 3.70 0.00 0.00 0.00 0.00 0.000 0.000 0.000 0.00 2.80 
12 94.00 2.33 0.00 0.00 0.00 0.00 0.000 0.000 0.000 0.00 3.67 
13 79.65 16.85 0.00 0.00 0.00 0.00 0.000 0.000 0.000 0.00 3.50 
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TABLE #30 

Percent cover of 
Kane'ohe Bay bottom types in 1983 

by depth 
(Transects "A" and "B" averaged for all sites with matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

1983 

DEPTH SD lID TC PC MC PD FS CO DC OA DC 
0 1.90 50.94 34.39 29.63 0.58 3.48 0.324 0.357 0.000 5.98 7.03 
1 7.73 40.84 39.35 36.11 1.57 1.26 0.210 0.203 0.000 4.07 7.94 
2 12.82 31.05 46.26 41.62 3.22 0.82 0.217 0.107 0.313 2.40 7.53 
3 25.58 30.94 37.58 32.62 4.16 0.65 0.020 0.047 0.110 1.16 4.75 
4 24.49 38.46 32.24 29.05 2.15 0.63 0.280 0.063 0.070 1.34 3.50 
5 30.29 41.30 26.31 20.84 4.57 0.65 0.103 0.097 0.050 0.14 1.89 
6 42.02 39.54 17.42 14.05 2.70 0.51 0.147 0.020 0.000 0.02 1.04 
7 43.85 40.66 14.52 10.79 3.09 0.49 0.007 0.110 0.033 0.60 0.45 
8 51.94 35.86 10.79 5.09 5.16 0.25 0.000 0.048 0.240 0.68 0.00 
9 62.82 31.16 5.69 1.62 2.96 0.17 0.000 0.012 0.928 0.23 0.00 
10 74.79 22.14 3.09 0.98 1.75 0.06 0.018 0.000 0.282 0.00 0.00 
11 76.95 20.80 1.03 0.07 0.91 0.06 0.000 0.000 0.000 0.00 0.00 
12 87.60 12.08 0.36 0.12 0.22 0.03 0.000 0.000 0.000 0.00 0.00 
13 100.0 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.000 0.00 0.00 
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TABLE #31 

Percent cover of 
Kane'ohe Bay bottom types in 1990 

by depth 
(Transects "A" and "B" averaged for all sites with matched depths) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

1990 

DEPTH SD lID TC PC MC PD FS CO OC OA DC 
0 0.29 51.61 31.16 30.29 0.17 0.42 0.210 0.043 0.019 8.78 7.89 
1 2.48 30.62 49.48 46.63 2.68 0.06 0.077 0.020 0.020 3.53 13.91 
2 9.82 23.62 43.96 39.50 4.25 0.19 0.010 0.003 0.000 2.67 19.35 
3 13.36 25.33 38.10 32.09 5.82 0.16 0.013 0.003 0.000 1.69 21.59 
4 19.96 35.25 30.43 23.46 6.77 0.13 0.007 0.000 0.053 1.09 13.34 
5 27.91 36.25 27.08 22.08 4.33 0.12 0.023 0.003 0.517 0.96 7.84 
6 35.53 37.37 24.16 19.51 4.51 0.12 0.007 0.007 0.003 0.77 2.20 
7 53.30 32.00 12.75 9.51 2.93 0.26 0.000 0.017 0.027 1.27 0.66 
8 51.70 36.34 11.70 5.33 6.28 .0.09 0.000 0.004 0.000 0.00 0.10 
9 65.28 28.96 5.32 1.20 3.95 0.04 0.004 0.000 0.120 0.00 0.12 
10 63.97 33.96 1.95 0.66 1.25 0.04 0.000 0.000 0.000 0.00 0.00 
11 73.37 25.08 1.17 0.15 1.01 0.01 0.000 0.000 0.000 0.00 0.00 
12 94.17 5.60 0.02 0.00 0.02 0.00 0.000 0.000 0.000 0.00 0.23 
13 96.00 4.00 0.10 0.00 0.10 0.00 0.000 0.000 0.000 0.00 0.00 
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APPENDIX D 
FIGURE #13 

Reef slope cover in Kane'ohe Bay averaged 
by bay and region in 1970/71 

(Transect "A" averaged for I-7m depth only) 
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FIGURE #14 
Reef slope cover in Kane'ohe Bay averaged 

by bay and region in 1983 
(Transect "A" averaged for I-7m depth only) 

s" ~~ 

v 
~~I"'" 

6~~ 
v 

~~~ 
0~~ 

,"?-«:/ 

~~V 
e;,O 

e;,~ 
~~ 

q.~ 

'), 
/.j o~ 

80 

60 ~ ::.::;: 

40 e 
f-.... 

<0 .~ 
G 

,~ ttJ 
~ ""</,. Cl.; 
~q '>'"" <S' '>I' 

(;6 
.y~ 

""~/l'~ 

4. r· -1 i 
? 0 ..... --> ~ 

.,Q • rQ Y..>.... °0 
.; ~~ ~_. "';,. 'r.. 

r>' ...... c < "" ," ~t"..d 'L";- v~ Q ' ~r 
o ·.1'0 '7/ q ..... 

. ,,~ °0 

O 
a ....... c/ -.....~ 

C· ;.. ?/ &r 
~ 

't,l. <?~ "9 .1' 

V"" ;,;;. 
'-'r ~.? Q c;-

O 
~ct/ ~ 

~ 
~ v~./' 
.~ '14 

Qb q~ 
<?~ 
~o 
~Q 



...... 
\Jt 
W 

'00 

~ 
b 
U AO 
~ 18 ,.,0 

~p--{ 

c:? i-' 

~ 
~~<'~ 

~"-~ 
-2-0 

FIGURE #15 
Reef slope cover in Kane'ohe Bay averaged 

by bay and region in 1990 
(Transect "A" averaged for I-7m depth only) 
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APPENDIX E 

TABLE #32 

Percent cover of 
Kane'ohe Bay bottom types by bay and region 

(1-7 meter depths averaged for baywide or region using transect "A" only) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicomis OC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

1970171 

SD HD TC PC MC PD FS CO OC OA DC 
BAYWIDE 39.39 22.28 15.56 13.69 1.43 0.18 0.153 0.010 0.104 0.37 21.62 

NOR1HWEST 31.92 30.43 34.59 31.10 2.49 0.42 0.332 0.036 0.214 0.83 1.75 
CENfRAL 14.56 15.95 13.40 12.44 0.51 0.16 0.214 0.000 0.068 0.00 46.88 

SE-CENTRAL 40.90 16.73 9.76 7.43 2.12 0.09 0.011 0.000 0.107 0.02 32.45 
SOUIl-lEAST 72.18 25.13 0.83 0.49 0.31 0.00 0.024 0.000 0.000 0.70 0.00 

1983 

SD HD TC PC MC PD FS CO OC OA DC 
BAYWIDE 27.90 34.90 31.77 28.26 2.61 0.70 0.125 0.087 0.004 1.64 3.78 

NOR1HWEST 27.06 25.71 42.94 42.14 0.26 0.41 0.079 0.057 0.000 0.00 4.46 
CENfRAL 13.99 31.00 44.80 40.80 2.29 1.24 0.350 0.136 0.014 3.82 6.32 

SE-CENTRAL 28.38 44.61 23.31 17.29 5.02 0.84 0.036 0.125 0.000 0.57 3.34 
SOUIl-lEAST 47.38 39.46 10.80 7.67 2.96 0.16 0.010 0.010 0.000 2.32 0.10 

1990 

SD HD TC PC MC PD FS CO OC OA DC 
BAYWIDE 22.50 33.04 31.85 28.23 3.39 0.17 0.017 0.010 0.000 2.19 10.30 

NOR1HWEST 28.23 27.18 41.43 39.07 2.17 0.18 0.007 0.000 0.004 0.07 3.15 
CENfRAL 14.06 27.28 35.84 34.58 1.00 0.20 0.050 0.004 0.039 0.42 21.86 

SE-CENTRAL 17.35 42.39 26.70 19.96 6.52 0.20 0.004 0.018 0.000 0.004 13.60 
SOUI1-lEAST 32.97 36.07 20.60 16.34 4.08 0.08 0.005 0.024 0.066 10.28 0.02 
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APPENDIX F 
FIGURE #16 

Reef slope cover in Kane'ohe Bay averaged 
by site in 1970/71 

(Transect "A" averaged for I-7m depth only) 
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FIGURE #17 
Reef slope cover in Kane'ohe Bay averaged 

by site in 1983 
(Transect "A" averaged for I-7m depth only) 
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FIGURE #18 
Reef slope cover in Kane'ohe Bay averaged 

by site in 1990 
(Transect "A" averaged for I-7m depth only) 
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APPENDIX G 

TABLE #33 

Percent cover of 
Kane'ohe Bay bottom types in 1970171 

by site 
(Transect "A" only: averaged for 1-7 meters depth) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
(NR = No Record) CO = Cyphastrea oceltina 

OC = "Other Coral" 

1970171 

SITE SD lID TC PC MC PD FS CO DC OA 
15 9.07 39.33 42.90 39.31 2.11 0.89 0.300 0.143 0.143 2.86 
14 9.36 27.97 61.64 53.31 7.16 0.10 0.357 0.000 0.714 0.00 
13 67 .09 30.46 1.97 1.19 0.53 0.11 0.143 0.000 0.000 0.47 
12 42.17 23.97 31.84 30.60 0.14 0.57 0.529 0.000 0.000 0.00 
11. 9.04 13.86 25.34 24.17 0.79 0.21 0.114 0.000 0.057 0.00 
10 15.79 17.29 5.21 4.74 0.00 0.29 0.000 0.000 0.000 0.00 
9 18.86 16.71 5.27 4.54 0.39 0.16 0.000 0.000 0.186 0.00 
8 NR NR 17.76 16.31 0.86 0.10 0.457 0.000 0.029 0.00 
7 29.74 4.53 0.67 0.36 0.00 0.31 0.000 0.000 0.000 0.00 
6 42.63 16.13 24.91 18.59 5.84 0.06 0.000 0.000 0..429 0.07 
5 51.69 24.54 3.70 3.19 0.47 0.00 0.043 0.000 0.000 0.00 
4 39.53 21.71 9.74 7.59 2.16 0.00 0.000 0.000 0.000 0.00 
3 39.71 53.79 2.07 1.21 0.79 0.00 0.071 0.000 0.000 1.29 
2 93 .06 6.54 0.26 0.26 0.00 0.00 0.000 0.000 0.000 0.00 
1 83.76 15.06 0.16 0.00 0.16 0.00 0.000 0.000 0.000 0.80 
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DC 
5.84 
1.11 
0.00 
0.04 

51.74 
61.71 
59.14 
14.90 
65.07 
16.26 
19.47 
29.01 

0.00 
0.00 
0.00 



TABLE #34 

Percent cover of 
Kane'ohe Bay bottom types in 1983 

by site 
(Transect "A" only: averaged for 1-7 meters depth) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HO = Hard Substrate PO = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

1983 

SITE SD lID TC PC MC PD FS CO DC OA IX: 
15 4.36 46.53 34.23 33.81 0.07 0.30 0.000 0.043 0.000 0.00 14.93 
14 6.29 27.79 65.74 6.07 0.71 0.50 0.314 0.143 0.000 0.00 0.77 
13 65.90 10.96 21.77 21.26 0.20 0.30 0.000 0.014 0.000 0.00 1.41 
12 31.71 17.56 50.01 49.40 0.06 0.53 0.000 0.029 0.000 0.00 0.74 
11 15.57 38.43 45.34 38.79 5.53 0.97 0.043 0.014 0.000 0.44 0.29 
10 12.81 37.90 41.99 35.94 2.14 2.53 1.243 0.129 0.000 0.43 6.27 
9 18.56 39.51 24.73 23.70 0.41 0.50 0.014 0.229 0.014 14.41 2.90 
8 9.00 8.14 67.13 64.79 1.07 0.97 0.086 0.171 0.043 0.00 15.81 
7 23.56 29.69 42.33 38.91 . 1.49 1.43 0.043 0.457 0.000 0.00 4.01 
6 19.91 55.69 20.69 15.81 3.40 1.43 0.000 0.043 0.000 2.29 1.49 
5 43.84 31.10 20.17 9.21 10.40 0.46 0.100 0.000 0.000 0.00 4.87 
4 24.80 61.97 10.04 5.21 4.79 0.04 0.000 0.000 0.000 0.00 2.97 
3 36.64 36.50 26.69 22.21 4.17 0.26 0.029 0.014 0.000 0.00 0.21 
2 32.26 58.63 2.20 0.33 1.80 0.09 0.000 0.000 0.000 6.97 0.00 
1 73.23 23.26 3.51 0.46 2.91 0.13 0.000 0.014 0.000 0.00 0.07 
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TABLE #35 

Percent cover of 
Kane'ohe Bay bottom types in 1990 

by site 
(Transect "A" only: averaged for 1-7 meters depth) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SD = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

1990 

SITE SD lID TC PC MC PD FS CO OC OA DC 
15 17.90 21.47 48.97 48.33 0.29 0.33 0.014 0.000 0.014 0.21 11.53 
14 0.57 26.83 72.41 70.17 1.90 0.34 0.000 0.000 0.000 0.03 0.23 
13 60.67 16.94 21.53 15.03 6.50 0.00 0.000 0.000 0.000 0.00 0.86 
12 33.79 43.46 22.81 22.76 0.00 0.04 0.014 0.000 0.000 0.04 0.08 
11 1.00 42.03 50.83 48.70 1.74 0.33 0.043 0.000 0.014 0.00 3.71 
10 0.00 40.21 32.53 31.04 1.29 0.19 0.014 0.000 0.000 0.01 27.33 
9 43.87 3.61 12.06 11.40 0.40 0.11 0.014 0.014 0.114 1.66 38.89 
8 11.36 23.26 47.96 47.17 0.47 0.16 0.129 0.000 0.029 0.00 17.53 
7 28.07 8.07 42.14 39.50 2.50 0.07 0.000 0.071 0.000 0.00 21.71 
6 14.53 49.97 27.67 23.37 3.94 0.36 0.000 0.000 0.000 0.01 7.87 
5 26.79 38.54 15.00 7.60 7.13 0.26 0.014 0.000 0.000 0.00 19.71 
4 0.00 72.99 22.00 9.39 12.50 0.11 0.000 0.000 0.000 0.00 5.09 
3 3.64 38.86 57.56 47.56 9.83 0.16 0.014 0.000 0.000 0.00 0.00 
2 18.39 47.57 3.10 1.37 1.61 0.07 0.000 0.057 0.000 30.84 0.00 
1 76.89 21.77 1.11 0.10 0.79 0.01 0.000 0.014 0.200 0.00 0.06 
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APPENDIX H 
FIGURE #19 

Reef slope cover in Kane'ohe Bay averaged 
by depth (I-7m) in 1970/71 

(Transect "A" averaged for all sites at each depth) 
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FIGURE #20 
Reef slope cover of Kane'ohe Bay averaged 

by depth (I-7m) in 1983 
(Transect "A" averaged for all sites at each depth) 
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FIGURE #21 
Reef slope cover in Kane'ohe Bay averaged 

by depth (I-7m) in 1990 
(Transect "A" averaged for all sites at each depth) 
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APPENDIX I 

TABLE #36 
Percent cover of 

Kane'ohe Bay bottom types by depth 
(Transect" A" only: averaged by site for 1-7 meters depth) 

SUBSTRATE CORAL ALGAE 
TC = "Total Coral" 
PC = Porites compressa 

SO = Sediment MC = Montipora capitata OA = "Other Algae" 
HD = Hard Substrate PD = Pocillopora damicomis DC = D. cavemosa 

FS = Fungia scutaria 
CO = Cyphastrea oceLlina 
OC = "Other Coral" 

1970171 

DEPTH SD lID TC PC MC PD FS CO OC OA DC 
1 15.15 35 .36 · 25.79 23.28 1.99 0.15 0.320 0.000 0.047 2.45 14.21 
2 23.23 27.24 23 .97 19.87 3.57 0.11 0.433 0.000 0.000 0.09 22.00 
3 24.25 22.06 25.60 22.52 2.11 0.37 0.000 0.067 0.533 0.00 28.05 
4 32.69 17.80 15.08 14.17 0.57 0.07 0.267 0.000 0.013 0.02 29.27 
5 41.90 16.12 10.77 9.41 0.88 0.37 0.053 0.000 0.066 0.00 25.49 
6 52.20 15.63 4.80 4.43 0.30 0.07 0.000 0.000 0.000 0.00 21.07 
7 67.93 11.33 2.93 2.17 0.57 0.13 0.000 0.000 0.066 0.00 11.27 

1983 

DEPTH SD lID TC PC MC PD FS CO OC OA DC 
1 7.25 38.65 41.64 39.17 1.05 0.93 0.273 0.213 0.000 4.98 7.31 
2 14.57 28.65 47.92 44.87 1:95 0.80 0.287 0.087 0.000 2.09 6.76 
3 27 .18 29.12 38.61 33.63 4.23 0.67 0.033 0.020 0.020 0.85 4.29 
4 28.76 32.04 33.19 30.17 2.11 0.74 0.147 0.020 0.000 2.15 3.90 
5 34.51 38.81 24.56 20.83 3.00 0.57 0.040 0.120 0.007 0.15 1.90 
6 43.54 35.48 19.33 16.01 2.75 0.49 0.080 0.000 0.000 0.03 1.65 
7 39.47 41.61 17.17 13.16 3.18 0.67 0.013 0.147 0.000 1.20 0.67 

1990 

DEPTH SD lID TC PC MC PD FS CO OC OA DC 
1 1.83 29.77 48 .96 46.85 1.89 0.07 0.080 0.027 0.040 5.30 14.09 
2 . 9.57 22.63 42.43 38.58 3.51 0.33 0.007 0.007 0.000 4.23 19.97 
3 15.81 25.15 35.03 31.73 3.16 0.12 0.013 0.007 0.000 1.73 22.37 
4 22.35 39.07 29.11 24.69 4.22 0.11 0.007 0.000 0.073 1.07 8.49 
5 27.85 37.99 27.17 23.35 3.67 0.14 0.013 0.000 0.000 0.94 6.11 
6 33.17 39.25 25.86 21.50 4.31 0.04 0.000 0.000 0.007 0.77 1.01 
7 46.91 37.42 14.37 10.92 2.98 0.38 0.000 0.033 0.053 1.27 0.08 
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I-' 
0-
IJ1 

SD 
HD 

TC 
PC 
MC 
PD 
FS 
CO 
OC 

OA 
DC 

SUBSTRATE 

SD = Sediment 
HD = Hard Substrate 

BAYWIDE 

70-71 1983 1990 

46.78 37.24 34.59 
19.42 35.09 31.68 

11.42 23.29 24.19 
9.96 19.45 20.17 
1.06 2.77 3.78· 
0.15 0.72 0.14 
0.141 0.11 0.03 
0.008 0.09 0.008 
0.120 0.157 0.067 

1.22 1.45 1.67 
16.43 2.94 7.77 

APPENDIX J 
TABLE #37 

Percent cover of 
Kane'ohe Bay bottom types by bay and region 

(Transects "A" and liB" averaged for all matched depths) 

CORAL 
TC = "Total Coral" 

PC = Porites compressa 
MC = Montipora capitata 
PD = Pocillopora damicornis 
FS = Fungia scutaria 
CO = Cyphastrea ocellina 
OC = "Other Coral" 

------ ------- -- -- - - -

ALGAE 

OA = "Other Algae" 
DC = D. cavemosa 

NORTHWEST CENTRAL SOUTHEAST- SOUTHEAST 
CENTRAL 

70-71 1983 1990 70-71 1983 1990 70-71 1983 1990 70-71 1983 1990 

36.98 31.41 35.96 27.41 26.51 30.57 53.66 41.75 32.71 76.02 52.93 41.63 
29.65 29.86 25.96 14.73 33.49 27.14 14.74 39.75 36.70 20.26 36.57 37.48 

26.97 34.40 33.83 10.60 32.09 27.67 6.64 15.65 20.29 0.61 9.02 13.91 
24.25 32.40 31.81 9.49 27.28 25.15 5.04 11.04 13.12 0.34 5.63 10.02 
1.93 0.78 1.54 0.49 3.17 2.28 1.45 3.75 7.03 0.25 2.98 3.78 
0.33 1.04 0.25 0.17 0.76 0.12 0.07 0.67 0.11 0.00 0.39 0.06 

0.258 0.055 0.019 0.264 0.237 0.052 0.007 0.102 0.018 0.016 0.008 0.009 
0.028 0.090 0.009 0.005 0.141 0.006 0.000 0.082 0.010 0.000 0.011 0.011 
0.182 0.027 0.208 0.197 0.507 0.057 0.077 0.012 0.000 0.000 0.000 0.022 

4.68 0.05 0.19 0.00 3.62 1.14 0.01 0.66 0.06 0.49 0.99 7.05 
1.37 4.40 4.12 33.74 4.47 13.36 23.75 1.97 10.24 0.00 0.46 0.14 
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