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ABSTRACT 

The resilience of coral reef ecosystems has been studied and discussed in the literature for 

over four decades: however, discussion of resilience in coral reef communities has been limited 

due to the small number of long-term studies that span decades.  Increasing frequent and severe 

disturbances such as major weather events, fresh water kills, and increase in nutrients and 

sedimentation from surface runoff are causing increased stress to the Kāne`ohe Bay marine 

ecosystem and negatively impacting the coral reef community.  Two events released corals from 

competition for substrate and initiated the recovery of coral cover on Kāne`ohe Bay patch reefs; 

the diversion of sewage and associated nutrients outside of the Bay by 1978 and the virtual 

disappearance of the native macroalga Dictyosphaeria cavernosa (Forsskål) Børgesen in the 

spring of 2006.  The resilience, or the recovery of, Kāne`ohe Bay reefs may depend on the ability 

of remaining corals to vegetatively grow and outcompete macroalgae that once dominated the 

Bay and on their larvae to successfully settle and recruit on substratum. 

At the same time, the composition of the macroalgal and herbivore communities that 

occupy the reefs are critical to the outcome for the reefs.  In the 45 year period from the mid-

1960’s to 2011, mean coral cover has increased at annual rates of 1 to 4% in the intervals 

following release from competition, comparable to the published rates of recovery observed at 

other sites following acute disturbances.  Five years after the mass disappearance of D. 

cavernosa, the two dominant corals in the Bay showed the maximum gains in percent cover. 

These two species represented the reef-building corals that have been present in the Bay 

historically, Porites compressa Dana and Montipora capitata Dana.  Although the diversity of 

the other former coral species in the Bay have decreased over time, the resilience of these 

remaining species on reef flats and reef slopes throughout the Bay may be key in the future as 

impacts from global climate change increase. 



 



i 
 

TABLE OF CONTENTS 

 

CHAPTER 1: General Introduction………………………………………………………..……1 

 

CHAPTER 2:  Phase shifts, resilience, and a brief history and overview of Kāneòhe Bay  

  

Phase shifts and resilience…………………………………………………………...….7 

 Description of the project area……………………………………………….……...…10 

 Location and bathymetry………………………………………………………10 

 Reef types………………………………………………………………………10 

 Determination of Bay regions………………………………………………….11 

 Overview of common species present……………………………...………….11 

 Natural and anthropogenic disturbance………………………………………………..13 

 Dredge and fill…………………………………………………………………13 

 Population rise and sewage treatment………………………………………....14 

 Change in water circulation and negative effects……………………………..15 

 Environmental disruption and impacts…………………………………..…….16 

 Introduction of invasive species……………………………………………….17 

 Extreme tides………………………………………………………………….18 

 Montipora white syndrome……………………………………………………19 

 Past research……………………………………………………………………...……19 

 Extended weather initiated research………………..………………………………….22 

  Spring 2006: extended rainfall and freshwater input………………………….22 

 

 

CHAPTER 3:  Recovery as a measure of coral resilience: comparison of long-term benthic 

data in Kāneòhe Bay 

 Abstract…….…………………………………………………………………………..24 

 Introduction………………………………………………………………………...…..24 

  Possible phase-shift reversal, recovery of coral…………………………..……25 

  



ii 
 

TABLE OF CONTENTS (Continued) 

 

Methods…………………………………………………………………………….....27 

  Original survey information, 1970-1971……………………………….….….27 

  Resurvey of 1970-1971 survey sites…………………………………….…….28 

  Additional data collection, 1970-1971 series…………………………….……30 

  Original survey information, 1996 survey series………………………………30 

  Resurvey of 1996 survey series………………………………………………..31 

  2006 survey series……………………………………………..………………31 

  Recovery rates of coral from the literature……………………………………33 

 Results…………………………………………………………………………………34 

  1970 series……………………………………………………………………..34 

   Additional estimate of recovery………………………………………..35 

  1996 series…………………………………………………...………………...35 

  2006 series……………………………………………………………………..37 

  Comparison with other studies…………………………………………………38 

 Discussion……………………………………………………...………………………39 

 

 

CHAPTER 4:  Changes in distribution and abundance of Dictyosphaeria cavernosa in 

Kāne`ohe Bay from the 1960s to the 2000s and examination of factors 

potentially responsible for the absence of its recovery 

             Abstract………………………………………………………………………………..43 

 Introduction……………………………………………..……………………………..43 

  Restoration after anthropogenic disturbance……………………..…………....44 

  Initial degradation of reefs and a phase shift in Kāne`ohe Bay…………..……45 

  Potential causes of the phase shift……………………………………..…..…..46 

  Change in anthropogenic inputs and changes in ecosystem……………..…….46 

  Potential cause for the rapid decline in the late 2000s……………..….....…….47  

  Herbivore density and biomass and the influence on macroalgae………..……48 

  Purpose and questions related to the decline of D. cavernosa……………...….51 



iii 
 

TABLE OF CONTENTS (Continued) 

 

Review of the biology/ecology of Dictyosphaeria cavernosa (Forskål) Børgesen…...53 

  Morphology……………………………………………………………………53 

  Reproduction………………………………………………………………….54 

  Growth rate……………………………………………………………..……..54 

  Natural defenses……………………………………………………………....55 

  Habitat distribution…………………………………….…………………..….55 

 Methods…………………………………………………………………………...…..56 

Distribution and abundance of D. cavernosa in Kāne`ohe Bay, based on surveys 

from the 1960s to 2000s…………………………………….………………….56 

Abundance of D. cavernosa in Kāne`ohe Bay, based on surveys from the 1960s 

to 2000s………………………………………………………………..……….56 

Banner and Bailey 1970……………………………...………………...56 

1970-71 survey sites………………………………………….………..57 

   1996 survey series……………………………………………………..58 

 2006 survey series: Patch reefs 19, 20, 21…………………….………59 

Growth rate of D. cavernosa in the post die-off period under protection from 

herbivores………………………………………………………………………60 

 Change in experimental thalli size…………………………...………..62 

 Previous methods and cage specifications………………….…………62 

 Growth of D. cavernosa in situ, 2008-2011…………………………..63 

 D. cavernosa growth in the laboratory………………………………..65 

  Two-dimensional growth of D. cavernosa on patch reefs……………66 

Estimates of the influence of herbivores on the distribution and abundance of 

Dictyosphaeria cavernosa……………………………………………….…….67 

Estimation of grazing intensity on D. cavernosa in a post die-off period....…..67 

Estimates of reef fish abundance and biomass………………………...68 

   2006 series:  Reefs 19, 20, 21…………………………………69 

 

 



iv 
 

TABLE OF CONTENTS (Continued) 

 

Reef fish abundance and density………………….…...69  

   Size class distribution……………………………….…70 

Estimate of biomass……………………………………71 

              Shannon Diversity Index (Hʹ)……………………….…71 

   Moku o Loe: Sites A and C……………………………..……..72 

   Reef fish abundance and density………………..……..72  

   Size class distribution…………………………….……73 

   Estimate of biomass……………………………….…...73 

   Shannon Diversity Index (Hʹ)………………….…..…..73 

  Herbivore feeding observations…………………………………….….73 

  Comparison to historical studies on reef fish populations………….….74 

  Potential competition between D. cavernosa and other macroalgae…..74 

Results………………………………………………………………………………….75 

  Distribution and abundance of D. cavernosa in Kāne`ohe Bay………………..75 

   Pre-sewer diversion…………………………………………………….75 

  Post-sewer diversion, pre-2006 dieoff………………………..………..75 

  Post-2006 dieoff to present………………………………………….…76 

 Abundance of D. cavernosa in Kāne`ohe Bay…………………………………76 

 Estimates of cover from 1970-1971 series……………………………..76 

 Estimates of cover from 1996 series…………………………...………77 

 Estimates of cover from 2006 series………………………………...…77 

Growth rate of D. cavernosa in the post die-off period under protection from 

herbivores………………………………………………………………………78 

 Past research……………………………………………………………78 

 Growth of D. cavernosa in situ……………………………….………..78 

  Current growth rate of D. cavernosa under protection from herbivores78 

 D. cavernosa growth in the laboratory…………………………...……79 

 Two-dimensional growth on patch reefs……………………………….80 

 



v 
 

TABLE OF CONTENTS (Continued) 

 

Estimates on the influence of herbivores on the distribution and abundance of D. 

cavernosa…………………………………………………………………...….81 

Estimates of herbivore grazing rates…………………………………..81 

Estimates of herbivore (reef fish) abundance and biomass……………………82 

   2006 series: Reefs 19, 20, and 21……………………………………..82 

    Reef fish abundance and density………………….…………..82 

  Size class distribution…………………………………………83 

  Estimate of biomass……………………………………………83 

  Shannon diversity index (Hʹ)………………………….………83 

  Moku o Lo`e: Sites A and C………………………….……………….84 

    Reef fish abundance and density………………………….…..84 

  Size class distribution…………………………………………84 

  Estimate of biomass…………………….……………………..85 

  Shannon diversity index (Hʹ)………………………………….85 

Herbivore feeding observations……………………………………………….85 

Comparison to historical studies on reef fish populations…………………….86 

 Potential competition between D. cavernosa and other macroalgae…….…….87 

  1996 series………………………………………………….………….87 

  2006 series……………………………………………………………..87 

Discussion………………………………………………………………………….…..88 

 Distributional changes……………………………………………..…….…….88 

Hypotheses on the failure of D. cavernosa to return to pre-2006 levels....……89 

Change in nutrient availability…………………………..…….……….89 

Change in ability to sequester nutrients……………………….……….91 

Herbivory by reef fish may hinder growth………………….…………92 

 Competition with other macroalgae……………………………….…...93 

 Bottom-up vs. top-down control………………………..…….……….93 

Potential reversal of a phase shift and recovery of coral……….…….………..94 

 



vi 
 

TABLE OF CONTENTS (Continued) 

 

CHAPTER 5:  Additional factors influencing coral recovery in Kāne’ohe Bay: reef buildup and 

loss of structure 

Abstract………………………………………………...………………………………96 

Introduction…………………………………………………………………….………96 

  “Buildup” of reef structure……………………………………………….…….97 

   Crustose coralline algae (CCA) cement reef framework………………97 

Coral reef “slumps” and breakdown of framework……………………………98 

  Tidal influence on coral recovery………………………………………..….…98 

  Purpose and questions evaluated………………………………….………..….99 

Methods……………………………………………………………………..……..…100 

  Examination of “buildup” processes…………………………………..…...…100 

Estimates of current colony size and possible vegetative growth for 

recovery……………………………………………………………….100 

   Assessment of coral recruitment on patch reefs……………...………102 

   Crustose coralline algae (CCA) presence…………………………….103 

  Examination of “breakdown” processes………………………………...……103 

   Reef “slumps”, natural loss of coral and framework………...…….…103 

  Estimate of age of current colonies and approximate recovery time after loss  

  to “slumps”………………………………………..…………………….…….105 

Results………………………………………………………………………………...106 

  Examination of “buildup” processes………………………………….………107 

   Estimates of colony size………………………………………...…….107 

   Coral recruitment and recovery……………………………..………..107

   Presence of crustose coralline algae (CCA)………………………….109 

    1996 series………………………………………………...….109 

    2006 series……………………………………………………110 

Examination of “breakdown” processes………………………………...……111 

   Reef “slumps”, natural loss of framework……………………………111 



vii 
 

TABLE OF CONTENTS (Continued) 

 

Estimate of age of current colonies and approximate recovery time after loss  

  to “slumps”……………………………………………………………...…….112 

Discussion………………………………………………………………...…………..112 

  Recovery of coral on reefs……………………………………………………112 

  Controls of coral distribution…………………………………………………113 

  Ocean acidification and warming oceans………………………………….…114 

  Probability of future “slumps”………………………………..………………115 

 

CHAPTER 6:   Summary and Conclusions…………………………………………………..116 

 

 

LIST OF APPENDICES 

 

Appendix A.   Tables…………………………………………………………………………124 

Appendix B.   Figures………………………………………………………………………...159 

Appendix C. List of references for Figure 29, Coral recovery rate estimates………………241 

Appendix D. Estimate of reef fish density by species at Reefs 19, 20, and 21……………..247 

Appendix E. Estimate of reef fish biomass by species at Reefs 19, 20, and 21…………….269 

Appendix F. Estimate of reef fish density by species at Moku O Lo`e windward reef….…291 

Appendix G.   Estimate of reef fish biomass by species at Moku O Lo`e windward reef…...313 

Appendix H.   Size class summary by species for reef fish…………………………………..336 

Appendix I. Coral Size Class Summary by Species……………………………………….350 

 

REFERENCES CITED……………………………………………………………………….365 

 

  



viii 
 

TABLE OF CONTENTS (Continued) 

 

LIST OF TABLES 

 

Tables located in Appendix A 

Table 1.  Comparison of observed coral species richness at 18 sites from Maragos 1972…..124 

 

Table 2.  Verified data for NOAA tide station Moku o Lo`e (1612480)…………………….125  

 

Table 3.  Verified rainfall totals for March 2006, O`ahu………………………….…………126  

 

Table 4.  GPS coordinates for original Maragos (1972) transects and key to site names over 

time………………………………………………………………………...…127 

 

Table 5.  Average percent coral cover and D. cavernosa on reef slopes by region in Kāne`ohe 

Bay……………………………………………………………………………128 

 

Table 6.  Mean percent of total coral cover and D. cavernosa censused in 1970-1971 

(Maragos), 1983 (Maragos and Evans), 1990 (Hunter and Evans), 2009 

(Sukhraj)…………………………………………………………………...…129 

 

Table 7.  Mean percent cover for the first ten 1-m
2 

quadrats down the reef slope on Maragos’ 

original line………………………………………………………………...…130 

 

Table 8. Comparison of the average % change in coral cover per year in the four regions on 

each reef over the period 1996 to 2010……………………………………….131   

 

Table 9.  Average percent of macroalgae (native and alien) from the 1970-1971, 1996, and 

2006 series………………………………………………………………...….132 

 

Table 10.  Observations of D. cavernosa on the 1970-1971 series of reefs within Kāne`ohe 

Bay, 2009…………………………………………………………………..…134  

 

Table 11.  Mean percent of total coral cover and D. cavernosa censused in 1970-1971 

(Maragos), 1983 (Evans), 1990 (Hunter and Evans), 2009 (Sukhraj)………..135 

 

Table 12.  Comparison of the % cover (mean ± SE) of D. cavernosa on survey dates at the reef 

slopes of the 1996 series………………………………………………...……136   

 

Table 13.  Average percent cover of D. cavernosa on reef flats and reef slopes for the 1996 

series………………………………………………………………………….137 

 



ix 
 

TABLE OF CONTENTS (Continued) 

 

Table 14.  Percent cover D. cavernosa for the 2006 series on reef slopes and reef flats…….138 

 

Table 15.  Average D. cavernosa growth rates in the absence of herbivory (caged treatment), at 

HIMB, reported in Stimson et al. 2001………………………………………139 

 

Table 16. Mean of specific growth rate (g/g/day) for D. cavernosa thalli over time…...……140   

Table 17.  Estimate of current % herbivore density on a) the windward HIMB reef flat, and b) 

reef flats at patch reefs19, 20, and 21…………………………………...……141 

 

Table 18.  Estimate of current % herbivore biomass on a) the windward HIMB reef flat, and b) 

reef flats at patch reefs19, 20, and 21……………………………………...…142  

Table 19.  Summary of Shannon Diversity for all reef fish species……………………….…143 

 

Table 20.  Herbivore feeding observations on 11 patch reef flats in Kāne`ohe Bay from May 

2006 to May 2011……………………………………………………………144  

 

Table 21.  The top ten fish species contributing to biomass………………………………….149 

 

Table 22.  Average change in percent cover on introduced macroalgae……………………..150 

 

Table 23.  Size class distribution of coral colonies at four reefs within Kāne`ohe Bay, 2009-

2011………………………………………………………………………..…151 

 

Table 24.  Species parameters (means ± S.D.) measured for 6 10-m
2
 transects at Reefs 19, 20, 

21…………………………………………………………………………...…152  

 

Table 25.  Species parameters (means ± S.D.) measured for 6 10-m
2
 transects on reef slopes 

Reefs 19, 20, 21………………………………………………………………153 

 

Table 26.  Species parameters (means ± S.D.) measured for six 10-m
2
 transects at HIMB reef 

flat…………………………………………………………………………….154 

 

Table 27.  Species parameters (means ± S.D.) measured for six 10-m
2
 transects at HIMB reef 

slope…………………………………………………………………………..155 

 

Table 28.  Average change in percent cover of crustose coralline algae at the 1996 series and 

2006 series patch reef sites, 2005 to 2010……………………………………156   

 

Table 29.  Average change in percent cover of crustose coralline algae at the 1996 series and 

2006 series patch reef sites, 1996 to 2010……………………………………157 

 



x 
 

TABLE OF CONTENTS (Continued) 

 

 

Table 30.  Change in % of reef “slump” category observed from original 2010 "percent 

cover"…………………………………………………………………………158   

 

 

 

LIST OF FIGURES 

 

Figures located in Appendix B 

Figure 1.  Satellite image of Kāne`ohe Bay, O`ahu, Hawai`i, and adjoining watersheds……159 

 

Figure 2.  Location of 54 numbered patch reefs in Kāne`ohe Bay, O`ahu…………………...160 

 

Figure 3.  Depth profiles show 2009 estimates of average live coral cover at Maragos’ (1972) 

original sites from 0 to 10 m down the reef slope……………………….……161 

 

Figure 4. Four regions of Kāne`ohe Bay……………………………………………………..162  

 

Figure 5. Distribution of Mycale armata…………………………………………….………163  

 

Figure 6.  Mycale armata overgrowing Porites compressa at Moku o Loe/HIMB…..…...…164 

 

Figure 7.  Dislodged coral heads on reef slope……………………………………….............165 

 

Figure 8.  Exposure of reef flats during low tides.  Location:  Moku o Loe/HIMB, windward 

reef flat, April 2006………………………………………………………...…166 

 

Figure 9.  Verified exposure time for NOAA tide station Moku o Loe (1612480), windward 

reef flat of HIMB…………………………………………………………….167    

 

Figure 10.  Verified exposure time and number of events for NOAA tide station Moku o Lo`e 

(1612480), windward reef flat of HIMB………………………………….…167   

 

Figure 11a. 15 of the original Maragos sites (1970-1971) resurveyed in 1983, 1990, 1999 and 

2009…………………………………………………………………………..168   

 

Figure 11b.  Location of the 1996 time series sites (Reefs 4, 8, Moku O Lo`e, 29, 30, 44)  and 

2006 series sites (Reefs 19, 20, 21)…………………………………………...168 



xi 
 

TABLE OF CONTENTS (Continued) 

 

Figure 12.  Location of sites from 1970-1971 series.  GPS waypoints collected June 2009…169 

 

Figure 13.  General location of the 12 “high” and “low” D. cavernosa cover sites from the 

1996 series………………………………………………………………...….170 

 

Figure 14.  Location of the 2006 series.  Reefs 19, 20, and 21……………………………….171 

 

Figure 15a. Average change in coral cover by region from 15 permanent sites in Kāne`ohe 

Bay…………………………………………………………..…………..……172  

 

Figure 15b. Estimate of coral recovery Bay-wide from the 1970 series using sites that had D. 

cavernosa in 1970-1971………………………………………………………172 

 

Figure 15c.  Average change in % cover of D. cavernosa at same sites as figure 14a……….172 

 

Figure 16. Inverse relationship between rate of change per year in coral cover on 15 patch reefs 

(1970 to 2009) and initial coral cover (1970)…………………………...……173 

 

Figure 17.  Percent benthic cover on reef slopes from 1-m
2
 quadrats.  Sites revisited in 2009 

from the 1970 series…………………………………………………………..174 

 

Figure 18a.  Average % coral cover for the 1996 series reef flats at the “high” D. cavernosa 

sites………………………………………………………………………...…178 

 

Figure 18b.  Average % coral cover for the 1996 series reef flats at the “low” D. cavernosa 

sites……………………………………………………………………...……178   

 

Figure 19a.  Average % coral cover for the 1996 series reef slopes at the “high” D. cavernosa 

sites…………………………………………………………………..….……179 

 

Figure 19b.  Average % coral cover for the 1996 series reef slopes at the “low” D. cavernosa 

sites……………………………………………………………………….…..179 

 

Figure 20.   Average change in D. cavernosa cover on reef slopes and outer reef flats between 

 1996 and 2009 on the 6 reefs in the 1996 series……………………………...180 

 

Figure 21.  Inverse relationship between rate of change per year in % coral cover (2005 to 

2010) and initial cover (2005) for reef slopes and reef flats in the 1996 data 

series……………………………………………..………………………...…180 

 

Figure 22.   Regressions of change in coral cover per year (1996 -2010) vs. initial coral cover 

in 1996/97 for the 12 sites of the 1996 series……………………………..…181 

 

Figure 23ab.  Collapses of the coral and limestone foundation on reef slopes………………182  



xii 
 

 

TABLE OF CONTENTS (Continued) 

 

Figure 24. The replacement of coral by limestone on the 6 reef flats of the1996 sites (high and 

low sites have been combined for each reef) over the interval from 1996 to 

2009……………………………………………………………………..……183 

 

Figure 25.  Average percent change of coral and limestone on the twelve 1996 series reef flat 

sites from 1996 – 2010 (n =12)…………………………………………..…..183 

 

Figure 26a.  Average percent coral cover for reef slopes of the 2006 series, Reefs 19, 20, and 

21 (October 2006-October 2010)…………………………………………….184    

 

Figure 26b.  Average percent coral cover for reef flats of the 2006 series, Reefs 19, 20, and 21 

(October 2006-October 2010)……………………………………………..…184    

 

Figure 27.  Decline in D. cavernosa cover on reef slopes of the 2006 series………………..185 

 

 Figure 28.  Average percent change of coral, limestone, and sand and rubble on the reef flat 

and reef slope of Reefs 19, 20, and 21…………………………………………….…185  

 

Figure 29a.  Published recovery rates estimated at percent change in coral cover per year….186   

 

Figure 29b.  Percent change in coral cover per year vs. initial coral cover reported post-

disturbance………………………………………………………………...….186  

 

Figures 30abcdef.  Middle Kāne`ohe Bay reef slopes c. 1968……………………….………187 

 

Figure 31.  Large mats of D. cavernosa covering the sand bottom of the Sampan Channel circa 

1968……………………………………………………………...……………189 

 

Figure 32.  Overt competition between coral (Porites compressa) and Dictyosphaeria 

cavernosa on HIMB windward reef slopes, March 1995……………….....…190   

 

Figure 33.  Current observations of D. cavernosa thalli…………………...…………………191 

 

Figure 34.  Aerial photograph of Moku O Lo`e and HIMB……………………………...…..192  

 

Figure 35.  Location of D. cavernosa in situ growth trials around HIMB from Stimson et al. 

2001……………………………………………………………………..……193   

 

Figure 36.  Moku O Lo`e/HIMB windward reef slopes, October 2010……………...………194   

 

Figure 37.  D. cavernosa growing attached to introduced Gracilaria salicornia…………….195  

 



xiii 
 

TABLE OF CONTENTS (Continued) 

 

Figure 38. Platform showing caged and uncaged D. cavernosa thalli attached with coated wire 

and placed on the reef slope………………………………………………….195 

 

Figure 39.  D. cavernosa thalli being photographed before field trials………………………196 

 

   

Figure 40.  Distribution and abundance of D. cavernosa on reef slopes in the 1970s from 

Banner and Bailey (1970) and Maragos (1972)…………………………...….197  

 

Figure 41.  1999 distribution and abundance of D. cavernosa on reef slopes from the 1970 

series…………………………………………………………….……...…….198 

 

Figure 42. 1996 distribution and abundance of D. cavernosa on reef flats from the 1996 

series………………………………………………………………………….199 

 

Figure 43.  1996 distribution and abundance of D. cavernosa on reef slopes from the 1996 

series………………………………………………………………...……..…200 

 

Figure 44. 2006 pre-dieoff distribution and abundance of D. cavernosa on reef flats from the 

1996 and 2006 series………………………………………...………….……201   

 

Figure 45.  2006 pre-dieoff distribution and abundance of D. cavernosa on reef slopes from the 

1996 and 2006 series…………………………………………………...……..202

  

Figure 46.  2004-2009 distribution and abundance of D. cavernosa on reef flats for the 2006 

series………………………………………………………………………….203 

 

Figure 47.  2006-2009 distribution and abundance of D. cavernosa on reef slopes for the 2006 

series.................................................................................................................204 

 

Figure 48.  2009 distribution and abundance of D. cavernosa for the 1970, 1996, and 2006 

series………………………………………………………………………….205 

 

Figure 49.  Average % cover of D. cavernosa for the 1970 series reef slopes by region from 

1970 to 2009………………………………………………………………….206  

 

 Figure 50.  Average percent cover of D. cavernosa for the 2006 series on reef slopes and reef 

flats……………………………………………………………………………207   

 

Figure 51.  Pre-die-off (October 1991 – April 2000) estimates of  average specific growth rate 

for D. cavernosa thalli on the Moku o Lo`e/HIMB reef slope…………...…..208   

 

 



xiv 
 

TABLE OF CONTENTS (Continued) 

 

Figure 52.  Post-die-off (May 2008 – May 2011) estimates of average specific growth rate for 

both field experiment treatments of D. cavernosa thalli on the Moku o 

Lo`e/HIMB reef slope……………………………………………….……….208  

 

Figure 53.  Comparison of starting wet weight of D. cavernosa thalli with the specific growth 

rate at the end of the trial period. Sites A and C on the Moku o Lo`e/HIMB 

windward reef slope, May 2008 – May 2011…...............................................209 

 

Figure 54.  Estimates of total change in cover for D. cavernosa.  Beginning wet weight of thalli 

vs. estimated average change in cover from Day 1 to Day n…………………210 

 

Figure 55.  Estimates of daily change in cover for D. cavernosa.  Beginning wet weight of 

thalli vs. estimated average change in cover per day........................................211   

 

Figure 56.  Estimates of change in wet weight for D. cavernosa thalli after 24 hours vs. the 

percent change from the original wet weight on Day 1.  May 2009 to May 

2011…………………………………………………………………...………212   

 

Figure 57.  Average grams of biomass lost due to herbivory after 24 hrs……………………213 

 

Figure 58.  Average percent biomass loss of D. cavernosa thalli to herbivory after 24 hours.214 

 

Figure 59.  Average reef fish density for belt transects at the reef flats of patch reefs 19, 20, and 

21. Seventeen survey periods from February 2007 to December 2010………215   

 

Figure 60.  Estimate of biomass from belt transects at the reef flats of patch reefs 19, 20, and 

21.  Reported in kg/acre not kg/hectare.  Seventeen survey periods from 

February 2007 to December 2010……………………..……………………...216  

 

Figure 61.  Average reef fish density for belt transects on the windward reef flat of Moku o 

Loe/HIMB. Fourteen survey periods from February 2008 to May 2011…….217   

 

Figure 62.  Estimate of biomass from belt transects on the windward reef flat of Moku o 

Loe/HIMB.  Reported in kg/acre not kg/hectare.  Fourteen survey periods from 

February 2008 to May 2011………………………………………………..…218   

 

Figure 63.  Nutrient concentration trends for NO3
-
, NO2

-
, NH4

+
, and PO4

3-
 from November 

2005 to May 2008.………………………..................................……………..219  

 

Figure 64.  Use of laboratory reared Tripneustes gratilla for control of introduced algae 

species…………………………………………………………...……………220  

 

 



xv 
 

TABLE OF CONTENTS (Continued) 

 

Figure 65. Dislodged coral heads on reef slope.  Moku o Lo`e/HIMB and Reef 44 windward 

reef slope………………………………………………….…………………..221 

 

Figure 66.  Dislodged coral heads on windward Moku o Lo`e/HIMB reef slope, October 

2010…………………………………………………………………...………222 

 

Figure 67.  Dislodged coral heads on windward reef slope at reef 44, April 2011……...…...223 

 

Figure 68.  Reef slumps at Kwajalein Atoll, Republic of the Marshall Islands……...………224 

 

Figure 69.  Size class data for Porites compressa, observed at 4 reefs in Kāne`ohe Bay…....225 

 

Figure 70.  Size class data for Montipora capitata, observed at 4 reefs in Kāne`ohe Bay…...226 

 

Figure 71.  Size distribution of coral species observed within six 10-m
2
 transects on reef flats at 

Reefs 19, 20, and 21…………………………………………………..………227 

 

Figure 72.  Size distribution of coral species observed within six 10-m
2
 transects on reef slopes 

at Reefs 19, 20, and 21……………………………………………………..…228 

 

Figure 73.  Size distribution of coral species observed within six 10-m
2
 transects on the Moku 

o Lo`e/HIMB windward reef flat………...……………………………….…..229 

 

Figure 74.  Size distribution of coral species observed within six 10-m
2
 transects on the Moku 

o Lo`e/HIMB windward reef slope………………………….…………….…230 

 

Figure 75.  Average percent cover of introduced macroalgae for the 1996 series, 1996 to 

2010………………………………………………………………………...…231 

 

Figure 76.  Average percent cover of introduced macroalgae for the 2006 series, 2006 to 

2011……………………………………………………………………...……232 

 

Figure 77.  Inverse relationship between rate of change per year in % other macroalgae cover 

(2005-2010) and initial cover (2005-2006) for reef slopes and reef flats in the 

1996 data series……………………………………………….………………233   

 

Figure 78.  Inverse relationship between rate of change per year in % other macroalgae cover 

(2005-2011) and initial cover (2006) for reef slopes and reef flats in the 2006 

data series…………………………………………………………………..…233   

 

Figure 79.  Average percent cover of crustose coralline algae (CCA) for the 1996 series, 1996-

2010……………………………………………………………………...……234  

  



xvi 
 

TABLE OF CONTENTS (Continued) 

 

Figure 80a.  Inverse relationship between rate of change per year in % crustose coralline algae 

(CCA)  cover (1996-2010) and initial cover (1996) for reef slopes and reef flats 

in the 1996 data series…………………………………………………...……235 

 

Figure 80b.  Inverse relationship between rate of change per year in % CCA cover (2005-2010) 

and initial cover (2005-2006)…………………………………………………235   

 

Figure 81.  Average percent cover of crustose coralline algae (CCA) for the 2006 series, 2006-

2011………………………………………………………………...…………236 

 

Figure 82.  Inverse relationship between rate of change per year in % crustose coralline algae 

(CCA) cover (2005-2011) and initial cover (2006) for reef slopes and reef flats 

in the 2006 data series…………………………………………………...……237 

 

Figure 83.  Percent of points of categories observed  from the “reef slump” surveys at reef 

29……………………………………………………………………………...238  

 

 Figure 84.  Percent of points of categories observed from the “reef slump” surveys at reef 

44……………………………………………………………………………...239 

 

Figure 85.  Percent of points of categories observed from the “reef slump” surveys at Moku o 

Lo`e/HIMB reef slope…………………………………………...……………240 

 



 



1 

 

CHAPTER I 

GENERAL INTRODUCTION 

 

   Coral reefs are deteriorating worldwide from factors such as natural disturbance, 

introduction of foreign species, overfishing, anthropogenic impacts from coastal development, 

pollution, and global climate change (Hughes et al. 2003, Bellwood et al. 2004, Baker et al. 

2008, Knowlton et al. 2008, Graham et al. 2011, McClanahan et al. 2012).  Despite all of these 

negative impacts, there are signs that some coral reef ecosystems have remained resilient and 

that coral growth may be slowly increasing in some ecosystems, reversing decades-long phase-

shifts from coral to macroalgae dominance.  After an extended weather event in 2006 in 

Kāne`ohe Bay, O`ahu, it is possible that coral cover is now increasing on reefs that once 

experienced persistent marine bioinvasion by a native macroalga species, Dictyosphaeria 

cavernosa (Forskål) Børgesen (Børgesen 1932, Huisman et al. 2007).  There has also been recent 

evidence that coral recovery may have occurred in at least one part of Jamaica (Idjadi et al. 

2006), two decades after the large-scale die-off of a keystone herbivore species, Diadema 

antillarum. In the 1980s, the die-off resulted in a phase-shift from coral to macroalgae 

dominance (Hughes 1994, Aronson et al. 1998, Edmonds and Carpenter 2001). 

The increased abundance of D. cavernosa in the 1960s (Banner and Bailey 1970, 

Maragos 1972, Soegiarto 1972) that may have coincided with the discharge of sewage beginning 

in 1965, may have been the initial sign reef decline that eventually led to a phase shift to a 

macroalgal dominated community within Kāne`ohe Bay.  On many reefs, the combination of 

overfishing of herbivorous fishes, added nutrients from land-based activities, and sewage 

discharge, has elevated coral mortality and recruitment failure, and caused persistent shifts from 

the original dominance by corals to an abundance of macroalgae (Done 1992, Hughes 1994, 

Rogers and Miller 2006, Ledlie et al. 2007).  This will be discussed further in Chapter 2.  The 

coral to macroalgae phase shift has had secondary effects on other species that are dependent on 

the habitat provided by corals such as reef fish and invertebrates (Wilson et al. 2006, Munday et 

al. 2008, Pratchett et al. 2008).  In many cases algal dominance has developed on reefs 

previously characterized by well-developed coral communities; and the control of these 

macroalgae has become a reef management priority (Hatcher and Larkum 1989, Hawai`i Office 
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of State Planning 1992, McCook 1999, McClanahan et al. 2001, Maliao et al. 2008, Bruno et al. 

2009).   

Chapter 2 gives a brief overview of the natural and anthropogenic disturbances to the 

biological community in the Bay during the twentieth and twenty-first centuries and the phase 

shift which ultimately occurred. The disturbances over time, and the persistence of coral reefs in 

the Bay,  build a case for the resilience of the reef building corals present such as Porites 

compressa Dana (Dana 1846, Vaughan 1907), and Montipora capitata Dana (Dana 1846, Veron 

and Hodgson 1989) since the late 1960s.  The concept of ecological resilience is key to 

understanding the make-up of the coral community at present and its long-term presence and 

success within the ecosystem.  The ecosystem within Kāne`ohe Bay has experienced multiple 

disturbances but has retained the function of recruitment and growth of corals.   

The opportunity to study recovery and resilience in Hawai`i occurred because the 

macroalga D. cavernosa, which had come to dominate reefs in Kāne`ohe Bay (Banner and 

Bailey 1970, Maragos 1972, Hunter and Evans 1995, Larned and Stimson 1996, Stimson et al. 

2001), became scarce on patch reefs after an extended weather event (Stimson and Conklin 

2008).  In the spring of 2006 the cover and abundance of D. cavernosa was drastically reduced in 

Kāne`ohe Bay to less than 5% cover (Conklin 2007, Stimson and Conklin 2008) in association 

with 43-days of continuous rain and overcast conditions (Stimson and Conklin 2008; National 

Weather Service, Honolulu).  The lowered salinity and reduced irradiance were not sufficient to 

kill shallow water corals, but they were sufficient to cause the virtual disappearance of D. 

cavernosa both on reef flats and reef slopes.  This is not the first environmental disturbance to 

strongly affect the reef community of the Bay, and it was not the first time that a strong weather 

event had altered the Bay’s reefs.  However, this event created the opportunity for corals to grow 

and reclaim space formerly occupied by the algae D. cavernosa. The question was whether the 

coral community would display resilience.   

   The review of long-term records facilitates the examination of recovery and resilience. 

Chapter 3 extends and examines two historical data sets and presents a new data series which 

allows the examination of the response of the Bay’s reefs to a series of disturbances, including 

the termination of direct sewage input into the Bay in 1977-78 which influenced the abundance 

of macroalgae and excessive freshwater input (Banner 1968, Taguchi and Laws 1989, Jokiel et 
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al. 1993, Hunter and Evans 1995, Stimson and Conklin 2008).  The comparison of the three data 

series will also provide estimates of the long-term trajectory of the Bay’s coral cover over 

approximately four decades.   

If D. cavernosa did not thrive again after the disturbance, it raises the question of whether 

the community has undergone a reversal of the original phase shift.  Large areas of reef substrate 

suitable for occupation by corals were opened up with the dramatic decline in the cover of D. 

cavernosa, the major space competitor for corals.  There is now the potential for the increase in 

coral growth and possibly recovery.  This increase could be coming about for two reasons (1) an 

increase in cover due to growth of the coral colonies and fragments present after the 

disappearance of D. cavernosa (Chapter 2 and Chapter 5) and (2) new recruitment to surfaces 

made available due to the disappearance of D. cavernosa (Chapter 5).   

As of Fall 2012, D. cavernosa had not returned to pre-2006 levels of abundance or 

maintained its geographic range within Kāne`ohe Bay.  Possible causes for the non-resurgence 

include a slower growth rate, a decrease in nutrient availability, predation by herbivores, and 

competition from introduced macroalgal species. Chapter 4 addresses whether D. cavernosa still 

has the ability to assert itself via growth within the community and/or if recovery of D. 

cavernosa on patch reefs is occurring. Past growth rates for D. cavernosa in Kāne`ohe Bay were 

used for comparison to new growth experiment assays and to note any trends in the ability of the 

macroalga to maintain its presence as the dominant macroalga over time.  It is possible that the 

current growth rates are lower than the rates estimated in the 1990s and 2000s.  The potential for 

D. cavernosa to grow and reestablish itself on patch reefs may be a function of its size.  Previous 

experiments (Stimson et al. 1996, Stimson and Larned 2000) hypothesized that the thallus was 

dependent on the sub-thallus nutrient flux from the underlying sediments in Kāne`ohe Bay.  It is 

possible to hypothesize that now that the macroalga “mat” morphology is no longer present, the 

smaller individual thalli cannot sequester the necessary amount of nutrients to maintain growth 

rates recorded pre-die-off.  Current grazing rates by herbivorous reef fish may also influence the 

growth rates and distribution of this macroalga. Information is also presented on the current 

geographic range and percent cover of D. cavernosa after the 2006 die-off to note changes in 

previous documented occurrences in the Bay.  The macroalga may not be resilient to all of the 

physical and environmental changes that have occurred in the last century (Chapter 2).   
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In addition to competition with coral species, D. cavernosa also competes with other 

macroalgal species for nutrients and space.  Although the decline in the presence of D. cavernosa 

on patch reefs was not a result of competition with these macroalgae, its recovery may be limited 

by the presence and abundance of invasive species such as Gracilaria salicornia (C. Agardh) 

E.Y. Dawson (Dawson 1954, Huisman et al. 2007), Acanthophera spicifera (M. Vahl) Børgesen 

(Børgesen 1910, Huisman et al. 2007), Eucheuma denticulatum (N.L. Burman) F. S. Collins & 

Hervey (Collins and Hervey 1917, Huisman et al. 2007), and Kappaphycus alvarezii (Doty) Doty 

ex P.C. Silva (Silva et al. 1996, Huisman et al. 2007) (Rodgers and Cox 1999, Woo 2000, Smith 

et al. 2004, Conklin and Smith 2005, Cox et al. 2012).  If D. cavernosa is not recovering from 

the 2006 event, analysis of the long-term survey data can estimate if the percent cover of these 

other macroalgae have increased instead. As mentioned before, nutrients may also be a limiting 

factor in the recovery of D. cavernosa.  A third hypothesis regarding the growth of this 

macroalga is that current grazing rates by herbivorous reef fish have an influence the growth rate 

and distribution.  

Herbivores play a major role in the distribution of macroalgal species and the potential 

for coral recruitment (Hixon and Brostoff 1996, Heck and Valentine 2007, Albert et al. 2008, 

Smith et al. 2010).  The reef fish play a role in the top-down control of macroalgal species within 

the Bay; the exclusion of macroalgae from reef flats and reef slopes allows reef building corals 

and coralline algae, which are generally slower growing than macroalgae, to successfully 

compete for space on reefs (Stephenson and Stearles 1960, Wanders 1977, Lewis 1986, Done 

1992, Hughes 1994, Miller and Hay 1998).  Chapter 4 also presents data on the herbivore reef 

fish community on four patch reefs within Kāne`ohe Bay.  Fish populations in Kāne`ohe Bay 

have received increased, and almost unregulated, fishing pressure in recent decades resulting in 

overfishing of herbivorous fishes (scarids and acanthurids) (Everson 1994, Friedlander and 

DeMartini 2002, Everson and Friedlander 2004, Friedlander et al. 2007, Williams et al. 2008).  

Usable historical quantitative data for the herbivore reef fish community, including data on 

individual species, within the Bay is limited (Brock 1979, Brock et al. 1979, Grigg 1994, 

Conklin 2007, CRAMP) and therefore it is difficult to compare recent estimates of density, 

biomass, and size class distribution to data from the past and to provide answers on how the reef 

fish herbivore population has changed over time.  In addition to summarizing current estimates 

of reef fish population composition from patch reefs included in the studies from Chapters 3 and 
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4, table summaries of the data by species will be provided as Appendices for future use and 

reference.    

Chapter 5 will investigate the processes which may be responsible for the recovery of 

corals seen in the 2006 data set (colony expansion rate via 2-dimensional growth and the 

presence of crustose coralline algae) and the loss of cover seen in the 1971 and 1996 data sets 

(slumps and low tides).  This chapter explores the concepts of building reef framework and 

losing reef framework and discusses how each affects the concept of resilience in coral reef 

communities. Information on size class distributions of the coral in Kāne`ohe Bay will be used to 

infer if coral recovery was accomplished.  Data are presented on the current coral community at 

eight sites on four patch reefs, focusing on the most common framework building species 

encountered including Porites compressa Dana (Dana 1846, Vaughan 1907) and Montipora 

capitata Dana (Dana 1846, Veron and Hodgson 1989).  The purpose of this chapter is to 

determine 1) the current size classes of corals by species contributing to the potential increase in 

the rate of coral cover, 2) estimates of percent cover based on measurements of the coral colonies 

present, 3) if sexual recruitment is occurring on the substrate available since the loss of D. 

cavernosa, 4) estimates of recruitment per unit area, 5) the amount of coral and reef framework 

being lost to “reef slumps”.  Data are presented on the size class distribution of Porites 

compressa and Montipora capitata on reef flats and reef slopes and if the recovery observed in 

Chapter 2 is a result of vegetative growth or new recruits.  Using the linear growth rates obtained 

from the small study can be used to predict how corals can grow in the Bay and if there is 

potential for corals to take over the current open reef substrate.  Estimates of recruitment for 

these 4 patch reefs in Kāne`ohe Bay are also compared to published rates recruitment of the same 

species.  

In addition, the trial estimate of quantifying the “reef slumps” phenomenon occurring on 

reef slopes of patch reefs in Kāne`ohe Bay provide preliminary information on the amount of 

upper reef slope and settlement substrate that is being lost to this phenomenon.  The fragility of 

the reef may be a function of the coral species present, the lagoon environment, and the depth 

limitation of cementing crustose coralline algae (Minnery et al. 1985, Steneck 1986).  Using 

growth rate estimates for the selected coral species, the age of the present community can 

determined, and provided as an estimate of the recovery time that would be needed to replace 
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coral colonies sliding down the reef slope.  By examining the change in position of coral 

colonies down the reef slope over the trial period, it may be possible to predict what could 

happen in the future on the Bay’s patch reefs and if the coral species can remain resilient to the 

changes in habitat structure. 

By examining the ideas and questions presented in Chapters 2 through 5, conclusions can 

be made about the resilience of the coral community within Kāne`ohe Bay, factors affecting the 

recovery of coral species, and how coral recovery in the Bay compares to other observations of 

coral recovery outside of the Hawaiian Island chain.  In the near future, the concepts discussed 

may be applicable to locations such as Palmyra Atoll where a phase shift occurred after an 

anthropogenic event (Work et al. 2008) and the now dominant corallimorph Rhodactis howesii is 

slowly being eradicated by the U.S. Fish and Wildlife Service and The Nature Conservancy, and 

will test the resilience of the remaining coral reef community.  The corallimorph responded to 

the introduction of iron to the ecosystem from the corrosion of the grounded vessels with rapid 

growth and an increase in its geographic distribution. 
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CHAPTER II 

 

PHASE SHIFTS, RESILIENCE, AND A BRIEF HISTORY AND OVERVIEW OF 

KĀNE`OHE BAY 

 

 

Phase shifts and resilience 

 

Coral reefs can undergo unexpected and dramatic changes in community composition 

and structure, called “phase shifts” if they remain in the altered composition and structure for a 

while.  The term “phase-shift” was introduced to the coral reef literature to describe slow or fast 

transitions from a coral-dominated community to an alternative set of species (Done 1992). The 

resulting alternative state can be characterized by new dominant coral species (Aronson et al. 

2004) or alternative life forms (Hughes 1989, Done 1992, Hughes 1994).  In most reported cases, 

the shift is from coral to macroalgal dominance and is the result of change in the ecosystem 

within a short time frame: a coral bleaching event, a storm event, declining water quality, 

overfishing, a large input of nutrients resulting in rapid macroalgal bloom, etc. (Hughes 1994,  

Ledlie et al. 2007).   Early examples included shifts to macroalgae recorded on the Great Barrier 

Reef (Done 1992, McCook 1999, Bellwood et al. 2004), Reunion Island (Done 1992), Jamaica 

(Hughes 1994, Lapointe 1997), south Florida (Done 1992, Maliao et al. 2008, Bruno et al. 2009), 

and Hawai`i (Banner and Bailey 1970, Maragos 1972, Soegiarto 1972, Grigg 1995, Stimson et 

al. 2001).  Phase shifts are associated with coral reef communities and are often influenced by 

the decreases in the diversity and abundance of fish and invertebrates (McClanahan et al. 1999), 

including corals. 

Many reefs around the world are increasingly threatened from overfishing practices, 

bleaching events, and from human activities causing excess inputs of sediment and nutrients 

(Lessios et al. 1983, Done 1992, McCook 1996, Hughes et al. 2003, Hughes et al. 2007).  

Overfishing reduces the ability of herbivore communities to remove macroalgal biomass, and 

nutrient and sediment addition may increase the growth rates of algal species.  At the turn of the 

century an estimated 30% of reefs were already severely damaged, the remaining living reefs 

were in serious decline; and close to 60% of the remaining reefs are predicted to  be lost by 2030 

(Wilkinson 2002).  The resilience of these remaining reefs to stresses brought about by global 
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climate change, disease, and increasing anthropogenic inputs, is important in making estimates 

of the future rates of reef decline or recovery. 

Resilience can be defined as the ability of reefs to absorb recurrent disturbances 

(e.g., from cyclones, outbreaks of predators, or coral bleaching events) and rebuild coral-

dominated systems (Holling 1973, Grigg and Maragos 1974, Hughes 1994, Gunderson 2000, 

McClanahan et al. 2001, Scheffer et al. 2001, Hughes et al. 2005, Coles and Brown 2007, 

Hughes et al. 2007, Nyström et al. 2008, Guillemot et al. 2010).  Loss of resilience can lead to a 

phase shift or an alternate assemblage that is characterized by abundances of fleshy macroalgae 

or other opportunistic species such as sponges.  Ecological resilience recognizes the potential 

existence of critical tipping points, or thresholds, that when crossed may result in a shift to an 

alternative stable state, which is maintained by self-reinforcing feedback mechanisms that tend to 

keep the ecosystem in its new state (Knowlton 1992, Mumby et al. 2007, Nyström et al. 2008).  

The state of a reef as resilient or degraded is largely determined by whether macroalgal 

dominance after the disturbance is temporary or long term.  Even if a coral reef is able to return 

to its original stable point after some time, the changes in species distribution and ecosystem 

processes may have occurred making the system vulnerable to future external shocks, i.e., the 

ecosystem has lost some of its resilience (Nyström et al. 2008).  

Today, ecological resilience often refers to restructuring and reestablishment from stress 

or changes in processes that might have occurred (Gunderson 2000, Brand and Jax 2007).  

Ecological resilience expresses the difficulty, or ease, with which a system can switch between 

alternative stable states, with more ‘‘resilient’’ systems having higher thresholds to switching 

states (Scheffer and Carpenter 2003, Ives and Carpenter 2007, Scheffer et al. 2008).   Many coral 

reefs have been slowly pushed close to a threshold by chronic anthropogenic impacts, and fail to 

recover from pulses of coral mortality (Hughes and Tanner 2000, Williams and Polunin 2001, 

Gardner et al. 2003, Scheffer et al. 2008).   

Most coral reef research is conducted on a small scale and is relatively short-term, and 

therefore the data provides little insight into the dynamics and resilience of reef ecosystems. One 

goal of the proposed research was to revisit a 40 year old data set from four sets of surveys 

(1970-1971, 1983, 1990, 1999) in order to provide information on the resilience of reefs within 

Kāne‘ohe Bay in spite of anthropogenic and natural disturbances. 
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One measure of the ecological resilience of coral reefs is the capacity of coral populations 

to re-establish in habitats formerly dominated by macroalgae.  The presence of macroalgae 

makes it unlikely corals can reestablish because macroalgae block access of coral planula to the 

underlying substrate, block irradiance, and can cause abrasion of the substratum on which the 

coral may settle and compete for space (McCook et al. 2001a, Hughes et al. 2003, Diaz-Pullido 

2010).  The effect of algae on coral replenishment include reduced fecundity and larval survival 

(Tanner 1995), pre-emption of space for settlement (Coyer et al. 1993, Miller and Hay 1996), 

chemical inhibition of settlement (Heyward and Negri 1999, Negri et al. 2001, Birrell et al. 

2008b), abrasion or overgrowth of recruits (Coyer et al. 1993, Miller and Hay 1996, Lirman 

2001, Diaz-Pullido 2010), sloughing or dislodgement of recruits settled on crustose algae 

(McCook et al. 2001a), and changes to habitat conditions (Miller and Hay 1996, Lirman 2001, 

McCook 2001, Nugues and Szmant 2006).  The resilience of the corals, or capacity to recover 

from these disturbances, is critical to their long-term persistence (McCook et al. 2001b, Hughes 

et al. 2007).  

 In, reef substrate has now been opened up with the dramatic decline of the once dominant 

green macroalga Dictyosphaeria cavernosa (Forskål) Børgesen (Børgesen 1932, Huisman et al. 

2007) in the spring of 2006 (Stimson and Conklin 2008), and coral recovery is now possible as 

long as there is not a resurgence in D. cavernosa growth.  However, the decline of D. cavernosa 

occurred after a time when introduced red macroalgae (Gracilaria salicornia (C. Agardh) E.Y. 

Dawson (Dawson 1954, Huisman et al. 2007), Acanthophera spicifera (M. Vahl) Børgesen 

(Børgesen 1910, Huisman et al. 2007), Eucheuma denticulatum (N.L. Burman) F. S. Collins & 

Hervey (Collins and Hervey 1917, Huisman et al. 2007), and Kappaphycus alvarezii (Doty) Doty 

ex P.C. Silva (Silva et al. 1996, Huisman et al. 2007), were already well established on reef flats 

and some reef slopes (Smith et al. 2002, Smith et al. 2004, Conklin and Smith 2005).  Now there 

is the question of whether the phase shift which brought about D. cavernosa dominance will be 

succeeded by a new phase shift, the expansion and dominance of these introduced red algae.   
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Description of the project area 

 

 Location and bathymetry 

 

Kāne`ohe Bay lies on the northeastern coast of the island of O`ahu (21°28' N, 147°48' W) 

and is a 32 km
2
 partially enclosed lagoon 9 km long and approximately 4 km wide at its widest 

point (Figures 1 and 2).  The long axis of the lagoon is partially enclosed on the eastern side by a 

barrier reef. Two passes at either end of the barrier reef connect the ocean to the interior of the 

bay:  the Sampan Channel to the southeast, approximately 0.8 km broad and with a minimum 

depth of 3 m, and the Ship Channel to the northwest, with a dredged passage of 82.3 m wide and 

a depth slightly less than 9 m (NOAA Bathymetry Data).  The waters of the southern section of 

the bay are largely cut off from the waters of the central portion of the bay and the ocean by 

Coconut Island (Moku o Lo`e) and adjacent fringing reefs (Banner 1968, Bathen 1968, Maragos 

1972, Group 70 2004).  The naval base constructed in 1939 also constricted water flow into the 

southern section.  The reefs of Moku o Lo`e (site of the Hawai`i Institute of Marine Biology 

(HIMB)) are currently a no-take Marine Life Conservation District (MLCD) under protection of 

the State of Hawai`i, Department of Land and Natural Resources.   

The Bay, or lagoon, is approximately 13 m in depth (Roy 1970, Maragos 1972).  From 

1927-1969 a significant depth decrease was reported for the lagoon, an average of 5.4 ft. ± 1.6 ft. 

(1.65 m ± 0.49 m) with a 95% confidence interval, as a result of increased erosion and increased 

runoff from land (Roy 1970).  If the Bay continues to fill at the same rate as it did between 1927 

and 1969, maximum depth could be reduced to approximately 30-35 ft. (9.1 – 10.67 m) by the 

year 2100.  Also, fifty percent of the present lagoon area could be 10 ft. (3 m) deep or less and 

70% will be 20 ft. (6.1 m) deep or less.  However, these estimates may not be accurate 

predictions using the past measured rate because land use has changed over time. 

 

Reef types 

 

Three reef types exist within the Bay:  fringing, barrier, and patch.  Fringing reefs extend 

from the Mokapu Peninsula north to Kualoa along the coastline.  The average incline of both 

fringing and patch reef slopes is ~27 degrees (Roy 1970).  Before dredging and filling activities 

in 1939, the fringing reef was wide and almost continuous along the shoreline.  Now, large 
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sections of the fringing reef in the south Bay are either covered with fill or have been removed 

via dredge activity.  In the late 1960s, the distribution of living coral on the fringing reef 

extended down to 7.5 m depth and reef flats were exposed at low tides (Roy 1970, Maragos 

1972).  By 2009, the distribution of living coral was restricted to the upper 10 m Bay-wide 

(Stimson unpub. data, Sukhraj unpub. data, Figure 3).   

Patch reefs are scattered throughout the Bay lagoon (Figure 2) and were once described 

as “coral gardens” in the early twentieth century.  Anecdotal information from books and 

journals characterized the reefs as full of life and having large quantities of live coral and an 

abundance of reef fish (Klieger 2007).  Approximately sixteen percent of the area of patch reefs 

in the Bay was dredged in 1939, when patch reef diameters were estimated at 10 – 900 m (Roy 

1970).  By 1968, 25 of the 79 patch reefs had been dredged, most down to 9.1 m below the mean 

lower low waterline (MLLW), but a few to 3 m (Roy 1970, U.S. Army Corps of Engineers 

1975).  Patch reefs are currently characterized as having a central sandy area where live coral is 

absent and the substrate is composed of sand, coral rubble, macroalgae, and encrusting coralline 

algae.  This zone is generally 15 – 30 cm deeper than the peripheral part of the reef flat (Roy 

1970).  The tops of most undredged patch reefs come to within 0.5 – 1.0 m of mean sea level 

(Sukhraj, pers. obs.).  For Kāne`ohe Bay  the approximate tide level where reef-edge corals are 

exposed is approximately 0.08 m (0.27 ft) above the verified MLLW chart datum (Table 2). 

 

 Determination of Bay regions 

 

Smith et. al (1981) used the sources of the input of sewage to separate the Bay into 5 

divisions.  These were not the divisions used by Maragos (1972) and Hunter and Evans (1995) 

and will not be used in the studies presented.  Instead they used: 1) Roy (1970) to divide the Bay 

based on streams and watershed districts; and 2) created four regions, North, Central, Transition 

and South, based on lagoon depth and water circulation studies (Figure 4). The latter divisions 

will be used to analyze the long-term benthic data.   

 

 Overview of common species present 

 

Algae and corals are the most conspicuous benthic macrobiota on reefs in the Bay.  The 

most common macroalgal species currently encountered are: Acanthophora spicifera, 
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Kappaphycus sp., Gracilaria salicornia, Eucheuma denticulatum, Dictyosphaeria versluysii, 

Asparagopsis armata, and Padina sp.  Dictyosphaeria cavernosa is no longer commonly 

encountered on the patch reefs within the Bay, as will be presented in the next chapter.  The four 

most common coral species encountered throughout the Bay are Porites compressa (Dana 1846, 

Vaughan 1907), Montipora capitata (Dana 1846, Veron and Hodgson 1989), Pocillopora 

damicornis (Dana 1846, Veron 1986), Fungia scutaria Lamarck (1801).  Some reefs have 

patches of Tubastrea spp., Cyphastrea ocellina, Pavona duerdeni, and Sinularia densa, but they 

are not common.  Coral species richness has decreased since the 1960s when Maragos (1970, 

1972) and Banner and Bailey (1970) reported over 20 common species. Table 1 shows a 

comparison of the species richness observed by Maragos in 1969-1970 and species observed by 

Sukhraj and Maragos at those same sites in 2009 using roving snorkel surveys along the patch 

reefs.  The area covered was limited to the sites from the original Maragos study and therefore 

additional coral species may occur in other areas of the Bay.  Most of the missing species in the 

current list were previously located on the reef flats (J. Maragos, pers. comm.). 

Common species of fish encountered on patch reefs in Kāne`ohe Bay include: maomao 

(Abudefduf abdominalis), lauhau /milletseed butterflyfish (Chaetodon miliaris), uhu (Chlorurus 

spilurus and Scarus spp.), hinalea lauwili (Thallassoma duperrey), manini (Acanthurus 

triostegus), lau’ipala/yellow tang (Zebrasoma flavescens), aloiloi/domino damselfish (Dascyllus 

albisella), goldring surgeon (Ctenochateus strigosus), weke’a’a (Mulloidicthys flavolineatus), 

kupipi /blackspot sergeant (Abudefduf sordidus) and the Pacific gregory (Stegastes fasciolatus) 

(Group 70 2004, Foster et al. 2007, Foster et al. 2008, Cox et al. 2013, Sukhraj, pers. obs.).  The 

herbivores A. triostegus, S. fasciolatus, C. spilurus, Z. flavescens and Scarus spp. are observed in 

the greatest abundance among this list (Sukhraj, pers. obs.) and frequent outer reef flats and 

slopes.  Scarid juveniles (2-10 cm total length (TL)) are often observed along reef flats, however 

terminal phase adults are rarely seen in the Bay away from Moku o Lo`e.  Reef fish in the Bay 

have received some protection from the State of Hawai`i, Department of Land and Natural 

Resources (DLNR) lay/gill net ban implemented in April 2006 (State of Hawai`i 2007). Moku o 

Lo`e, a State designated marine reserve, prohibits fishing activities on its reefs and therefore has 

no take of the benthic oriented herbivores.   

In addition to fish, algae and corals, the invasive keyhole sponge Mycale armata Thiele 

(de Laubenfels 1950, Bergquist 1967) is now observed on most reefs in the southeast region of 
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the Bay (Figure 5, N. Sukhraj pers. obs.).  First reported on O`ahu in 1996, it overgrows coral 

colonies, especially the two dominant reef-forming coral species P. compressa and M. capitata 

(Eldridge and Smith 2001, Coles and Bolick 2006, Coles et al. 2007; Figure 6).  Coral species in 

Kāne`ohe Bay face competition for space from both the macroalgae community and the sponge 

community. 

 

Natural and anthropogenic disturbance 

 

Three major types of historical impacts that will be included in the discussion are: 

dredging, long-term sewage release, and freshwater flooding.  In addition, the introduction of 

invasive species and extreme low tide heights also contributed to the decline of coral abundance. 

 

Dredge and fill  

 

The Bay has been significantly altered by dredge and fill operations in the twentieth 

century.  The dredging of the Sampan and Ship Channels lowered water levels in the lagoon and 

likely altered stratification of lagoon waters.  Prior to and during World War II, a U.S. Naval 

base was constructed on Mokapu Peninsula in the southern region of the Bay (now Marine Corps 

Base Hawai`i- Kāne`ohe Bay), and over 11.5 million yd
3
 of reef was dredged from the Bay to 

use as fill for the new facility and to create shipping channels (Hollett and Moberly 1976, 

Devaney et al. 1982).  Between 1927 and 1948, a total of 140 x 10
6
 ft.

3
 of material was dredged, 

including the tops of patch reefs located in the southern portion of the bay.  Of that volume, 1.42 

x 10
6
 ft.

3
 was permitted to be dumped on the lagoon floor.  The major dredging operation 

occurred in 1939 when 133 x 10
6
 ft.

3
 was dredged by the U.S. Navy to create a ship channel 

through Mo’okoli’i passage to the southeast end of the Bay which likely lowered water levels 

inside the entire lagoon.  In 1939 extensive dredging on portions of patch reefs were dredged to 

3.5 m to construct a seaplane landing and runway area in the southeast region (Roy 1970, 

Devaney et al. 1982).  Most of those patch reefs were dredged further to 10 m depth.  The large 

amount of fill material was deposited into areas adjacent to the dredge sites, 12 to 18 m below 

the mean low water level (MLWL).  A few years later in 1943, the reef flats opposite the 

Punalu`u and Kalokohanahou fishponds were dredged to a depth of 4 m, as an extension of the 

seaplane operations area. 
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Environmental impacts from dredging and filling include increased deposition and 

turbidity, change in water circulation patterns, decline in numbers and diversity of benthic 

organisms, reduction of primary productivity and mobilization, alteration of fish community 

structure, and increased metal bioavailability from sediments (Uchino 2004).  Most of the 

geomorphic modifications occurred in the 1940s and 1970, prior to comprehensive quantitative 

studies of the reef ecosystem in the Bay (Hunter and Evans 1995).  Short-term studies in have 

shown that the presence of soft sediment prevents coral larvae settlement (Harrigan 1972, 

Fitzhardinge 1985, Hodgson 1989, Rodgers 1990, Maragos 1993), highlighting the difficulty of 

recolonization on dredged surfaces.   

 

Population rise and sewage treatment 

 

Considerable change occurred in the water quality and marine environment in Kāne`ohe 

Bay with urbanization and development of the surrounding watersheds in the second half of the 

20
th

 century (Coles et al. 2002).  The 1960 U.S. Census reported a population of 642,000 for 

Honolulu County.  In 2000, that number rose to 1,211,537, an increase of almost 89% in four 

decades. . By 2010, the population had increased slightly to 1,360,301.  The human population 

within the watersheds that drain into the Bay has increased proportionately, resulting in higher 

housing densities, more roadways, more automobiles and increased storm water runoff (State of 

Hawai`i 1990, 1992a, 1992b), and the development of facilities for disposal of domestic sewage.   

Discharge of primary treated sewage increased through the 1960s and 1970s at the south 

Bay site (Smith et al. 1981, Maragos et al. 1985, Hunter and Evans 1993, Hunter and Evans 

1995). This effluent added both particulate matter and nutrients to the South and Middle regions 

of the Bay and probably contributed to the development of dominance on many reef slopes by 

the native macroalga D. cavernosa, a species which can attach to and overgrow corals.   Sewage 

effluent from three treatment plants, as well as input from unsewered properties, was released 

until 1978, when 90% of the sewage produced in the watershed was diverted to the deep ocean 

outfall (Maragos 1972), however the success of D. cavernosa persisted until the mid-2000s 

(Maragos 1972, Banner and Bailey 1970, Brock et al. 1979, Hunter and Evans 1995, Stimson et 

al. 2001, Group 70 2004, Stimson and Conklin 2008).   These anthropogenic events along with 

increased fishing pressure on herbivorous fishes (Shomura 1987, Harmon and Kateharu 1988, 

Meyer 2007, Williams et al. 2008, Williams et al. 2009), introduction of invasive macroalgae 
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species (Russell 1982, Russell 1983, Smith et al. 2002, Smith et al. 2004, Conklin and Smith 

2005, Conklin 2007, Cox 2013), and natural disturbances, probably all contributed to a phase 

shift that has persisted within Kāne`ohe Bay for at least the last 40 years; a shift from a state of 

coral dominance to one of macroalgae dominance.  The phase shift was not recorded prior to the 

late 1960s in published literature (Banner 1968, Banner and Bailey 1970, Jokiel et al. 1993, 

Smith et al. 2002), however Cox et al. (1973) stated that dense mats of D. cavernosa had only 

been observed in Kāne`ohe Bay in the previous 6 to 7 years.   

Concerns about the possible impacts from sewage nutrient input prompted surveys of 

coral and macroalgal abundance in the 1970s (Banner and Bailey 1970, Maragos 1972, Smith et 

al. 1973).  This is an ongoing concern and researchers in the southeastern United States have 

noted bacteria and viruses found in human sewage in corals with deadly white pox disease 

(Potera 2003).  The Kāne`ohe Bay area, received unexpected sewage overflows during power 

outages several times a year, and the event is a common announcement in local media.  Two 

recent examples include 3,000 gallons of sanitary sewer overflow into Kawa Stream in January 

2011 (http://www.hawaiireporter.com/wet-weather-causes-sewage-spills-around-oahu-city-

reports/123) and a Brown Water Advisory resulting from 30,000 gallons of raw sewage into 

Kawa Stream from the Kāne`ohe Wastewater Treatment Facility in June 2011 

(http://www.kitv.com/r/28137545/detail.html).  

 

 Change in water circulation and negative effects 

 

 After the dredge and fill activities were completed, the historical circulation in the Bay 

was altered and water levels throughout the lagoon likely lowered.  Changes in the circulation 

patterns were described early by Bathen (1968).  Water circulation in Kāne`ohe Bay became 

stratified after deeper and cooler waters entered the lagoon after the dredging activites that began 

in 1939.  The implication is that the nutrients present in the lagoon floor were likely trapped in 

the sediments during the sewer discharges, and it took a longer time for them to be depleted 

because of the stratification (von Arx 1948).  The southern region of the Bay, had the most 

restricted circulation and was the location of the main municipal sewage treatment operation 

(Krasnick 1973, Harvey and Caperon 1976). The effluent from the treatment plants were shown 

to be toxic to phytoplankton due to the residence time, and signs of eutrophication persisted for a 

decade (Krasnick 1973).  Slow leaching of the trapped nutrients within the lagoon were 

http://www.hawaiireporter.com/wet-weather-causes-sewage-spills-around-oahu-city-reports/123
http://www.hawaiireporter.com/wet-weather-causes-sewage-spills-around-oahu-city-reports/123
http://www.kitv.com/r/28137545/detail.html
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sufficient to maintain Dictyosphaeria cavernosa for more years than would have occurred had 

there been no stratification. 

  

Environmental disruption and impacts 

 

Coral growth and reef development within Kāne`ohe Bay have been subject to 

documented acute natural disturbances and acute and chronic anthropogenic disturbances 

(Banner 1968, Taguchi and Laws 1989, Jokiel et al. 1993, Hunter and Evans 1995, Stimson and 

Conklin 2008).  The tsunami of 1946 and high winds of 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 created a thick fresh water lens in parts of the bay which killed 

much of the reef biota inhabiting the uppermost 1-2 m of reefs.  During the flood, the amount of 

fresh water discharged into the Bay in a 24-hour period was calculated to be equivalent to a 

surface layer of 27 cm over the entire bay (Bathen 1968, Banner 1968), however the layer was 

correspondingly deeper in the Transition and South regions near where floodwaters entered the 

Bay.  Shallow water coral mortality was correspondingly greater in those regions.  

Roy (1970) reported another major flood in February 1969.  There was a 13-fold increase 

in discharge from streams into the Bay.  Adding that figure to the amount of direct rainfall and 

surface runoff  results in another major freshwater incident that caused mortality of shallow 

water reef corals (Roy 1970).  A major storm on the windward side of O`ahu in 

December1987/January 1988 reduced the Bay surface salinity to 15‰, which resulted in 

substantial mortality of shallow water corals, holothuroids, tunicates, annelids, mollusks, 

hydrozoans, sponges and crustaceans, followed by a protracted period of phytoplankton growth 

(Jokiel et al. 1993).  Jokiel et al. (1993) reported on the ecosystem resilience, that most of the 

components of the reef flat community recovered within one to two years.  In the late 1990s-

2000, the Kāne`ohe Bay ahupua’a experienced an extended drought (J. Stimson, pers. comm.) 

which resulted in less groundwater and surface runoff carrying nutrients into the bay.  High 

winds in the winters of 2008-2009, 2009-2010, and 2010-2011 also dislodged large coral heads 

(Porites compressa and Montipora capitata) on the windward facing reef slopes in Kāne`ohe 

Bay (Figure 7).   

The Bay also experiences annual seasonal extreme low tides, exposing reef flats for long 

periods of time resulting in some mortality of benthic biota (Figures 8, 9, 10; Table 2).  These 
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lowered incidents are in addition to the initial lowering of the water level when the channels 

were dredged, which may have contributed to the disappearance of some of the reef flat coral 

species.  The reefs flats at Moku o Lo`e/HIMB had an estimated average exposure time of 2.82 

hrs/day from June-December 2006, 2.65 hrs/day for 2007, and 4.61 hrs/day from January-May 

2008. 

Freshwater input and introduction of sediment into the system was different between the 

past events (1965, 1969, 1988) and the most recent flooding events in spring 2006 and spring 

2012.  The older events involved heavy downpour of rain for a period of only 24-36 hours and 

resulted in die-off of shallow water corals (Banner 1968, Bathen 1968, Roy 1970, Jokiel et al. 

1993).  The 2006 event differed in that floodwaters from the watershed gradually flowed into the 

Bay over a 43-day period.  Although the lowered irradiance input and volume of freshwater input 

were probably higher than in the two older events, shallow water corals did not respond with 

high mortality as they had in the past.  Instead, the dominant macroalga (D. cavernosa) declined 

and exposed underlying limestone substrate while live coral cover was not affected.  The spring 

2012 storm event lasted 9 days and also did not result in shallow water coral mortality.  

 

  Introduction of invasive species 

 

Another major anthropogenic disturbance for Kāne`ohe Bay was the introduction of 

nonindigenous, or alien, species, particularly red macroalgae.  The first introduced alga was 

Acanthophora spicifera, which was reported by Doty (1961) and who mentioned Kohn’s (1959) 

recording of this species in 1956 on the egg cases of Conus quercinus. A. spicifera is believed to 

have been accidentally introduced via a barge in Pearl Harbor during World War II (Doty 1961, 

Russell 1992, Huisman et al. 2007), but the remaining algal introductions were from aquaculture 

ventures.  Kappaphycus alvarezii. and Eucheuma denticulatum were introduced into Kāne`ohe 

Bay by Doty in 1974 for use in commercial aquaculture.  They rapidly spread over the study reef 

after escaping from broken pens (Russell 1983, Ask and Azanza 2002, Coles et al. 2002, 

Huisman et al. 2007).   The most recent introduction, Gracilaria salicornia, has spread over 5 

km since its introduction to the Bay in 1978, an average rate of spread of 280 m/year (Rodgers 

and Cox 1999).  G. salicornia was first found in Hilo Bay in 1971 and was introduced to Waikiki 

and Kāne`ohe Bay by the late 1970s. (Huisman et al. 2007)  Kappaphycus alvarezii, Eucheuma 

denticulatum and G. salicornia all smother and displace live coral in the shallow depths of reefs 
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and prevent the utilization of habitat by reef-associated invertebrates and fish (Russell 1983, 

Coles et al. 2002, Conklin and Smith 2005). 

Another introduced species, the orange keyhole sponge (Mycale armata) was first noticed 

in Hawai`i in Pearl Harbor in 1996 (Coles et al. 1997, Coles et al. 1999).  It was first recorded in 

Kāne`ohe Bay in 1997 (Coles et al. 2007) and has become a major benthic component in the 

south part of the Bay in the last 10 years.  While sponge cover is still less than coral cover, it still 

represented ~9.2% of the benthic cover reported by Coles and Bolick (2006) in transects 

throughout the Bay.  Permanent photo-quadrats by Coles et al. (2007) also noted a non-

significant increase in cover by 1.7% in the first year of monitoring.  The keyhole sponge 

attaches itself to coral colonies and then grows over them, especially Porites compressa and 

Montipora capitata (Coles et al. 2007, Sukhraj pers. obs.).  The sponge appears to attach itself to 

the base of the colony and then grow up and over the remaining living portion.  Other studies 

have shown that during the sponge growth process the coral skeletal structures and the point of 

attachment of the coral colony to the substrate are weakened and the calcification rate of the 

coral is reduced (Fabricius 2005, SchoÈnberg 2005), resulting in the sponge contributing to some 

of the “reef slumps” mentioned later in Chapter 5.  As the base of the colony weakens, they are 

more prone to falling over and sliding down the reef slope (Figure 6). 

 

 Extreme tides 

 

In addition to the initial lowering of the lagoon water level when the channels were 

opened by the Navy construction, the Bay also experiences seasonal extreme low tides, exposing 

reef flats for long periods of time resulting in mortality of the upper parts of the shallowest reef 

flat corals (Figure 8) and limitations to vertical growth of coral colonies.  The annual extreme 

low tides may also have contributed to the decrease in coral species diversity on reef flats 

(Chapter 3), as the species that had a lower tolerance to change in water temperature and 

circulation have not persisted in the community since observations in the 1960s.  Coral and 

carbonate reef flat is exposed at the low tides, restricting access of herbivores and other fauna to 

the reef flat for foraging.  High winds and the fragility of the reef slope corals in the protected 

waters of the Bay result in collapses of the slope’s coral and limestone foundation, and this may 

also be a cause of loss of coral cover.  The coral community of the Bay is perhaps unusual in that 

the decrease in coral cover has not been caused by the usual reported factors such as wide-spread 
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bleaching events, Acanthaster planci outbreaks, or destructive events such as hurricanes or 

tsunamis.  

 

 Montipora white syndrome 

 

Coral disease and the increasing number of outbreaks are recognized factors contributing 

to the degradation of reefs worldwide (Harvell et al. 1999, Green and Bruckner 2000, Ward and 

Lafferty 2004, Sutherland et al. 2004).  The cause of  increasing levels of coral disease remain 

unclear, but environmental stress and human impacts have both been hypothesized as possible 

factors.  Seventeen coral diseases have been reported throughout the Hawaiian Archipelago, 

including the Papahānaumokuākea Marine National Monument (Aeby 2006, Friedlander et al. 

2008).  Based on surveys done by the U.S. Geological Survey (USGS) National Wildlife Health 

Center Honolulu Field Station and by the University of Hawai`i since 2006, Montipora white 

syndrome (MWS) has been documented on reefs in Kāne`ohe Bay, but at low levels, with 

isolated colonies affected (Aeby et al. 2010, Aeby et al. 2011, Work and Aeby 2011, Ushijima 

2012, Work et al. 2012).  Two large-scale events involving multiple coral colonies occurred in 

March 2010 and January 2012.   

  Aeby et al. (2010) documented that MWS only affected Montipora capitata, one of the 

major reef building corals, and that the affected corals were limited to Kāne`ohe Bay.  Patch 

reefs in the middle and transition regions had significantly lower levels of MWS that those in the 

northern and southern ends.  In March 2010 it was estimated that over 100 colonies of M. 

capitata suffered mortality from MWS Bay-wide, but that a significant number of colonies 

recovered and had live tissue again in subsequent monitoring events (Thierry Work, USGS, pers. 

comm.).  In January 2012, an additional 200+ colonies of M. capitata were observed as being 

affected by MWS Bay-wide.  If the frequency of MWS outbreaks increases and becomes a 

chronic stressor, the second most abundant coral species in the Bay may suffer additional 

mortality, affecting the resilience of the overall coral ecosystem. 

 

Past Research 

 

Anecdotal evidence before the 1960s refer to the reefs of Kāne`ohe Bay as the “coral 

gardens”, but no descriptive information exists to determine what that means in terms of live 



20 

 

coral cover in relation to what exists today.   Over the last 40 years, multiple studies have 

collected qualitative and quantitative data on coral and algal abundances in Kāne‘ohe Bay 

(Banner 1968, Banner and Bailey 1970, Maragos 1972, Soegiarto 1972, Jokiel unpublished, 

Jokiel et al. 1993, Maragos et al. 1985, Evans et al. 1986, Hunter and Evans 1995, Soegiarto 

1972, Stimson et al. 1996, Conklin and Smith 2005, Conklin 2007, Stimson and Conklin 2008, 

USFWS 2008, Cox et al. 2013, Hawai`i Coral Reef and Monitoring Program, State of Hawai`i 

Division of Aquatic Resources).  Each research group used different methods to quantify their 

observations which makes it difficult to make comparisons between them.   

Taking information from the earliest studies, live coral extended from the northern end of 

the Bay all the way down to the southern lagoon end of the Mokapu peninsula.  The collection of 

quantitative data on coral and algal cover did not begin until after it was observed in the late 

1960s that a phase shift had taken place; a shift from coral to macroalgae dominance (Lapointe 

1989, Done 1992, Lapointe et al. 1997, Miller and Hay 1998, Lirman 2001).  The high standing 

crop of the native green alga D. cavernosa was noted to overgrow and directly or indirectly kill 

coral (Maragos 1972, Hunter and Evans 1993, Jokiel et al. 1993, Hunter and Evans 1995).   

During the earliest studies of its geographic range, D. cavernosa was the dominant component of 

reef communities in three regions of the Bay, but not present in the southern end (Banner and 

Bailey 1970, Soegiarto 1972, Maragos 1972). In 1970 Banner and Bailey (1970) reported D. 

cavernosa at 70% of their 155 observation sites.  D. cavernosa had a distribution that overlapped 

with coral habitat, but had not made its way down into the southern end of the Bay, or past 

Checker Reef (reef 8) at that time (Banner and Bailey 1970, Maragos 1972, Soegiarto 1972).  

The reef slopes of the South bay region were virtually devoid of living coral due to dredging 

activities and sedimentation and almost all patch reefs in the Middle and Transition regions had 

been invaded by D. cavernosa, while the reefs of the  North region were relatively unaffected by 

D. cavernosa (Banner and Bailey 1970, Maragos 1972, Soegiarto 1972).   

In his dissertation work, Maragos (1972) included 300 sites that were surveyed 

throughout Kāne`ohe Bay and set up additional permanent survey sites during the study period 

1969-1971.  His initial study gave estimates of coral composition (species, diversity, and cover) 

and algal cover including D. cavernosa.  As of 1970, Maragos (1972) reported that 80% of the 

coral reef communities had been destroyed by dredging activities, sedimentation, and sewage 

discharge.  Maragos (1972) reported < 2% live coral cover for South Kāne`ohe Bay and 19% for 
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Central Kāne`ohe Bay.  At the same time, D. cavernosa averaged 37.74% percent cover for 

Central Kāne`ohe Bay (Maragos 1972).  Since then, these sites have been re-surveyed in 1983, 6 

years after the sewage diversion (Maragos et al. 1985, Evans et al. 1986), again in 1990 by Evans 

(Hunter and Evans 1995), and 1999 by researchers at the Hawai`i Institute of Marine Biology 

(HIMB).  The data showed a decline in D. cavernosa cover in 1983, but then a subsequent 

increase between 1983 and 1990.  The decline in D. cavernosa cover from 1978 to 1983 reported 

by Hunter and Evans (1995) could have resulted from the sewage diversion and decrease in 

nutrient availability, but then a resurgence in growth occurred again between 1983 and 1990.  A 

2009 re-survey of these permanent sites provides information on changes in the benthic 

community as well the current geographic range of D. cavernosa in Kāne`ohe Bay. 

Point source release of partially treated sewage into the southern bay was terminated in 

1977, except during power outages during rain storms.  This led to a dramatic decrease in D. 

cavernosa coverage in some regions of the Bay; however a high coverage of D. cavernosa 

persisted on reefs until the mid-2000s (Banner and Bailey 1970, Maragos 1972, Brock et al. 

1979, Hunter and Evans 1995, Group 70 2004, Conklin and Stimson 2004, Stimson and Conklin 

2008).  While re-surveying Maragos’ sites, Hunter and Evans (1995) found that D. cavernosa 

had spread to all areas of the Bay by the early 1990s.  Increased abundance of D. cavernosa 

reduced the available substrate for coral growth and settlement and also eliminated habitat for 

resident reef fish.  Because D. cavernosa had a distribution that extensively overlapped with that 

of corals vertically and geographically, its increased abundance reduced the available substrate 

for coral growth and settlement.   

Overharvesting of herbivorous fishes (scarids and acanthurids) and the destruction of 

their habitat because of loss of coral cover may have also contributed to change in the benthic 

flora and fauna composition and biomass of those species in the Bay.  Grazing by these 

herbivores may have decreased due to the decrease in fish density and therefore contributed to 

the increase in macroalgae presence in the Bay.  Fish populations in Kāne`ohe Bay have received 

increased, and almost unregulated, fishing pressure in recent decades. While rules exist, the 

personnel to enforce the regulations is limited and often absent island-wide.  Recreational fish 

data are not accurately reported and commercial landings summaries are limited (Everson 1994, 

Friedlander et al. 2002, Friedlander et al. 2003, State of Hawai`i 2008), therefore it is difficult to 

comment on how biomass has changed over time.  The Hawai`i Coral Reef Assessment and 
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Monitoring Program (CRAMP) has three permanent monitoring sites in the Bay (He`eia Kea, 

Waiāhole, and Moku o Lo`e) and include reef fish surveys in some of their rapid assessments, 

but the information is also limited and does not include all species present.  Herbivorous fish in 

the Bay are small and the reported estimates of their biomass is on the low side (CRAMP), so 

these factors may allow D. cavernosa to recover and allow the alien red macroalgae species to 

increase their range and cover. 

 

Extended weather initiated research 

  

 Spring 2006: extended rainfall and freshwater input 

 

In the spring of 2006, a series of “Kona Storms” persisted for nearly 7 weeks in the main 

Hawaiian Islands. These storms are usually formed from winds coming from the westerly 

direction and sometimes occur two to three times annually. A Kona Storm occurs when a low 

pressure system (less than 1,000 hectopascals or 29.53 inHg) lasts for a few days, weakens, and 

gives way to a new low pressure system.  With the recurring low pressure systems, the moisture 

and instability in the atmosphere produces thunderstorms, heavy rains, flash floods, high winds 

which result in large surf and swells, and waterspouts.  The National Oceanographic and 

Atmospheric Administration’s (NOAA) National Weather Service (NWS) in Honolulu recorded 

and verified this extended period from February 19 to April 2, 2006.  Some of the events that 

resulted in an abundance of freshwater input into Kāne`ohe Bay included: 

 

February 19-21.  Thunderstorms and flash flooding on O`ahu due to a weak kona low 

northwest of Kaua`i.  Rains shifted from Honolulu to the northeast portion of the island, 

with the most amount of surface runoff from Waikane (including Waikane Stream) to 

Ka`a`awa. 

 

March 1-3.  A strong kona low developed.  Severe flooding occurred over the east facing 

slopes of the Ko`olau Mountain Range with significant rainfall in Ka`a`awa, Hau`ula, and 

Punalu`u.  Verified rain gauge data for Punalu`u recorded 22.7 in. of rain over 2 days. 

 

March 8-11.  Strong thunderstorms on the night of March 8 over the Luluku Rd. area 

(Kāne`ohe station).  Flash flooding occurred on O`ahu and radar estimated rain totals at 

4-6 in. in a 3 hr period in the Ko`olaus.   
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March 19.  The system hit O`ahu the hardest with strong thunderstorms recorded 3-5 in. 

of rain in a 6 hr period.  Affected area was the east facing slopes of the Ko`olau Mountain 

Range.   

 

March 21.  A thunderstorm near Kāne‘ohe Bay produced a large waterspout 

  

 March 26.  Heavy rains and flash flooding on the northeast portion of O`ahu. 

 

March 30.  Additional severe thunderstorms and rain reported for O`ahu.  A Severe 

Thunderstorm Watch was issued. 

 

March 31-April 2.  Strong thunderstorms moved over the eastern part of O`ahu on March 

31.  The heavy rains and completely saturated ground produced severe runoff and 

flooding.  On April 2, heavy rains along the Ko`olaus produced 4-9 in. of rain in 6 hrs. 

 

Record setting rains during this time period were mostly for Kaua`i and O`ahu.   

Table 3 shows the amount of verified rainfall recorded for O`ahu for March 2006.  Those areas 

that drain into Kāne`ohe Bay are highlighted in grey.  The rainfall for the island of O`ahu in 

March 2006 was 29.62 in. or an average of 0.96 in./day. The amount of rainfall for the 

highlighted entries (Ka`a`awa south to MCBH- Kāne`ohe Bay) was 52.35 in. or an average of 

1.69 in./day, almost twice the island average.  The rain data provide an estimate of rainfall based 

on a few collection stations spread throughout the watersheds of the study area and may be an 

underestimate of actual freshwater input.  During and after this time the State of Hawai`i, 

Department of Health, issued multiple Brown Water Advisories related to overflowing from the 

sanitary sewer at Kāne`ohe Wastewater Pre-Treatment Facility due to wet weather surcharge. 
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CHAPTER III 

 

RECOVERY AS A MEASURE OF CORAL RESILIENCE: COMPARISON OF LONG-TERM 

BENTHIC DATA IN KĀNE`OHE BAY 

 

ABSTRACT 

Multiple published studies define recovery of coral as a sign of resilience in coral reef 

communities.  Three separate studies in Kāne`ohe Bay documented long-term changes in coral 

and algal cover from 1970 to 2010, including an extended period of macroalgal dominance 

following a cessation of the disposal of primary treated sewage into the Bay in 1977.  After an 

extended weather event in the spring of 2006 and the relative disappearance of an invasive 

macroalga Dictyosphaeria cavernosa, competition for space on reef slopes and reef flats was 

reduced.  A relatively high percentage of the Bay’s coral survived the weather event as a result of 

release from competition for space, and possibly aided in effecting the coral recovery since 2006 

via vegetative growth.  Over the last 20 years, mean coral cover Bay-wide has increased, 

comparable to recovery rates in the Caribbean in the 1990s and 2000s.  Recovery of coral cover 

in a bay which is surrounded by suburban and agricultural development is encouraging given the 

declines in coral cover which have been observed on other well-studied reef systems in areas 

with high human population densities, particularly in the Caribbean.   

INTRODUCTION 

      Resilience can be defined as the ability of coral reefs to absorb recurrent disturbances 

(e.g., from cyclones, outbreaks of predators, or coral bleaching events) and rebuild coral-

dominated systems (Bellwood and Hughes 2001, Hughes et al. 2007, Nyström et al. 2008, 

Guillemot et al. 2010).  Earlier ecosystem definitions described resilience as the return of a 

system to a pre-disturbance equilibrium and quantified resilience in terms of the time required 

for a system to return to that equilibrium (Holling 1973).  Resilient coral reef communities 

follow a constant trajectory of coral recovery until the next disturbance event (Roff and Mumby 

2012).  After the event, if there is a loss in colony abundance or substrate cover, the community 
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will once again start to increase in one of those two areas, moving towards the pre-disturbance 

equilibrium.  The disturbance tends to restart the mixture of species present by creating new 

substrate for settlement, and the new combination of species will depend on what is available to 

settle or expand horizontally. 

      In recent studies, the rate of recovery of coral cover has been used to measure resilience 

in coral reef communities (Hughes 1994, Halford 2004, Hughes et al. 2007, Guillemot et al. 

2010, Manfrino et al. 2013).  The recovery has been measured following the disturbances which 

are recognized as occurring in coral reef ecosystems: storms, bleaching, Acanthaster infestations, 

and silt deposition.  The emphasis on recovery rate as a measure of resilience has paralleled the 

de-emphasis of the concept of return to an equilibrium state, because of the uncertainty about the 

applicability of equilibria in coral reef ecosystems stemming from anthropogenic influences.  To 

determine whether coral communities are resilient to decreases in cover and diversity related to 

disturbances requires long-term and large-scale studies before and after the disturbance.  

Unfortunately, many studies to date have been conducted after an event (bleaching, storm, 

disease outbreak, elevated sea surface temperature, etc.) and provide no information about 

changes in community structure in terms of quantitative comparisons with the community 

structure before the event. 

 For this discussion resilience is defined as the capacity of a system to recover from 

changes and to resist elimination from the system. 

 

Possible phase-shift reversal, recovery of coral 

 

        The reefs of Kāne’ohe Bay have been subject to many forms of acute and chronic 

disturbance as reviewed in Chapter 2.  Because of the high cover of macroalgae, particularly D. 

cavernosa, in zones normally dominated by corals, the reefs of the Bay have been cited as 

examples of phase shifts in the coral reef environment (Done 1992, Lapointe et al. 1997, 

McCook 1999, Bellwood et al. 2006).  The shift in Kāne’ohe Bay reef community composition is 

generally attributed to nutrient enrichment resulting from sewer discharge (Stimson et al. 2001).  

The introduction of non-native macroalgae, combined with lower levels of herbivores,   

contributed to macroalgae maintaining its dominance on patch reefs. 
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      Two events have initiated the undoing of this phase shift and set the stage for the 

recovery of corals and coral reefs in the Bay.   First, in 1977, the construction of new sewer 

treatment facilities made it possible to divert the discharge of partially treated domestic sewage 

from Kāne`ohe Bay (Maragos 1972, Smith et al. 1981, Hunter and Evans 1993).  This reduced 

the concentrations of dissolved inorganic nutrients in the southern two-thirds of the Bay, 

improved water clarity, and led to a decline in the cover of D. cavernosa by 1983 (Hunter and 

Evans 1995). Second, in the spring of 2006, D. cavernosa virtually disappeared from the reefs of 

the Bay (Stimson and Conklin 2008) following a 43-day (February 19 to April 2, 2006; NOAA 

NWS Honolulu) period of rain and overcast conditions. Dictyosphaeria cavernosa had been the 

principle competitor with corals for space on reef slopes and outer reef flats in the Bay for 

approximately 40 years (Banner and Bailey 1970, Maragos 1972, Soegiarto 1972, Hunter and 

Evans 1995, Stimson and Conklin 2008).  These two events may have improved conditions for 

coral growth in the Bay.   

A species-specific pathogen may be to blame, but unfortunately water and tissue samples 

were not collected in Spring 2006 to test that hypothesis.  Stimson and Conklin (2008) discussed 

that the cause of the disappearance may have been the result of a protracted period of low 

irradiance in combination with low water temperatures at a time of year when the species’ 

growth rate can be less than 0.  In Chapter 4, growth experiments will investigate and attempt to 

verify whether D. cavernosa is still capable of negative growth rates and/or if recovery of D. 

cavernosa on patch reefs is occurring.  This chapter revisits two long-term data sets to look at 

trends in benthic composition, to examine the nature and the rate of the recovery of corals 

following release from competition with D. cavernosa, to estimate a measure of the resilience of 

the corals in this anthropogenically disturbed northern latitude reef ecosystem, and to consider 

whether the notion of equilibrium conditions can be applied. 

 

       Two events, the diversion of sewage in 1977 and the virtual die-off of D. cavernosa in 

2006 have reduced the competitive pressure on corals within the Bay.  Despite the various 

disturbances cited, it is worthwhile to ask whether the coral community of the Bay has displayed 

the ability to recover and show resilience following these changes.  To answer this question two 

long-term studies of coral cover in the Bay were extended and a new study was begun.  The 

surveys are referred to here as the 1970-1971, 1996, and 2006 series.   
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METHODS 

      Kāne`ohe Bay is considered to be divided into four regions:  North, Middle, Transition 

and South (Figure 1, Chapter 2).  These divisions are based on currents and water circulation as 

described in Cox et al. (1973) and Smith et al. (1981).  Three types of reefs are found in most of 

these divisions: fringing, patch and a barrier reef.  Within each of these reef types, coral growth 

is generally concentrated on the outer 10 m of the reef flat and the upper 10 m of the reef slope 

(unpub. data).  Hunter and Evans (1995) also reported that live coral and D. cavernosa cover on 

reef slopes decrease with depth and both are scarce at depths greater than 10 m. 

     Three series of benthic surveys make it possible to monitor the changes of coral cover in 

the Bay from their inception until 2010.  All three of these, the 1970-71 survey-series, the 1996 

survey-series and the 2006 survey-series, make use of permanent benthic transects on patch 

reefs.  The three benthic surveys were designed for different purposes, therefore number of 

replicates and length of transects surveyed are not all the same.  Explanations will be given on 

how the data sets were originally structured and which portions were used for the current 

analysis.  Data were extracted from each time series in order to analyze comparable habitats and 

transect lengths and to compare change in coral coverage throughout the Bay. 

Original survey information, 1970-1971 

      Maragos (1972) collected benthic data at sites throughout Kāne`ohe Bay during the study 

period 1970-1971(Figure 11a, Figure 12).  These sites are now considered permanent transect 

sites.  The sites were originally selected to include all of the water quality regimes described by 

Bathen (1968) and were set-up near Bathen’s water quality sampling sites.  These sites were also 

used previously as coral transplant sites by Maragos.  The purpose was to compare the biological 

data with the ecological data.  Some of the sites were located in areas where corals normally did 

not grow at the time.  When looking at older maps there may be two numbers at the same site on 

a reef.  The lower number is the shallower coral transplant station, and the higher number is the 

deeper transplant station.  In later studies, the deeper site was not revisited and therefore the 

numbers were combined (3, 4 and 10, 11, etc.)  At each of these sites Maragos estimated the 

cover of corals, hard substrate, macroalgae, coralline algae, and sediments, along a 20 m long 

transect line extending from the reef crest downslope.  The reef crest is defined here as the 
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relatively sharp break between the outer edge of the reef flat and the top of the reef slope.  The 

reef slope refers to the area that is not considered reef flat, or that is not exposed at the low water 

mark.  The lower limit of the reef slope on Kāne`ohe Bay patch reefs is the deepest extent of 

hermatypic corals and gradually grades into a mud/silt bottom substrate.  The line was placed 

haphazardly, with the location of the coral transplant platform determining the “0 m” mark, and 

at the time, the researcher did not intend to revisit the sites for future data collection beyond the 

scope of the dissertation research (Maragos, pers. comm.).  One square meter (1-m
2
) quadrats 

containing a grid of 100 intersections were used to score the areal coverage of the sessile 

organisms and the substrate types in situ.  These were placed along the transect line at 

consecutive 1 m increments down the slope.  Distance down the transect line was recorded for 

each grid and percentage cover was computed within 1 m intervals. Topographic profiles of the 

slopes were then reconstructed from vertical transect data (see figure 12 in Maragos 1972). 

Resurvey of 1970-71 survey sites 

Fifteen of the sites were re-surveyed in 1983, 6 years after the diversion of sewage 

effluent from the Bay (Maragos et al. 1985, Evans et al. 1986) and again in 1990 by Hunter and 

Evans (1995) (Figure 12).  These studies did not return to sites 6, 16, 17, and 18, and also 

assigned a new set of site identification numbers to the original sites. However, they added an 

additional patch reef and called it site 8.  The small patch reef is located near the entrance 

channel to He`eia Kea small boat harbor, and is called “HE8” in all results, figures, and tables in 

this document.  In 1974, Maragos collected additional data on a small patch reef adjacent to 

HIMB and this site is referred to as “JM1974”.  In 1999, the approximate locations of the field 

sites were resurveyed by a group of researchers at the Hawaii Institute of Marine Biology 

(HIMB), but these data have been excluded in this analysis due to a lack of overlap in 

researchers from previous studies.  The 1999 data sheets indicated multiple data collectors and 

that at least one was using the activity as a training exercise and the data would be verified at a 

later time.  The data collection was also incomplete for some sites.  In 2009 the original sites 

were relocated by the original researcher and myself, and then resurveyed by myself to update 

the status of coral in the Bay as well as document the current geographical range of macroalgae 

species, native and invasive.  Global positioning system (GPS) coordinates for the 1970-1971 

series were collected in June 2009 and are listed in Table 4 and illustrated in Figure 12.  The 
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GPS waypoint was taken at the “0 m” mark of Maragos’ original single transect, explained 

below as the current center transect line.        

The original 1970-1971 survey used only one 20 m transect line for data collection via 

quadrats, while the three subsequent surveys used two, and the 2009 survey used three.  The 

original transect line extended from a marker at the reef crest down the reef slope.  In 1983 and 

1990, the original 1970 transect was located and a second 25 m transect was laid parallel to the 

original at a distance of 5 m.  It is unclear whether all of the 1983 and 1990 parallel lines were 

added on the same side, right or left, of the original, or were placed on different sides on 

different reefs.   In 2009, two supplementary transect lines were established at a distance of 5 m 

on either side of the original marker.  The assumption was that one of the non-center lines would 

be the second transect line that was included in either the 1983 or 1990 studies, or both.   The 

2009 data were only collected on the upper 10 m of the transect tape due to weather/time 

restraints and researcher availability; as a result, only the data from the top 10 m of the earlier 

lines were used in the analyses presented here. In order to make that adjustment, the original 

hand-written data sheets were re-visited and the information re-calculated for this portion.  For 

the 1983 and 1990 surveys, it was assumed that given data sheets for sites “1a” and “1b”, that 

“a” was the original line and “b” was the additional or second line. 

      One square meter (1-m
2
) quadrats containing a grid of 100 intersections were used to 

score the areal coverage of the sessile organisms and the substrate types in all sampling years.  

These were placed along the transect line at 1 m increments down the slope, all on the same side 

of the tape.  Distance down the transect line was recorded for each grid down to 10 m and 

percentage cover data were computed within 1 m intervals and averaged across the parallel 

transect lines.  In 2009, the benthic quadrat data were collected along the center line, Maragos’ 

original line, in order to use the only line that was included in all survey periods.  Although data 

were collected at Sites 6, 16, 17, and 18 in 2009 for comparison to the original values, Hunter 

and Evans (1995) did not survey sites 6, 16, 17, and 18, therefore they are not included in the 

analysis for the time series.  Site 16 was a reef flat and therefore no longer relevant to the 

analysis and site 6 is near houses where heavy sedimentation has “filled” the area.   The site is 

now covered in the silt/mud bottom characteristic of current day Kāne`ohe Bay.  Only 1970-

1971 series sites that had data collection in all sampling years were used in the analysis.  
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 Topographic profiles of the slopes were then reconstructed from vertical transect data 

using SigmaPlot © to update the information presented in Figure 12 of Maragos (1972) and 

Figures 2 and 3 of Hunter and Evans (1995). 

Additional data collection, 1970-1971 series 

There are two measures of percent cover of the benthic community in 2009.  In 2009, a 

point-intercept method was also used to estimate coral cover and the composition of the benthic 

community, including substrate types (Liddell and Ohlhorst 1987, Lam et al. 2006, Newman et 

al. 2006); the species or substrate type under each 25 cm increment of the transect line was 

recorded.  Data was collected along three 10-m transects going down the reef slope; parallel line 

transects are the same as described in the previous section.  Point-intercept data was also 

collected at sites 6, 16, 17, and 18.  The 1996 survey series and the 2006 series collected data 

using the point-intercept method instead of the quadrat method.  This additional data collection 

was necessary in order to make comparisons between the three survey series. 

Original survey information, 1996 survey series  

      In 1996, 36 permanent transects were established on Moku o Lo`e and 5 other reefs (4, 8, 

29, 30, 44) (Stimson et al. 2001) for a study of the distribution of D. cavernosa and coral on reefs 

within the Bay (Figure 13).  Reef zonation on all of these reefs is similar: a steep reef slope, an 

outer reef flat of hard substrate (~20 m wide) and an inner reef flat of mixed sand and low-relief 

consolidated limestone.  The original selection of reefs and sites within reefs was dictated by the 

plan to have a site with “low” percent cover of D. cavernosa and a second with “high” percent 

cover D. cavernosa on each of the 6 reefs (Stimson et al. 2001).  The pre-study selection of 

“high” and “low” were determined by qualitative visual estimates.  The percent cover of D. 

cavernosa at each “high” site was visually estimated to be at least twice as high as that of the 

“low” cover site on the same reef.   After the initial surveys, the “low” cover values ranged from 

0-16% and “high” cover values ranged from 10-39% (Stimson et al. 2001).  The “high” cover 

sites on some reefs had lower percent cover than the “low” cover sites on other reefs and 

therefore the designations are misleading. 

At each of the two sites within a reef, three permanent benthic transects were established 

perpendicular to the reef crest and spaced 5 m apart.  Each transect line extended 10 m down-
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slope from the crest and 40 m onto the reef flat, with rebar posts marking each 10 m increment.  

A point-intercept method was used to assess the cover of sessile organisms and substrate types 

(Liddell and Ohlhorst 1987, Lam et al. 2006, Newman et al. 2006).  The species or substrate type 

under each 25 cm increment of the transect line was recorded.   Coral cover in the reef flat and 

reef slope sections of each line were calculated separately. 

Resurvey of 1996 survey series 

The 1996 survey series transects were resurveyed by Stimson and Conklin (2008) in 

1997, Fall 2005-Spring 2006, August 2006, and August 2007, and then by Sukhraj and Conklin 

in August 2008, Sukhraj and Stimson in August/September 2009, and Sukhraj in July/August 

2010.    The same methods were used as in the initial data collection, although some additional 

categories were added beginning in 2006 such as invasive macroalgae species.  For the purpose 

of comparison, only data for the first 10-m segment from the reef crest (0 m) and going toward 

the center of the reef flat were used.  All of the 10-m segments of data down the reef slope was 

included.  Live coral was mainly restricted to the first 10 m across the reef flat and the first 10 m 

down the slope for this group of reefs.  The variable used in analyses was the average live coral 

cover on the three reef-flat and the three reef-slope sections of the three transect lines at a site on 

a reef on a particular date.   These average cover values were regressed against year to determine 

whether coral cover changed through time since 1996.  

2006 survey series 

       Changes in the coral and macroalgal cover were monitored on three small patch reefs 

(Reefs 19, 20, and 21, Figure 14) in central Kāne`ohe Bay from the fall of 2006 until the fall of 

2010 in order to estimate coral recovery after the virtual disappearance of D. cavernosa in the 

spring of 2006.   The March 2007 circumference estimates of these reefs were as follows: 19, 

109 m; 20, 138 m; and 21, 91.5 m. The measurements were taken by snorkeling at the reef crest 

position in a counter-clockwise direction.  Two 100 m transect reels were used to measure the 

distance and then recovered in a clockwise direction.  The reefs are approximately 25-30 m in 

diameter across their reef flats.  These reefs were chosen because they were known to have high 

cover of D. cavernosa since the early 1980s and as recently as the mid-2000s (Booth 1991, 

Stimson et al. 1996, Conklin and Stimson 2004, Conklin and Smith 2005, Conklin 2007, Stimson 
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and Conklin 2008), and they were not included in the 1970-1971 series or the 1996 series.  Due 

to their close proximity to the back margin of the Barrier Reef and its associated 

recreational/boating activities, these three reefs also receive a wide range of physical impacts, 

e.g.,  higher wave energy from boat traffic and jet skis, boat strikes, damage by anchoring on 

coral, and recreational use by snorkelers and fishermen.  Surveys conducted in 1999 at reefs 19, 

20 and 21 estimated an average cover of D. cavernosa at 61.2% on the reef slopes (Conklin and 

Stimson 2004, Conklin 2007).    

Two permanent, parallel transects were established on each reef, 10 m apart and  5  m on 

either side of the center  line (diameter) of each reef flat.  These lines extend  25 m across the 

reef flats and 5 m down the leeward  reef slope; the 0 and 25 m points on the line at the reef 

flat/crest boundary and on the reef flat were marked with metal posts embedded in the limestone.  

The windward reef slopes were not chosen because of the amount of coral rubble and sand on 

that side of each patch reef.  Live coral is rare at depths greater than 5 m on these 3 patch reefs 

while soft sediment and rubble are common.  The cover on the reef-slope sections of these 

transects was analyzed separately from the cover on the reef flat sections.  These reefs were 

surveyed at approximately 5-week intervals between October 2006 and October 2010.  The 

coverage of benthic species and major substrate types was collected in the same manner as 

described for the 1996 series.  Most of the reef flat area on these reefs is just below the low tide 

level and so the reef flat corals are not exposed during seasonal extreme low tides, compared to 

other areas of the Bay (Table 2).  The corals at reefs 19, 20 and 21 have less air exposure than 

those in the 1996 series and that physical factor may contribute to the higher coral cover on their 

reef flats (N. Sukhraj, pers. obs.). 

The variable used in analyses was the average live coral cover on the two reef flat and the 

two reef slope sections of the  transect lines at each patch reef on a particular date.   These 

average cover values were regressed against year to determine whether coral cover changed 

through time since 2006.  

Permanent photoquadrats were also established on all three reefs and data were collected 

from October 2006 to October 2010, on the same dates that the benthic survey data was 

collected.  The data were not used for estimates of site specific coral recovery. 
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  Recovery rates of coral from the literature  

A literature search was performed to find studies in which a rate of recovery of coral 

cover could be calculated following a disturbance event (Appendix C).  The purpose of 

compiling these recovery  estimates was to compare the recovery rates of coral obtained in 

Kāne`ohe Bay following termination of sewage discharge and disappearance of D. cavernosa, to 

the rates that others have reported following disturbances which reduced the percentage of live 

cover in other coral communities.  Studies were utilized which: 1) identified the disturbance 

event, 2) had an estimate of coral cover soon after the event (less than 6 months), and 3) reported 

one or more further estimates of coral cover in the following years.  Most of the occurrences 

were from limited monitoring activities.  If no subsequent disturbances were reported in the 

paper, none were assumed to have occurred.  If a paper identified multiple disturbance events 

along a monitoring timeline, recovery was calculated for the time period after a disturbance to 

immediately before the next disturbance.  Most studies were short-term, with monitoring lengths 

of less than 5 years.  It was common for a study not to provide an estimate of coral cover right 

after the event, therefore there were only a limited amount that could be used.  If a study reported 

what were essentially replicate measures of recovery rates at a site,  the recovery rates were 

averaged.    Unlike the analysis of Graham et al. (2011), this analysis did not specify that a 

disturbance had to induce at least a 10% drop in coral cover; this allowed inclusion of  studies 

which lacked a pre-disturbance estimate of coral cover.  Recovery rates were also grouped by 

geographic area for comparison. 

      The recovery rates measured in the Kāne`ohe Bay studies did not follow disturbance 

events such as the storms or bleaching events reported in the published studies, but rather 

followed the abrupt cessation of a chronic perturbation, i.e., termination of sewage discharge into 

the South region of the Bay in 1977, followed by a decrease in D. cavernosa by 1983, and the 

virtual disappearance of D. cavernosa in 2006.  Both of these events, the disturbance related loss 

of coral cover reported in other studies, and disappearance of a space-competitor reported in this 

study, can be regarded as opportunities which could give rise to coral recovery and a display of 

resilience, since both of these events increased the space available for colonization by corals. 
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RESULTS 

1970  series  

 A few observations about the physical changes in the sites are given for future reference 

before a presentation of the results.  In 2009, Site 2 required a high tide and a person on land to 

watch out for boat traffic.  The transects start under the condemned white lighthouse at HIMB 

and therefore you must now swim under the loading area of the dock to begin. Site 6 is located 

very close to waterfront homes and is marked by a pole sticking out of the water.  The bottom is 

now silt/mud and a dive light had to be used in order to see anything on the bottom.  At site 9, 

the center transect starts at the base of the red day marker 22.  At site 12, most of the reef is 

currently buried under sediment that has swept across the reef flat.  Limestone and coral are 

visible, but may not be for much longer.  The JM 1974 site is in the same condition as site 12; 

sand has covered most of the live coral so there are no major landmarks to use for future 

transects.  

      The second survey in the 1970 series, the 1983 survey, recorded a significant increase in 

coral cover on reef slopes Bay-wide between 1970 and 1983 (Figure 15a, one-tail t-test, sample 

size = 15, t = -2.258, P = 0.007) and a decrease in D. cavernosa cover.  The increase has 

previously been reported in Hunter and Evans (1995).  The 1983 survey took place 6 years after 

the cessation of point source disposal of primary treated sewage into the Bay in 1977.  A t-test 

comparison between the coral cover in the third (1990) and fifth (2009) surveys of the reef slope 

communities did not show a significant increase in coral cover from the 1990 estimates despite 

the fact that D. cavernosa, which competed intensely with corals for space on reef slopes, 

virtually disappeared from all sites in the Bay in 2006 (Tables 5, 6, 7).  The possibility of change 

in coral cover over the 39-year time span of these surveys was analyzed with a linear regression.  

The 15 coral-cover estimates in each of the 4 sampling years used were regressed against year, 

and show a significant positive relationship over the period from 1970 to 2009.  The slope was 

0.45 (P = 0.016, SE = 0.194), indicating about half a percent increase in cover per year over the 

period from 1970 to 2009.   Between 1970 and 2009 there has been a significant increase in coral 

cover Bay-wide (one-tailed t-test against null hypothesis that change = 0, t = -2.279, P = 0.039, 

sample size = 15) when using at all sites, but not when using sites that only had D. cavernosa 

cover in 1970. The cover of D. cavernosa has decreased over this same period and there has not 
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been a resurgence in D. cavernosa growth on reef slopes since its virtual disappearance in 2006 

(Figure 15c, Tables 5, 6, 7).   

The change in coral cover over time was not significant when looking only at sites that 

had D. cavernosa in 1970 (one-tailed t-test, n =11, P = 0.439) (Figure 15b).  This test excluded 

all three sites in the South region (3, 5, 7) and one site in the North region (14).  Most of the 

increase in coral cover occurred in the South region, where coral cover was relatively low in the 

1970s.  This region had the highest potential for increase in lateral coral growth over time 

(Figure 15a).   

      The change in coral cover per year at these 15 sites over the period 1970 to 2009 is 

inversely related to initial coral cover (Figure 16).  This relationship, the fact that areas of high 

initial cover lost coverage while areas of low initial density gained cover,  partly explains the low 

rate of recovery of 0.45% per year, and also suggests the existence of an equilibrium coral cover 

in the Bay.  The 2009 survey also confirmed that the distribution of live coral and D. cavernosa 

described by Hunter and Evans (1995) has remained the same on those reefs, both decrease with 

depth.  Topographic profiles of the slopes were reconstructed from vertical transect data and 

estimates for coral, D. cavernosa, and invasive algae on reef slopes are presented in Figure 17. 

Additional estimate of recovery 

In order to compare the 1970 series to the published rates using the same criteria outlined 

above, additional estimates of coral recovery were developed.  If calculating the recovery of 

coral from the last major disturbance (spring 2006), the 1990 values would have to be used as the 

proxy values for 2006.  Recovery for the 1970 series from October 2006 to September 2009 

would increase to 1.06% per year.  During that time period, the average increase in coral cover in 

the regions were: North, (-7.97%); Middle, 14.88%; Transition 34.66%; and South, 35.74% 

(Table 6). 

1996 Series 

The average change in percent cover of coral per year on reef slopes spanning the period  

just before the die-off of D. cavernosa  (November 2005-March 2006),  to 4.5 years later 

(August/ September 2009), showed no significant increase in coral cover on these reefs (Average 
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= +1.94%, one tailed paired t-test, t =1.18, P >0.05, sample size  = 12) (Figure 18).  The coral 

cover on the outer 10 m of reef flat were also surveyed in this series;  the average change in 

percent cover of coral per year in this habitat over the same period was -1.746% which was also 

not significant from 0% (Figure 19).   By early 2006, D. cavernosa had declined on all reefs, but 

by late 2006, following the extended period of rain,  overcast conditions, and increased turbidity, 

it was virtually absent from all sites  (Figure 20). 

The  change per year in coral cover at the 12 reef slope and 11 reef flat sites between the 

pre-disturbance surveys (Winter  2005/2006) and Summer 2010 were regressed on the initial 

coral cover at these sites in 2005/2006, and these regressions showed that  there were significant 

negative linear relationships between these variables (regression coefficient for reef slope =         

-0.283, sample size = 12, F = 15.08, P =0.003); regression coefficient for reef flats  = -0.134, 

sample size 11, F = 9.48, P = 0.013) (Figure 21).  These results show there was a gain in coral 

cover on the reef slopes and reef flats in the period after the disappearance of D. cavernosa if the 

initial coral cover was low.  In the case of reef slopes the gain occurred if the initial cover was 

less than ~50%.  The results for these two habitats also suggest that an equilibrium coral cover 

value exists for these reefs. 

      Regression analyses of the change in coral cover per year between 1996/97 and 2009 

versus the initial coral cover in 1996/1997 also produce significant negative relationships for 

both the reef slope and reef flat data (regression coefficient for reef slope = -0.0518, sample size 

= 12, F = 16.6, P<0.01;  regression coefficient for reef flat = -0.052, sample size = 12, F = 15.06, 

P<0.01) (Figure 22).  Although not independent of the previous 2005/06 to 2009 analysis, nor for 

a period immediately following a documented disturbance or release of corals from competition, 

this analysis was performed because it involved a longer period, 13 years, and thus made it 

possible to examine whether this longer period also showed evidence of an inverse relationship 

between annual change in cover versus initial coral cover.    The slopes of the two lines are 

negative and similar in value, but the regression line for slope sites has a substantially higher 

adjusted mean value.  The regression line for the slope sites suggests that slope sites with a coral 

cover greater than about 60% tended to lose cover over this period while those with initial covers 

of less than about 60% tended to gain cover.  Unlike the reef slope sites, virtually all reef flat 

sites lost coral cover over this interval (Figure 19).   
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        The loss of coral cover at high cover reef-slope sites in both these time periods (1996/97 

to 2009, and 2005/06 to 2009)  may be related to the slumping of the live and dead material 

which occurs on the reef slopes due to their fragility (Figures 23a and b).  The slumping exposes 

limestone outcrops, silt, sand, and rubble.  The decline in coral cover on reef flats occurred in in 

the 2005/06 to 2009 interval occurred in association with an increase in the cover of limestone 

(Figure 24).  The simplest explanation for this association is that low tides in recent years have 

killed much of the reef flat coral cover and turned it into the category “limestone”.  Figure 25 

provides evidence that coral decreased on the reef flats while limestone increased. 

 

2006 Series 

      Analysis of the coral cover on Reefs 19, 20 and 21 from October 2006 to August 2010 

showed that the percent coral cover increased significantly on both the reef flats and the reef 

slopes of all 3 patch reefs (Figure 26). All six sites had a significant positive linear regression 

with significance values in the range P = 0.007 to P < 0.001.  Slope values in the equations in 

Figure 26 are the average percent coral cover increase per day.  Each of the plots is somewhat 

non-linear, suggesting a reduction through time in the amount of suitable space for occupation by 

corals, i.e., space not occupied by macroalgae, coral, or sand.  The average percent coral cover 

increase per year, or recovery rate, was 3.27% on the flats and 4.76% on the slopes.  Live coral 

cover is extensive on the flats because the reef flats of these small patch reefs are further below 

the low tide levels than are the reef flats of the reefs used in the 1996 series.  

     Historically, there was high cover of D. cavernosa on the reef slopes throughout this region of 

the Bay before the die-off (Banner and Bailey 1970, Maragos 1972, Soegiarto 1972, Conklin and 

Stimson 2004, Stimson and Conklin 2008).  Conklin and Stimson (2004) provide the closest pre 

die-off estimate of D. cavernosa cover on the reef slopes for these three patch reefs (Figure 27).  

The drastic reduction in D. cavernosa abundance is apparent in the surveys conducted after the 

Spring 2006 die-off of this alga (Figure 27).  The decline continued after October 2006 until it 

reached essentially 0 % cover by October 2008.  The cover of D. cavernosa was also reduced on 

reef flats in the spring of 2006; by the fall of 2006 it was about 3% on these reefs and then 

declined to 0% on all three of these reefs by the spring of 2010.  The only pre-reduction 

estimates of the cover of D. cavernosa on the reef flats is 42% (Std. dev. = 14, number of point 

intercept quadrats = 67) on reefs 20 and 21 in 1994.  Since the spring of 2006 the cover of D. 
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cavernosa on these reef flats and reef slopes has remained very low on all three reefs (Figure 27). 

Unlike the 1996 series (Figure 25), the decline in coral cover on reef flats and reef slopes both 

decrease moving up the reef slope and onto the reef flat (Figure 26). Incidental observations up 

to spring of 2011 have shown D. cavernosa  to still be very low at all 3 patch reefs. 

 

     The size distribution of colonies on these small reefs shows a greater proportion of small 

colonies, many of them fragments of colonies, by comparison with the size frequency measured 

on Moku o Lo`e (Chapter 6).  Size data collected show that the average colony diameter 

observed on reef slope transects was within the 5-10 cm range. 

Comparison with other studies 

      The changes in percent coral cover per year calculated in this study can be compared to 

published values which have been calculated in the time periods after disturbances at other sites 

in the tropics (Figure 29a, Appendix C).  The average change in percent cover per year for the 

Atlantic and Caribbean sites was 0.47% per year, and for Pacific and Indian Ocean sites the 

value was 3.35% per year.  These values are based on scleractinian coral recovery following 

acute disturbances such as storms, Acanthaster planci outbreaks or bleaching events, while the 

values in this study (the 1970 and 2006 series) represents the change in coral cover following 

two events which reduced or eliminated chronic competition with an important space competitor.  

It was noted that the species compositions of the communities were different and that factor may 

account for the rate of recovery.  While fast-growing branching corals from the family 

Acroporidae are not present in large quantities in Hawai`i, the family is present in both the 

Caribbean and elsewhere in the Indo-Pacific.  Despite these differences, the values computed in 

this study (1970 series: 0.45% per year, the interval 2005/06 to 2009 of the 1996 series: 1.18% 

per year, 2006 series: 3-5% per year), are comparable to those already published for the Indo-

Pacific region.  This same data set can also be analysed to determine how annual change in coral 

cover is related to initial (post disturbance) cover.  Regression analysis of  the data set for the 

Pacific and Indian Ocean show a significant negative relationship between these two variables (b 

= -0.071, F = 10.96, P = 0.001, sample size = 151 studies, Figure 29b)    
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DISCUSSION 

     The degree of resilience has been compared to the rate of recovery of the coral cover on reefs 

following reduction in cover after disturbances (Hughes 1994, Connell et al. 1997, Halford 2004, 

Hughes et al. 2007, Nyström et al. 2008, Guillemot et al. 2010, Manfrino et al. 2013).  The same 

measure has been used to examine the resilience of coral communities in Kāne`ohe Bay, but 

instead examining resilience following release from competitive interactions with D. cavernosa 

rather than resilience following destruction or mortality of some percentage of the community.  It 

was uncertain how much resilience would be evident in the Bay’s coral community because of 

this difference and because: (1) the Bay is subject to so many types of anthropogenic 

disturbances, (2) the Bay is regarded as an estuary and thus more subject to terrestrial influences, 

with terrestrial runoff increasing after the loss of taro culture and the rise of concrete (Smith et al. 

1973), and (3) the Bay and reef systems in Hawai`i are near the northeast fringes of Pacific coral 

distribution where coral growth is less rapid (Grigg 1983).  Coral growth is less rapid in Hawai`i 

because the fauna lacks fast growing acroporids and because of the physical factors associated 

with Hawai`i’s northerly latitude, including lower sea surface temperature (SST), and a greater 

degree of exposure to long period swells (Grigg 1983, 1998).  Despite these three factors which 

could have resulted in recovery rates in Hawai`i being zero or too low to detect, two of the three 

data sets (1970 and 2006) showed significant increases in coral cover following the release of 

corals from competition with D. cavernosa (Figure 15), a macroalga species whose vertical and 

horizontal distribution overlapped completely with corals in the Bay (Banner and Bailey 1970, 

Hunter and Evans 1995).   Because of the slow rate of recruitment and growth of stony corals, 

their recovery may take several decades to a century to detect a significant increase (Jaap 2000).   

The regions of the Bay which showed the greatest increase in coral cover, South and 

Transition, were the regions of the Bay respectively, containing and closest to the original 

sewage outfall.  These sections had also low initial coral cover and over the subsequent years 

have shown the most persistent increase in coral cover.  The decline in coral cover in the 

northern region of the Bay (Figure 15) will be dealt with below.  

The positive values of change per year in Figures 16, 21 and 22 show the capacity for 

recolonization by growth, fragmentation and settlement which exist in the Bay, for example up to 

10% increase in cover per year on the reef slope in Figure 21.  The recovery of coral on the reef 
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flats in the 2006 series was rapid and large and far exceeds the recovery in the 2005/06 to 2010 

interval of the 1996 series. This is thought to be due to the fact that the reef flats of reefs 19, 20, 

and 21 are at a lower intertidal level than the reef flats in the 1996 series and so less subject to 

exposure during low tides.  The recovery of coral in Kāne`ohe Bay may also be site specific, 

driven by local hydrodynamics and the size classes of the corals present (Arthur et al. 2006) 

(Chapter 5).  The 2005/06 to 2010 interval of the 1996 series, did not show a significant increase 

in coral cover following the disappearance of D. cavernosa, but did show a significant inverse 

relationship between annual change in coral cover and initial coral cover  

        A second element of some definitions of resilience is that it is a return of a community to an 

equilibrium level following a disturbance (Nyström et al. 2008).  The inverse relationships 

between annual change in coral cover and initial coral cover in the 1970 to 2009 interval (Figure 

16), the 2005/06 to 2010 interval (Figure 21) and the 1996 to 2010 interval (Figure 22) suggest 

the existence of an equilibrium cover of corals. It is not possible to know whether the 

equilibrium points on the plots, the intercept of the fitted lines and the x-axes are stable or 

undergoing change, however, the regressions for the 1970-1971 and the 1996 series suggest an 

equilibrium of about 50 to 60 % cover has prevailed in the recent decades.  Performance of a 

similar analysis of the data from the literature on post-disturbance changes in coral cover also 

shows an inverse relationship between change per year and initial cover for Pacific and Indian 

Ocean sites (Figure 29b) with cover values less than 50 to 60% associated with positive annual 

changes in cover.   Graham et al. (2011) obtained a similar result in their study of published 

values.   

           The rates of recovery of coral cover recorded in this study in Hawai`i can be compared to 

rates measured in other studies.  The rate of change on reef slopes in our 1970 series, from 1970 

to 2009 was 0.45% while the rate in the 2006 series was approximately 4.67% per year.  

Although not significantly different from 0, the value for the 2005/06 to 2010 period in the 1996 

series was 1.94% per year.  Published recovery rates of coral cover following disturbances 

(n=193) averaged 2.83% and ranged between –5 and 18% per year. (Figure 29a) Negative annual 

rate of change were far more common at the Caribbean sites where the average rate of change 

was 0.47% per year.  Caribbean coral reefs have been the most extensively degraded in the 

recent decades due to a complex sequence of chronic and acute disturbances and to widespread 
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recruitment failure of corals (Lewis 1984, Garzon-Ferreira and Kielman 1993, Bak and 

Nieuwland 1995, Shulman and Robertson 1996, Bak et al. 2005, Somerfield et al. 2008, Baker et 

al. 2008).  The low resilience of the Caribbean coral-reef ecosystem, when compared to the 

wider Pacific region, can be contributed to many factors including faster rates of macroalgal 

growth, iron-enrichment from aeolian dust, lower herbivore biomass, missing groups of 

herbivores that are present in the Pacific, higher rates of algal recruitment, and a lack of fast-

growing corals such as acroporids (Roff and Mumby 2012).  Coral cover has declined 

approximately 80-90% since the late 1970s/1980s at most locations (Gardner et al. 2003), while 

abundance of macroalgae and other seaweeds and seagrasses has sharply increased (Bruno et al. 

2009, Côté et al. 2005).  Pacific and Indian Ocean sites averaged 3.35% recovery per year, thus 

the recovery rate of these Bay sites are comparable to recovery rates recorded elsewhere.  Two 

other studies have reported rates of recovery of coral cover in Hawai`i (Dollar and Tribble 1993, 

Coles and Brown 2007).  In each of these cases the figures (0.4% and 0.7% per year) represent 

recovery after disturbances and are for sites on outer coasts, sites more exposed to storm waves 

than the sites in Kāne`ohe Bay.  Given its northern latitude and the fact that Hawaiian coral 

species have relatively low linear growth rates, the recovery rates reported from Hawai`i, 

including these from Kāne`ohe Bay are on a par with rates reported from other studies.   In a 

similar analysis of published rates of coral recovery (Graham et al. 2011) estimated mean annual 

rates of recovery of coral cover at about 3.56% per year for 48 sites.    

     The recovery of coral cover in the Bay may have been aided in part by coral cover remaining 

relatively high during the period when D. cavernosa was abundant on reefs.   The initial coral 

cover in the 1970 survey was about 25% compared to an average initial cover of about 16% for 

the studies reported in Figure 29b.  On the other hand, the rapid recovery on the 3 small patch 

reefs (2006 series) were from a level very similar to the 16% figure in the studies from the 

literature. Although there is a similar pattern observed, it should be noted here that each point in 

Figure 29b represents a combined study, often with multiple sites and geographic areas.  The 

figures presented in this chapter are one study; a plot of sites within the same bay.     

      While there is evidence of resilience in reef communities in Hawai`i and elsewhere, the 

question of the persistence of reefs depends on how frequent and how damaging disturbances 

are.  Most long term records (defined here as 10 years), which usually  include periods of 
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disturbance, suggest that cover losses have exceeded gains in the long term (Done 1985, Dollar 

and Tribble 1993, Connell et al. 1997,  Connell et al. 2004, Bak et al. 2005,  Craig et al. 2005, 

Nagelkerken et al. 2005, Wilkinson and Souter 2005, Lambo and Ormond 2006, Bruno and Selig 

2007, Coles and Brown 2007, Done et al. 2007, Sheppard et al. 2008, Smith et al. 2008, 

Wakeford et al. 2008, Scopeltis et al. 2009, Harris et al. 2010), while others do not (Connell 

1978,  Connell et al. 1997,  Sano 2000, Connell et al. 2004,  Halford et al. 2004,  Craig et al. 

2005,  Berumen and Pratchett 2006,  Done et al. 2007, Guzman and Cortes 2007, Emslie et al. 

2008, Aderjoud et al. 2009).  This study gives some idea of the capacity of corals to bring about 

gains in cover, and illustrates that even in an area where anthropogenic influences are important, 

gains can occur.  The two longest records, 1970 series and 1996 series also show that the coral 

community of the Bay has persisted at about the same level over long time periods despite 

population growth and natural disturbance.
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CHAPTER IV 

 

 

CHANGES IN DISTRIBUTION AND ABUNDANCE OF DICTYOSPHAERIA CAVERNOSA 

IN KĀNE`OHE BAY FROM THE 1960S TO THE 2000S AND EXAMINATION OF 

FACTORS POTENTIALLY RESPONSIBLE FOR THE ABSENCE OF ITS RECOVERY 

 

ABSTRACT 

The replacement of the dominant coral community by a macroalgal community has been referred 

to as a phase shift, and despite the diversion of sewage and decreasing nutrient levels, 

Dictyosphaeria cavernosa persisted as the dominant macroalga species in Kāne`ohe Bay  from 

the 1960s into the 1990s. After the disappearance of D. cavernosa from reef flats and reef slopes 

in 2006, growth rates of experimental thalli in the post-die-off period were lower than pre-die-off 

thalli at those same sites. The smaller size of present thalli may also prevent the possibility of the 

plant to cap the sediments, preventing the diffusion of nutrients, and preventing the alga from re-

establishing itself on the reef slopes and reef flats.  Preferential foraging by herbivorous fish has 

also been shown to influence algae abundance and distribution, and D. cavernosa is being grazed 

on because of proximity to a preferred food source.  While bottom-up control (nutrient 

availability) may have been what initiated the decline of this species, the combination with the 

current top-down control (herbivory) may have prevented recovery on patch reefs.  The 2006 

event did not negatively affect the distribution of non-native invasive macroalgae, but the failure 

of D. cavernosa to reestablish itself is not a result of competition with the other remaining 

macroalgae in the Bay.   

 

INTRODUCTION 

The persistence of phase shifts from coral-dominated to macroalgal-dominated 

communities following disturbances has been largely attributed to reduction of herbivores and 

eutrophication on tropical coral reefs. (Lewis 1986, Hughes 1994, McCook 1999, McManus and 

Polsenberg 2004, Hughes et al. 2007, Ledlie et al. 2007, Norstrӧm et al. 2009)   In 2006, a large 

die-off of the dominant macroalgae D. cavernosa occurred in Kāne`ohe Bay, possibly due to 
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nutrient limitations and stress from exposure to 43 days of reduced salinity and overcast 

conditions.  This chapter will examine changes in the distribution and abundance of the alga and 

factors that may have influenced its decline.  The decline in the major space competitor may 

result in coral recovery and the restoration of coral colonies as the dominant benthic component 

of reef slopes and reef flats.  

Restoration after anthropogenic disturbance 

In the last 50 years there have been a number of examples of interventions which have 

brought about the restoration of natural communities following anthropogenic disturbance.  In 

1963, diversion of secondary treated sewage from Lake Washington, near Seattle, resulted in 

measurable changes to the levels of phosphorous, nitrogen, and phytoplankton within the 

previously eutrophic lake (Edmondson et al. 1956, Edmondson 1970, Edmondson and Litt 

1987).  Over time, noticeable improvements to the ecosystem have been observed because of the 

limitation of phosphorus and the return of populations of phytoplankton that had been absent 

since the introduction of sewage effluent (Schindler 1974, Eggers et al. 1978, Infante and Abella 

1985, Edmondson 1994). 

At Heron Island in Australia, a boat channel was blasted through the western reef 

platform in 1945 to provide easier access for vessels and tourists.  Later, in 1966, a small boat 

harbor was dredged, disturbing water flow and altering the tidal height for that section of the 

island.  The result was continuous sediment erosion caused by the ebb tides, and mortality on the 

reef flats due to a change in the wave-generated flow.  Repair to the harbor channel walls 

occurred in 1994, and the reef hydrodynamics eventually returned to close to their pre-1945 

state. (Gourlay 1995, Voisey and Apelt 2001, Gourlay and Colleter 2005) 

In the Hawaiian Islands, studies are now showing a gradual increase in local fish stocks 

by preventing overfishing through managed closed areas and a change in take limits (Tissot et al. 

2004, Williams et al. 2006, Williams et al. 2008, Williams et al. 2009).  In addition, the 

“spillover effect” of the marine protected areas (MPAs) including fish replenishment areas 

(FRAs) and marine life conservation districts (MLCDs), have resulted in improvements to coral, 

habitat, and the local ecosystem (Friedlander et al. 2003, Williams et al. 2009).  Another example 

of recovery in Hawai`i after anthropogenic disturbance is illustrated by the improvements in the 
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Kāne`ohe Bay ecosystem that resulted from the eventual diversion of sewage from the Bay in 

1977.  Once the major source of excess nutrients was removed, the ecosystem had the 

opportunity to reverse the dominant benthic community from macroalgae to coral. 

Initial degradation of reefs and a phase shift in Kāne`ohe Bay 

 Early descriptions of the coral resources in Kāne`ohe Bay before the 1960s are anecdotal.  

The coral communities in the southeast section of the Bay were originally described as “coral 

gardens” (Thrum 1914, MacKaye 1915), before they were destroyed by a combination of 

dredging activities, run-off, and the discharge of sewage effluent (Banner 1974, Smith et al. 

1981).  The descriptions are of various forms and colors of coral, with little taxonomic 

identification or notes on the geographic range throughout the Bay.  The coral reef communities 

in the Bay deteriorated dramatically in the late 1960s (Maragos 1972, Smith et al. 1973, Smith et 

al. 1981).  One of the most noticeable changes was the increase in biomass of the native green 

macroalga Dictyosphaeria cavernosa (Forskål) Børgeson and the negative impact it had on the 

coral community.  The initial expansion of D. cavernosa has also been attributed to the nutrient-

rich sewer discharge into the Bay (Pastorok and Bilyard 1985, Done 1992, Laws 1993, Lapointe 

1999). 

 The examples of phase-shifts from a coral-dominated ecosystem to a macroalgae 

dominated system have been numerous (Maragos 1972, Carpenter 1990, Done 1992, Hughes 

1994, Hughes 2007, Bak and Nieuwland 1995, LaPointe et al. 1997, McCook 1999, Scheffer and 

Carpenter 2003, Maliao et al. 2008, Somerfield et al. 2008, Bruno et al. 2009).  Although most of 

the information is anecdotal on when the actual phase shift from coral to macroalgal dominance 

occurred in Kāne`ohe Bay, evidence from the 1960s and 1970s describes D. cavernosa as a 

dominant component of the reef community, replacing live coral colonies on reefs (Banner and 

Bailey 1970, Maragos 1972, Soegiarto 1972, Hunter and Evans 1995) (Figures 30, 31, 32).  

Macroalgae can affect corals by competing with them for space by overgrowth, shading, 

abrasion, allelopathy, inducing physiological stress, reducing growth and fecundity, increasing 

mortality by direct competition, reducing coral recruitment, and increasing mortality via indirect 

increased microbial interactions (Smith et al. 2006, Birrell et al. 2008a, Ainsworth et al. 2010, 

Rasher and Hay 2010).  Increases in the amount of macroalgae most commonly causes a decline 

in coral recruitment, especially if coral colonies or other benthic occupants (sponges, anemones, 
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zooanthids, etc.) are abundant, leaving limited room for new recruits (Edmunds and Carpenter 

2001).  Despite the diversion of sewage and decreasing nutrient levels (Hunter and Evans 1995, 

Stimson and Larned 2000, Stimson et. al 2001, E. Cox unpublished data), D. cavernosa persisted 

as the dominant macroalga species in the Bay into the 1990s (Hunter and Evans 1995, Stimson et 

al. 2001) and 2000s (Stimson and Conklin 2008). 

Potential causes of the phase shift 

 A series of cumulative stresses and acute disturbances that potentially contributed to the 

decline were discussed previously in Chapters 2 and 3.  These included the initiation of 

collection and point-source release of sewage into the Bay in the early 1960s, rapid population 

growth, and the change in land use practices throughout the watershed.  Most of the decline in 

the coral community has been attributed to the input of large amounts of sewage, and surface 

runoff, from the growing communities in the watershed (Banner and Bailey 1970, Cox et al. 

1973, Banner 1974, Evans et al. 1986, Grigg 1994, Grigg 1995).  Sewage accounted for 

approximately 80% of the inorganic nitrogen and 90% of the inorganic phosphorous delivered to 

the Bay (Smith 1982).  The input of nutrients from treated sewage and runoff were taken up 

biologically by phytoplankton and other organisms instead of being advected from the Bay.  

Nutrient cycling was the major immediate source for the nutrients for the observed metabolic 

activity.  The response to nutrient loading was a large buildup of detritivorous biomass and 

alteration of the local community structure and foodweb (Smith et al. 1981).  Although water 

samples were not collected to analyze nutrient shifts, a review of nutrient information will be 

included in the final discussion section of this chapter.  The persistence of the phase shifts from 

coral-dominated to macroalgae-dominated communities following the disturbance could also 

have been a result of a reduction of herbivores, in addition to eutrophication. Reef-fish play a key 

role in controlling the growth of macroalgae,  

Change in anthropogenic inputs and changes in ecosystem 

 Deterioration of the communities in the water column and benthos led to the decision to 

terminate the release of sewage and its nutrients into the Bay.  The suspension of nutrient release 

into the Bay in 1977-1978 led to some very rapid improvements such as the clarity of the water 

and a reduction in the filter feeding community (Rastetter and Cook 1979, Smith 1982, Brock 
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and Smith 1983, Evans et al. 1986).  However, for approximately 40 years, D. cavernosa 

persisted and was the macroalga species of greatest interest in regard to the degradation of coral 

habitat because its distribution overlapped with that of coral throughout the Bay. 

 In the spring of 2006 the biomass and cover of D. cavernosa was drastically reduced 

Bay-wide, probably the result of 43-days of protracted sunlight and rain.  The drastic decrease 

and noticeable absence of D. cavernosa was first noted in April 2006 on reefs 19, 20, and 21 

(Conklin 2007, Stimson and Conklin 2008).  In the two months following, the abundance of D. 

cavernosa on reef slopes throughout the Bay was apparent (Sukhraj, pers. obs.).  Despite the 

number of years between sewage diversion and the disappearance of D. cavernosa, this 

disappearance may also be a result of the previous termination of sewage release.  The reduction 

in the cover of D. cavernosa has resulted in the recovery of coral cover from the loss of its 

principal space competitor in a very short period of time (Chapter 3), and may have contributed 

to the start of a reversal of a phase shift. 

Potential cause for the rapid decline in the late 2000s  

 The native green macroalga D. cavernosa dominated most of the reef slope habitat in 

Kāne`ohe Bay since the 1960s and displaced corals by competition for space, but the cause for 

its disappearance is still unknown.  A delayed response to the limitations on nutrient availability 

could have contributed to the decrease.  As mentioned previously, nutrient availability increased 

in the 1960s and 1970s by input of sewage and increased runoff from urbanization, but early 

measurements are scarce.  The literature provides access to measurements in 1963, but not prior. 

 Herbivores may have also played a role in the recent phase shift.  Grazing pressure 

strongly influences the growth and distribution of algae on reefs, with macroalgae often excluded 

from areas with the highest grazing intensity such as reef slopes and reef crests (Hay 1985, 

Lewis 1986, Steneck 1988, Hay 1991, Edmunds and Carpenter 2001, Conklin 2007).  Exclusion 

of macroalge on reefs allows coralline algae, a reef-building algae, to successfully occupy space 

on reefs (Bjoerk et al. 1995, Diaz-Pullido et al. 2010).  Crustose coralline algae in Kāne`ohe Bay 

will be addressed in Chapter 5.  Macroalgae are fast growing compared to corals, and if not 

consumed and maintained below a threshold level by herbivores, will become the dominant 
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benthic component on reefs.  It is possible that in the last decade there may have been the 

development or restoration of top-down control by the herbivores.   

 It is also possible that D. cavernosa may have been outcompeted for space by the other 

faster growing macroalgae present in the Bay.  Dictyosphaeria cavernosa overgrew the abundant 

Porites compressa as phytoplankton biomass increased as a result of eutrophication from sewage 

input (Banner 1974).  At the same time, sewage enrichment in the southern sector of the Bay 

caused blooms of Gracilaria salicornia, Acanthophera spicifera, and Hydroclathrus sp. to 

overgrow reef flats that were once dominated by P. compressa and Montipora verrucosa 

(Maragos 1972).  Additionally, the red macroalgae Eucheuma denticulatum and Kappaphycus 

alvarezii were  introduced and spread on reef flats throughout the Bay.  However, while D. 

cavernosa disappeared after the 2006 event, the red macroalgae appeared to be unaffected and 

still inhabit the benthic substrate in the Bay (Table 9).   

 Stimson and Conklin (2008) proposed that the decline after 2006 was a combination of 3 

factors: (1) a long period of protracted irradiance, (2) the slow growth rate of D. cavernosa, and 

(3) the low spring-time growth rate which had been observed in previous experiments.  The 

recovery of D. cavernosa has not been observed since 2006, and between 2006 and 2008 

(Stimson and Conklin 2008) the cover of D. cavernosa has remained well below 1% cover, much 

lower than previously reported abundances (Banner and Bailey 1970, Maragos 1972, Soegiarto 

1972, Hunter and Evans 1995, Smith et al. 2002, etc.).  The macroalgae have had 8 years to 

reclaim areas of benthic substrate they vacated in the spring of 2006, but they have shown no 

signs of taking it back.  The cause of the decline also remains unknown. 

Herbivore density and biomass and the influence on macroalgae 

The previous section mentioned that herbivorous reef fishes may have been a 

contributing factor to the decline of D. cavernosa.  Past studies of the controls of aquatic food 

webs have used the concepts “bottom-up” and “top-down” to describe how resource availability, 

such as nutrients, or the actions of the consumers (herbivores) regulate the biomass of 

macroalgae (Littler and Littler 1984, Carpenter et al. 1985, McCook 1996, Lapointe 1997, Smith 

et al. 2001, Lapointe et al. 2004).  In a “top-down” scenario it is possible that there may have 

been the development or restoration of top-down control by the herbivores.  However, with the 



49 
 

overabundance of the macroalga D. cavernosa, there was less suitable reef fish habitat available 

for foraging and recruitment; habitat complexity was reduced.  Overfishing along with loss of 

habitat resulted in fewer  herbivorous reef fishes available for algal control (top-down scenario) 

(Aronson and Precht 2000, Friedlander and DeMartini 2002, Dulvy et al. 2004, Scheffer et al. 

2005, Heck and Valentine 2007). 

Herbivore control of algal populations is important in allowing reef building corals and 

coralline algae to occupy more space on the reef. High coral cover and grazing of macroalgae 

promotes the production and successful recruitment of juvenile corals and maintaining a coral-

dominant benthic community (Hughes 1994, Carpenter and Edmunds 2006, Mumby and Steneck 

2008).  Previous herbivore exclusion experiments have demonstrated that while productivity of 

macroalgal species is often high on reef slopes, continuous herbivory prevents macroalgal 

biomass from persisting (Sammarco et al. 1977, Hay 1981a, Hay 1981b, Hay et al. 1983, Hatcher 

and Larkum 1983, Morrison 1988, Stimson et al. 1996, Stimson et al. 2001, Conklin 2007).  

When herbivore populations are depleted, dense stands of macroalgae can be resilient, 

preventing the return of corals by shading and overgrowing juveniles, destabilizing microbial 

communities, and promoting coral disease (Steneck 1994, Smith et al. 2006, Ledlie et al. 2007, 

Birrell et al. 2008, Ainsworth et al. 2010, Rasher and Hay 2010).  Preferential foraging by 

herbivorous fish has also been shown to influence algae succession and distribution.  (Hay 

1981b, Hay 1984a, Lewis 1985, Lewis and Wainright 1985, Lewis 1986, Hixon and Brostoff 

1996, Conklin and Smith 2005, Conklin 2007)  In Hawai’i, this recognized relationship has 

influenced the creation of areas such as the Kahekili Herbivore Fisheries Management Area 

(http://www.kahekilimarinereserve.com/) on Maui in order to naturally control the abundance 

and distribution of marine algae while limiting take of herbivorous fishes by management 

methods. 

Overharvesting of herbivorous fishes (scarids and acanthurids) and the destruction of 

their habitat by loss of coral cover may have also contributed to change in the benthic floral and 

faunal composition, and biomass of these components in the Bay.  Grazing has been found to 

have a greater effect on the biomass of macroalgae on coral reefs than nutrient enrichment in 

other locations including the Great Barrier Reef (Larkum and Koop 1997, Koop et al. 2001, 

McManus and Polsenberg 2004), Key Largo, Florida (Miller et al. 1999), and Brazil (Costa et al. 

http://www.kahekilimarinereserve.com/
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2000).  Opinions in the literature are that Hawai`i has some of the lowest herbivore diversities 

reported for the Indo-Pacific, with acanthurids as the most important herbivore group due to the 

decline of adult scarids (Friedlander et al. 2007, Roff and Mumby 2007).   Although there are 

many causes for the decline in nearshore fisheries on O`ahu, the mostly widely accepted theory 

is overfishing.  Increases in human populations combined with the increased ability to catch fish, 

lack of regulation, and a decrease in habitat space for recruitment, has led to a major decline in 

fish populations (Nyström et al. 2000, Jackson et al. 2001, Friedlander and DeMartini 2002, 

Friedlander et al. 2003, Knowlton and Jackson 2008).  Grazing by these herbivores may have 

decreased because of the decrease in fish density and may have contributed to the increased 

presence of macrolagae in the Bay.  Fish populations in Kāne‘ohe Bay have received increased, 

and almost unregulated, fishing pressure in recent decades.  The threat of predation is most 

commonly suggested as the limiting factor for habitat use by herbivorous reef fishes (Randall 

1965, Hay 1981a, Hay 1981b, Hay 1985, Hay et al. 1983, Lewis and Wainright 1985, Lewis 

1986).  Predator avoidance affects the distribution of reef fish on slopes and flats and the 

influence of predation risk on forgaing behavior has been demonstrated in a number of systems 

including lakes in Michigan (Werner et al. 1983), freshwater systems in Canada (Dill 1987, Lima 

and Dill 1990), streams in Alaska (Hughes and Dill 1990), and in Milinski (1993). 

For O`ahu, reporting recreational fish catch data is not mandatory and commercial 

landings summaries are limited (Friedlander et al. 2002, Friedlander et al. 2003, DLNR 2008), 

therefore it is difficult to comment on how biomass has changed over time.  The Hawaii Coral 

Reef Assessment and Monitoring Program (CRAMP) has three permanent monitoring sites in the 

Bay (He`eia Kea, Waiāhole, and Moku O Lo`e) and include reef fish surveys in some of their 

rapid assessments, but the information is also limited.  If herbivorous fishes in the Bay are small 

and the estimates of their biomass is on the low side when compared to other sites on O`ahu, 

these factors may allow D. cavernosa to recover and allow the introduced red algae to increase 

their geographic range and cover. 

Grazing pressure from herbivorous fishes may be intense enough that it is preventing the 

growth and recovery of D. cavernosa.  Alternatively if D. cavernosa is recovering, it may be 

because grazing fish biomass is insufficient to prevent recovery.  Data on size distribution, 

biomass, and species composition of herbivorous fishes are needed in order to document changes 
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in these variables and for the purpose of comparison of these variables with pre die-off values. 

Preliminary preference tests suggest that D. cavernosa is a low preference food item for native 

acanthurids and scarids (Conklin and Smith 2005).  Its success has been attributed to the low 

preference of herbivorous fishes for this native alga which leads to a lack of grazer control of 

algal populations (Stimson et al. 2001). 

Purpose and questions related to the decline of D. cavernosa 

 The purpose of this chapter is to examine the data on the decline of D. cavernosa to 

determine if there have been any changes in growth rates, and relate it to what is known about 

changes in nutrient availability and herbivory in the Bay.  This study will also explore why there 

has not been a resurgence of D.cavernosa since the noticeable die-off in 2006. 

 The distribution of D. cavernosa will be tracked over time using observations from 

multiple studies within Kāne`ohe Bay to identify changes in the geographic range of the species. 

In order to track the decline, it is important to know what the distribution of D. cavernosa was in 

the Bay prior to the 2006 disappearance and what the current distribution is.  Data will be 

extracted from historical surveys (1960s) to recent surveys (2000s), both published and 

unpublished in order to have the most complete information. 

 D. cavernosa abundance will be examined from the 1960s to the present to determine 

what the abundance was 40 years ago, in the early 2000s before the disappearance, and after the 

apparent die-off in the spring of 2006.  Using data from studies that were collected from the 

1990s to the present will extend the abundance record and show if the abundance has ever 

reached zero.  A follow up to the data presented by Stimson and Conklin (2008) will be made 

using data from 2006 to present, to verify that the macroalgae have not shown any recovery since 

2006.  An analysis of the abundance data will investigate the hypothesis that the abundance of D. 

cavernosa changed in the mid-2000s and may not have recovered to previous reported levels. 

 The chapter will also investigate the hypothesis that the current growth potential of D. 

cavernosa is lower than it used to be, by performing in situ growth experiments in Kāne`ohe Bay 

where there is a record of previous growth experiments for comparison.  Nutrient levels, which 

are not tested in this chapter, may now be lower than they were before the sewer diversion and 

this may be retarding the recovery of the species.  Stimson et al (1996) showed that nitrogen and 
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phosphorus levels were higher in the chambers beneath the D. cavernosa thalli than in the 

adjacent water column.  Large thalli were evidently obtaining much of their nutrient from the 

subthallus waters and these nutrients may have been generated by the fauna in the thallus or in 

the substratum below the thallus.  Twelve years later, the nutrient supply from the substrate may 

have been too low to sustain successful D. cavernosa survival and growth.  The study will 

determine what the current growth rates are for D. cavernosa thalli and if the current growth rate 

is higher than pre-die-off (up to the 1990s) estimates.  The data presented on distribution and 

abundance, can also be used to estimate if recovery of D. cavernosa occurred on patch reefs by 

presenting the aerial extent of D. cavernosa pre-die-off and post-die-off. 

 An alternative hypothesis will also be investigated related to the herbivore community 

within the Bay.  In this case, “herbivore” will refer to the reef fish community only.  The level of 

reef fish herbivory on D. cavernosa may now be greater than it was when investigated in the late 

1990s.  This hypothesis will be evaluated by estimating the intensity of herbivory on caged thalli.  

The data will be analyzed to determine what the current estimate of grazing intensity on D. 

cavernosa is and if it is higher than pre-die-off estimates.  The reef fish population data will also 

be analyzed to determine if herbivory is greater now because of the current reef fish community.  

Parrofishes (Scaridae) are a dominant group of bioeroders in the Pacific that affect coral-algal 

competition (Mumby et al. 2006, Ong and Holland 2010).  Juvenile parrotfish less than 20 cm in 

total length feed mainly on epilithic turfs, while the adults get a larger proportion of their food 

from macroalgae and the bioerosion or grazing rate increases with increasing size (Bruggeman et 

al. 1996, Bonaldo and Bellwood 2008, Lokrantz et al.  2008).  

One factor that may contribute to a higher grazing intensity is the extreme low tide events 

during the summer months (Chapter 2). Reef flats are exposed for hours during the daylight 

feeding time and the herbivores are restricted to feeding along the reef slope and crest.  If feeding 

intensity increases here during these months, and D. cavernosa and other algae are almost 

eliminated, it would make it harder for the remaining thalli or pieces of thalli to grow again 

during the non-exposed daytime feeding reef flat months.  

Grazing pressure from herbivorous fishes may be heavy enough that it is preventing the 

growth and recovery of D. cavernosa.  Alternatively if D. cavernosa is recovering, it may be 

because grazing fish size classes and biomass is insufficient to prevent recovery.  Data on 
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density, size classes, biomass, and species richness of herbivorous fishes are needed in order to 

document changes in these variables and for the purpose of comparison of these variables with 

pre die-off values. Preliminary preference tests suggest that D. cavernosa is a low preference 

food item for native acanthurids and scarids (Conklin and Smith 2005).  Its success has been 

attributed to the low preference of herbivorous fishes for this native alga which leads to a lack of 

control of algal populations by grazers (Stimson et al. 2001). 

 

Review of the biology/ecology of Dictyosphaeria cavernosa (Forskål) Børgesen 

 

Morphology 

 

Dictyosphaeria cavernosa (Forskål) Børgesen is classified as a member of the Family 

Valoniaceae in the Order Cladophorales.  It is a native green macroalga (Chlorophyta) in the 

Hawaiian Islands that can grow luxuriantly in overfished, high nutrient reef communities with 

calm waters (Larned and Atkinson 1997).  D. cavernosa thalli are multi-cellular and aggregate 

into multiple forms and can have multinucleate cells at some stages.  In Hawai`i they are usually 

bright green, hollow structures, that grow out from an attachment point.  D. cavernosa is found 

attached to rocks, coral rubble, and live coral colonies on shallow reef flats, reef slopes and in 

tide pools.  The alga uses coral and limestone outcrops as anchor points, establishing itself within 

a coral head at the base of the branch and then growing outward, eventually enveloping the coral 

head and killing the coral (Lobban and Harrison 1994) (Figure 33).  Younger plants may form 

clusters of rigid hollow “bubbles” that  provide habitat for infauna inside the chambers of the 

plant.  Previous studies have found that D. cavernosa growth is limited by the availability of 

dissolved inorganic nitrogen in Kāne`ohe Bay (Stimson et al. 1996, Larned and Atkinson 1997).  

The “bubble” morphology may be a contributing factor to the success of D. cavernosa, where the 

trapped sediments have become a reservoir for additional nutrients. 
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Reproduction 

 

D. cavernosa thalli grow by segregative cell division within large multinucleate cells, 

producing daughter segments that are initiated inside parent segments but grow outward in the 

form of a bubble. The attachment between cells are via minute haptera (Egerod 1952) and 

primary cells are approximately 0.1 - 3.0 mm in diameter (Huisman et al. 2007). These daughter 

segments may remain attached to the plant or break away and become independent plants.  The 

rhizoids are short, and can be branched or unbranched. According to Huisman et al. (2007) the 

thallus grows up to 12 cm in diameter and is spherical when young and then irregularly lobed 

when older.  Thalli larger than 12 cm were typical of this species in Kāne`ohe Bay (Banner and 

Bailey 1970, Stimson et al. 1996, Stimson et al. 2001) before 2006.  Older plants were also 

capable of forming large convoluted mats of the bubble structures that varied in thickness and 

covered large areas (Figures 30, 31, 32). 

This species can also undergo isogamous sexual reproduction in which the gametes are 

physically indistinguishable (Lee et al. 2002).  Flagellated reproductive cells are freed through 

pores in the wall of the segregated thallus. Fertilization occurs when the two mating types fuse to 

form a zygote. This type of reproduction has not been reported for the species in Kāne`ohe Bay. 

 

Growth rate 

 

D. cavernosa is a slow-growing species and growth rate is dependent on water 

temperature, flow rates, and nutrient levels.  Past studies within Kāne`ohe Bay (Stimson et al. 

1996, Stimson et al. 2001, Stimson and Conklin 2008) mention estimates of growth before the 

2006 die-off.   Stimson et al. (1996) reported a specific growth rate of 0.005 g/g/day
 
within 

Kāne`ohe Bay and a dry to wet ratio of 0.068.  The species can also lose weight during winter 

months as was observed by Stimson et al. (1996).  In 2006, Stimson and Conklin (2008) reported 

a growth rate of 0.0144 g/g/day in laboratory tanks at the Hawai’i Institute for Marine Biology 

(HIMB) on Moku O Lo`e.  
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Natural Defenses 

   

There are limited studies on the natural defenses of macroalgal species and how they 

affect their removal by herbivorous fishes.  Most studies of macroalgal defenses against reef fish 

have commented on chemical and morphological deterrents.  Hay (1984b, 1991) found that 

secondary metabolites were characteristic of herbivore resistant macroalgae, especially those that 

were heavily calcified, such as Halimeda spp..  Species that produced phenolic acids were 

consumed at higher rates, while those that produced the compound caulerpicin had a lower 

susceptibility to herbivory.  No known natural defenses were found in the literature for D. 

cavernosa. 

 

Habitat distribution  

 

Dictyosphaeria cavernosa (Forskål) Børgesen is a native macroalga in the Hawaiian 

Islands but is found worldwide in tropical waters.  In the Hawaiian island chain, it has been 

observed on O`ahu, Hawai`i, Kaua`i, Maui, Moloka`i, Lana`i and the Northwest Hawaiian 

Islands (Coles et al. 2002, Sukhraj pers. obs.). Worldwide it can be found in mostly tropical 

waters of the Eastern Atlantic, Caribbean, Red Sea, Arabian Sea, Indian and Pacific Oceans 

(Huisman et al. 2007). 

Within coral reef communities it is found attached to rocks, coral rubble, and live coral 

colonies on shallow reef flats, reef slopes, and in tide pools.  The alga uses coral and limestone 

outcrops as anchor points, establishing itself within a coral head at the base of the branch and 

then growing outward, usually filling in all of the interstitial space and eventually covering the 

colony completely. Coral tissue overgrown by D. cavernosa are usually withdrawn down the 

branch or dead. The hollow chambers or “bubbles” are often filled with water or host small 

invertebrates (such as annelids and crustaceans).  It has been referred to as a macroalga that lives 

and grows where there are herbivores. (Hunter and Evans, 1995) 
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METHODS 

Distribution and abundance of D. cavernosa in Kāne`ohe Bay, based on surveys from the 

1960s to 2000s 

In addition to addressing questions that will provide information on the temporal trends 

in abundance and the current growth rates of D. cavernosa in the Bay, data were evaluated from 

previous studies and also collected to determine its geographic range over time.  Revisiting data 

at the sites outlined for the evaluation of coral data in Chapter 3 (the 1970-71 series, the 1996 

series, and the 2006 series) and additional sites at Reefs 19, 20, and 21, provided information on 

current D. cavernosa cover and distribution and how these have changed over the last 40 years.  

The surveys of the benthic community provided information on the resilience of D. cavernosa in 

the Bay after a major change in nutrient input and after anthropogenic and physical disturbances. 

This allowed the evaluatuation of any change in the distribution over time.  The distribution of 

this species will be visually presented over time on maps of Kāne`ohe Bay using georeferenced 

locations within ArcMap 10.1
©

.  Presence will be categorized by reef flat and reef slope, to show 

the distribution over time in each habitat. 

Abundance of D. cavernosa in Kāne`ohe Bay, based on surveys from the 1960’s to 

2000’s 

Reexamination of the data on macroalgae from the sites outlined in Chapter 3 (the 1970-

71 series, the 1996 series, and the 2006 series) provided information on how the abundance, or 

percent cover, of D. cavernosa changed over 40 years.  Because each study differed in the 

method of data collection, explanations are provided in the change in methods or manipulation of 

existing data sets for comparison.   Percent cover of D. cavernosa will be categorized by reef flat 

and reef slope, to show the change in abundance over time in each habitat. 

 Banner and Bailey 1970 

In 1970, 155 sites in the Bay were qualitatively assessed on the amount of invasion by D. 

cavernosa.  Each site was assigned a number on the scale 0-6, with both 0 and 6 indicating that 

no D. cavernosa was present, based on the visual estimate of presence of D. cavernosa and coral.  

Sukhraj used the scale to assign an estimate of percent cover of D. cavernosa to each site and the 

estimates were accepted by one of the original authors Dr. Julie Bailey-Brock.  The converted 
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scale is as follows: 0 → 0%, no D. cavernosa present and normal coral growth; 1 → 5<10%, 

slight D. cavernosa growth and no interference with growing coral; 2 → 10<25%, some invasion 

of coral heads by D. cavernosa; 3 → 25<50%, heavy invasion of some or much of the coral.  

Coral usually had tips of the colonies still growing, but the based was covered with algae.; 4 → 

50<100%, most of the coral was gone.  Remaining coral was heavily invaded or being overcome 

by the alga with most of the base covered by the alga.; 5 → 50<100%, the bottom substrate was 

almost completely covered by the alga, or at most with only scattered heads of coral remaining.; 

and, 6 → 0%, neither living coral nor D. cavernosa were present.  In most areas the D. 

cavernosa had been replaced by mats of several other genera of algae. 

  1970-71 survey sites 

Maragos’s study (1972) provides the earliest quantitative data that included all regions of 

the Bay.  Similar to what is outlined in the methods for coral data evaluation in Chapter 3, fifteen 

of Maragos’coral transplant sites from 1971-1972 (Figure 11a, Figure 12), were resurveyed in 

1983, 1990, 1999, and then by Sukhraj in 2009, using both a quadrat method and a point-

intercept method.  The 2009 data were only collected on the upper 10 m of the transect tape due 

to weather/time restraints and researcher availability; as a result, only the data from the top 10 m 

of the earlier lines were used in the analyses presented here. In order to make that adjustment, the 

original hand-written data sheets were re-visited and the information re-calculated for this 

portion.  For the 1983 and 1990 surveys, it was assumed that given data sheets for sites “1a” and 

“1b”, that “a” was the original line and “b” was the additional or second line. 

One square meter (1-m
2
) quadrats containing a grid of 100 intersections were used to 

score the areal coverage of the sessile organisms, including macroalgae, and the substratum types 

in all sampling years.  These were placed along the transect line at 1-m increments down the 

slope, all on the same side of the tape.  Distance down the transect line were recorded for each 

grid down to 10 m and percentage cover data was computed within 1-m intervals and averaged 

across the parallel transect lines.  In 2009, the benthic quadrat data was collected along the center 

line, Maragos’ original line, in order to use the only line that was included in all survey periods.  

Although data were collected at Sites 6, 16, 17, and 18 in 2009 for comparison to the original 

values, Hunter and Evans (1995) did not survey sites 6, 16, 17, and 18, therefore they are not 

included in the analysis for the time series.  Site 16 was a reef flat and therefore no longer 
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relevant to the analysis and site 6 is near houses where heavy sedimentation has “filled” the area.   

The site is now covered in the silt/mud bottom characteristic of current day Kāne`ohe Bay.  Only 

1970-1971 series sites that had data collection in all sampling years were used in the analysis.  

 Topographic profiles of the slopes were then reconstructed from vertical transect data 

using SigmaPlot © to update the information presented in Figure 12 of Maragos (1972) and 

Figures 2 and 3 of Hunter and Evans (1995). 

 There are two measures of percent cover of the benthic community in 2009.  In 2009, a 

point-intercept method was also used to estimate macroalgal cover (Liddell and Ohlhorst 1987, 

Lam et al. 2006, Newman et al. 2006). The species or substratum type under each 25 cm 

increment of the transect line was recorded.  Data were collected along three 10-m transects 

going down the reef slope.  Parallel line transects are the same as described in the previous 

section.  Point-intercept data were also collected at sites 6, 16, 17, and 18.  The 1996 survey 

series and the 2006 series collected data using the point-intercept method instead of the quadrat 

method.  This additional data collection was necessary in order to make comparisons between 

the three survey series. 

  1996 survey series 

In 1996, 36 permanent transects were established on Moku o Lo`e and 5 other reefs (4, 8, 

29, 30, 44) (Stimson et al. 2001) for a study of the distribution of D. cavernosa and coral on reefs 

within the Bay (Figure 13).  The original selection of reefs and sites within reefs was dictated by 

the plan to have a site with “low” percent cover of D. cavernosa and a second with “high” D. 

cavernosa percent cover on each of the 6 reefs (Stimson et al. 2001).  The pre-study selection of 

“high” and “low” were determined by qualitative visual estimates.  The percent cover of D. 

cavernosa at each “high” site was visually estimated to be at least twice as high as that of the 

“low” cover site on the same reef (Stimson, pers. comm.).   After the initial surveys, the “low” D. 

cavernosa cover values ranged from 0-16% and “high” cover values ranged from 10-39% 

(Stimson et al. 2001).  The “high” cover sites on some reefs had lower percent cover than the 

“low” cover sites on other reefs and therefore the designations are misleading. 

At each of the two sites within a reef, three permanent benthic transects were established 

perpendicular to the reef crest and spaced 5 m apart.  Each transect line extended 10 m down-
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slope from the crest and 40 m onto the reef flat, with rebar posts marking each 10-m increment.  

A point-intercept method was used to assess the cover of sessile organisms and substratum types 

(Liddell and Ohlhorst 1987, Lam et al. 2006, Newman et al. 2006).  The species or substratum 

type under each 25-cm increment of the transect line was recorded.   D. cavernosa cover on the 

reef flat and reef slope sections of each line were estimated separately. 

The 1996 survey series transects were resurveyed by Stimson and Conklin (2008) in 

1997, Fall 2005-Spring 2006, August 2006, and August 2007, and then by Sukhraj and Conklin 

in August 2008, Sukhraj and Stimson in August/September 2009, and Sukhraj in July/August 

2010.    The same methods were used as in the initial data collection, although some additional 

categories, such as invasive macroalgal species, were added beginning in 2006.  For the purpose 

of comparison, only data for the first 10-m segment from the reef crest (0 m) and going toward 

the center of the reef flat was used.  All of the 10-m segment data down the reef slope were 

included.  There was a trend over the years of the D. cavernosa mainly restricted to the first 10 m 

across the reef flat and the first 10 m down the slope for this group of reefs.  The variable used in 

analyses was the average D. cavernosa cover on the three reef flat and the three reef slope 

sections of the three transect lines at a site on a reef on a particular date.   These average cover 

values were regressed against year to determine whether D. cavernosa cover changed through 

time since 1996.  

2006 survey series: Patch reefs 19, 20, 21 

In addition to the reef sites with a multiple previous data-collection dates, changes in 

macroalgal cover were monitored on three small patch reefs (Reefs 19, 20, and 21, Figure 14) in 

central Kāne`ohe Bay from the fall of 2006 until the fall of 2010 in order to estimate D. 

cavernosa recovery.  These reefs were chosen because they were known to have high cover of D. 

cavernosa since the early 1980s and as recently as the mid-2000s (Booth 1991, Stimson et al. 

1996, Conklin and Stimson 2004, Conklin and Smith 2005, Conklin 2007, Stimson and Conklin 

2008), and they were not included in the 1970-1971 series or the 1996 series.  Because of their 

close proximity to the back margin of the Barrier Reef and its associated recreational/boating 

activities, these three reefs also receive a wide range of physical impacts, e.g.  higher wave 

energy from boat traffic and jet skis, boat strikes, damage by anchoring on coral, and recreational 

use by snorkelers and fishermen.  Surveys conducted in 1999 at reefs 19, 20 and 21 estimated an 
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average cover of D. cavernosa at 61.2% on the reef slopes (Conklin and Stimson 2004, Conklin 

2007).    

Two permanent, parallel transects were established on each reef, 10 m apart and  5  m on 

either side of the center  line (diameter) of each reef flat.  (See Chapter 3 for the circumference 

determination and measurements.)  These transects extend  25 m across the reef flats and 5 m 

down the leeward  reef slope; the 0 and 25 m distance points on the line at the reef flat/crest 

boundary and on the reef flat were marked with metal posts embedded in the limestone.  The 

windward reef slopes were not chosen because of the amount of coral rubble and sand on that 

side of each patch reef.  Live coral is rare at depths greater than 5 m on these 3 patch reefs while 

soft sediment and rubble are common.  D. cavernosa has not been observed as a free-living 

organism in soft sediment in the Bay.  The cover on the reef-slope sections of these transects was 

analyzed separately from the cover on the reef flat sections in order to make comparisons with 

previous studies.  These reefs were surveyed at approximately 5-week intervals between October 

2006 and October 2010.  The coverage of benthic species and major substratum types was 

collected in the same manner as described for the 1996 series.  Most of the reef flat areas on 

these reefs were just below the low tide level and so the reef flats were not exposed during 

seasonal extreme low tides, compared to other areas of the Bay (Table 2).   

The variable used in analyses was the average live D. cavernosa cover on the two reef 

flat and the two reef-slope sections of the transect lines at each patch reef on a particular date.   

These average cover values were regressed against year to determine whether D. cavernosa 

cover changed through time since 2006.  

Permanent photoquadrats were established on each reef and data were collected from 

October 2006 to October 2010 on the same dates that the benthic survey data was collected.  The 

data were not used for estimates of site specific D. cavernosa recovery. 

 

Growth rate of D. cavernosa in the post-die-off period under protection from herbivores 

In the past, caged and uncaged thalli of D. cavernosa were placed on the upper 2 m of the 

windward reef slope of Moku O Lo`e/HIMB.   Stimson et al. (1996) conducted field experiments 
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in 3 zones along the reef slope:  a visually estimated area of “high” D. cavernosa cover, “low” 

cover, and intermediate cover.  The seasonal growth and susceptibility to grazing of D. 

cavernosa were studied and the effects of grazer exclusion were compared between sites with 

differing natural abundances of the alga.  Those natural abundances do not exist today.  Larger 

pre-weighed thalli, 120 - 130 g wet weight were assigned to random pairs for the caged and 

uncaged treatments and then placed in the 6 reefs in the 1996 series (Chapter 3). 

The experiment had two objectives: to determine whether D. canvernosa can grow in the 

absence of herbivory on reef slopes, and to assess spatial and seasonal patterns of grazing 

intensity on D. cavernosa.    Caged growth rates from these trials for D. cavernosa at Moku O 

Lo`e/HIMB are given in Table 15.  Unpublished data from Stimson from 1991 to 2000 will also 

be used for comparison of pre-die-off growth rates to post-die-off growth rates. 

In situ growth experiments in the 2000s investigated the current growth potential of D. 

cavernosa in Kāne`ohe Bay, where there was a record of previous pre-die-off growth 

experiments for comparison (Stimson et al. 1996, Stimson et al. 2001, Stimson and Conklin 

2008).  Caged and uncaged thalli of D. cavernosa have been used in the past as bioassay material 

to determine how suitable conditions are at particular sites for the growth of D. cavernosa (caged 

thalli) and how intense herbivory on D. cavernosa was at different sites (difference between 

growth in caged and uncaged thalli).   

Growth rates of the caged thalli at sites A and C were used as a measure of potential 

growth of the algae in the absence of herbivory.  Measurement of the difference in growth rate of 

caged and uncaged thalli allowed assessment of whether herbivory is more intense now than it 

used to be.  Growth rate was measured in terms of increments in wet weight of thalli. The mean 

growth rates for thalli of each treatment at a site were used in the analysis of site and grazer 

effects.  Due to the differing lengths of the trials (15 – 30 days), the comparisons will be made in 

terms of specific growth rates.   

In the 7 years since its virtual disappearance from patch reefs, the alga has not shown an 

increase in areal coverage (percent cover on reefs), but it is not known how fast areal coverage of 

this species could increase. 
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Change in experimental thalli size 

 

The three sites in Stimson et al. (1996) were chosen at Moku O Lo`e/HIMB because they 

had the same exposure to the northeast trade winds but differed in coral and D. cavernosa cover.  

Site A, located at the 300-m perimeter marker (Figures 34 and 35), was designated as having 

“high” cover of D. cavernosa in 1991.  Site B, located at 200-m, was designated as 

“intermediate” cover and Site C, located at 100 m, had no D. cavernosa present in 1991.  Large 

horizontally or vertically oriented mats of D. cavernosa were collected from the upper reef slope 

(1-2 m) at site C.  Thalli were broken into smaller pieces, weighing 65 -75 g wet weight, 3 cm 

thick, and 10 m in diameter.   

In 2008-2011, because of the limited availability of the alga near the named sites, smaller 

experimental thalli sizes were used compared to those used in previous studies (Stimson et al. 

1996, Stimson and Larned 2000, Stimson and Conklin 2008). The large attached mats that were 

greater than 1-m diameter no longer exist on the upper reef slopes of patch reefs (Figure 36).  

Thalli greater than 10 cm are not common and the smaller thalli were found on two reefs in the 

Bay that did not include any of the named survey sites in this document (Sukhraj, pers. obs.) The 

average thallus weight used was 45.21 g wet wt. (n = 574), with a minimum weight of 10.32 g 

and a maximum weight of 128.07 g. 

The data on the growth of caged thalli will also be used to investigate whether the 

specific growth rate (g/g/day) of D. cavernosa is independent of thallus size. 

 

Previous methods and cage specifications 

 

Potential reef fish herbivory was taken into account when the designing the original 

experiments by selecting a mesh size small enough to exclude juveniles greater than 1cm total 

length (TL).  In order to minimize the amount of factors that would differ for comparison of 

results, previous methods and cage specifications for studies in Kāne`ohe Bay were retained.  For 

this study the cages were the same specification as the “coarse” cages used in the Stimson et al. 

(1996) study.  Irradiance measurements in the field indicated that the cages transmitted greater 

than 95% of available photosynthetically active radiation (PAR).  Cages of the “fine-caged” 

treatment mesh size were not used.     
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Growth of D. cavernosa in situ, 2008-2011 

 

Information from this study can be used to answer the question:  In the absence of 

grazing, what is the current growth rate of D. cavernosa? 

Two of the Stimson et al. (1996) sites, A (300-m perimeter mark) and C (100-m 

perimeter mark) (Figures 34 and 35), were used as field sites for the current experimentation 

because of their close proximity to ongoing reef fish surveys and the availability of benthic 

species data for areas A and C.  Using paired sites allowed for verification that the growth rate of 

D. cavernosa is similar along reef slopes. The low and high D. cavernosa abundance situation no 

longer exists on the reef slope, therefore there is no need for an intermediate site.  Both sites have 

the same exposure to the trade winds, water temperature, and irradiance.  Sites from the 1970-

1971 series and the 1996 series were not included in the platform growth experiments because of 

a permit moratorium by the State of Hawai’i.  Having additional platforms would have provided 

information on whether D. cavernosa growth rates were site-specific within  Kāne`ohe Bay, and 

if past studies at the 1996 series sites indicated if the decrease in specific growth rate is also 

significant for those sites.  Even without that information, it can be determined that for the thalli 

placed on the HIMB windward reef flat, the specific growth rate of a thallus (g/g/day) was either 

dependent or independent of beginning thallus size.   

Experimental thalli were collected from the upper reef slope (l-2 m depth along the slope) 

at sites (reefs 15 and 16, Figure 2) not currently being used in other studies and returned to the 

laboratory in seawater.   By mid-2010 there were no longer enough D. cavernosa thalli of size on 

either of those reefs, so collection of thalli was supplemented by using thalli from the reef flat of 

reef 8 (Checker Reef), in areas outside of where the permanent transects from the 1996 series 

were located.  As mentioned before, Stimson et al. (1996) were able to use pieces weighing 65-

75 g.  In a later study, Stimson et al. (2001) were able to use thalli of 120 – 130 g wet weight.  

The thalli used in this study were on average half the initial study wet weights because of the 

difficulty in finding D. cavernosa and the relatively small size of thalli available. The thalli also 

had to be cleaned, and during that process, the size and biomass was often reduced.  Thalli were 

cleaned of foreign organic and inorganic material that was attached (i.e., fireworms, limestone, 

sponge, tunicates, coral, other macroalgae, etc.), shaken to remove excess water, and weighed to 

the nearest 0.001 g.  It was common to find the small thalli of D. cavernosa fused to other 
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species such as Acanthophera spicifera, Gracilaria salicornia, or colonial tunicates, and to then 

remove them or scrape them off carefully with tweezers (Figures 33 and 37).  The unattached 

thalli were given an acclimation period of at least four days in shaded fiberglass raceways at 

HIMB, receiving ambient seawater from the windward reef slope where sites A and C are 

located.  Thalli that exhibited color change (loss of pigmentation turning pale green to white) or 

experienced partial or total mortality, were not used. Weighed thalli were assigned to one of four 

treatments, caged (no herbivory) and uncaged, distributed at two sites, A and C.  Although the 

cover of D.cavernosa was the same at both locations in 2009, using two sites would identify site 

specific differences in growth rate, if any.   

Caged and uncaged thalli were attached to 2.5 cm plastic-coated wire mesh platforms (30 

x 16 cm) using fine plastic-coated wire. Cages have walls of 2.5 cm galvanized mesh, with an 

additional layer of 0.7 cm monofilament mesh on the walls, roofs and floors. All cages are 16 x 

16 x 16 cm high.  Each are tagged and numbered and each individual sample was attached with 

coated electrical wire to the bottom platform (Figure 38). On Day 1 and Day n, the last day of the 

trial period, temperature and salinity was measured at each site.  Platforms were placed at areas 

A and C at depths of 1-2 m along the reef slope and below the low tide water mark.  The free 

edge of the uncaged platform was easily wedged between cracks in the limestone pavement or 

between branches/plates of coral skeletons. When available, the platforms were placed directly 

on the sand/rubble bottom, or directly over gaps in the coral colonies where that type of bottom 

was visible.  No pins or stakes were used to secure the platforms.  Cages were monitored every 3 

- 4 days but were not removed from the slope until Day n (the goal was 30 days length).  The 

intermediate monitoring allowed for tightening the wires as algae are grazed upon, righting 

platforms that may have fallen over and to detect whether any thalli are being grazed so heavily 

that they will not last 30 days in the field.  The outsides of cages were also cleaned using a 

toothbrush when fouling had occurred. On Day 30, or the last day of the trial, platforms were 

transported to the laboratory in seawater. The thalli were removed, shaken to remove excess 

water, and weighed.  The mean growth rates of each treatment at each site will be used to 

analyze possible grazer effects on growth and relationships between weight and areal coverage. 
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The variable used in data analysis was growth rate over a trial period.  The goal was 30 

days length, but some were ended before that time because of thalli mortality or intense 

herbivory. 

 

Growth rate for each thallus was calculated as follows: 

change in g wet wt.     ÷   length of trial  =  g per day  

(g Day n – g Day 1)    ·      (days
-1

) 

  

 Specific growth rate for each thallus was calculated as follows: 

change in g wet wt.  ·  g initial thallus wet wt.
-1  

·  day
-1 

 ± SE 

 

D. cavernosa growth in the laboratory 

 

The paired platform experiments were conducted 26 times between May 2008 and May 

2011. Only 16 of those experiments are used in the results.  The other 10 were not included for 

one of two reasons: (1) over 50% of the thalli suffered mortality before day 15 of that trial 

period, or (2) reef fish herbivory was high and more than 50% of the uncaged thalli were missing 

after 24 hours.  When placing the platforms on the reef slope where there are almost no other 

macroalgae species present, the fish population would immediately be attracted to the cages 

(Figure 36).  There were some instances where the outside thalli had been heavily grazed in less 

than 1 hour.  Once the thalli are grazed down, they will float off the platform and are usually not 

seen again.    Over the 3 year period, only 4 “missing” thalli were recovered within 0.25 m of the 

platform and had visual evidence of herbivory (bite marks).  The species observed feeding on D. 

cavernosa will be discussed later in the results of Chapter 4.  

After observing the loss in D. cavernosa at both sites due to herbivory immediately after 

cage placement on the reef slope, the original methods were adjusted and thalli were then 

retrieved and weighed after 24 hours for the remaining trials. Starting with the May 2009 

experiment dates, the researcher had to return to the study site within an hour on Day 1 and 

tighten the attachment wires so that thalli now reduced of biomass would not float away. After 

weighing the thalli on Day 2, they were reattached in their original position on the platform and 

then placed back out in the same field positions at sites A and C.  The percent loss of original 
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wet weight after 24 hours was determined to look at effects from herbivory from May 2009 – 

May 2011.   

A lab trial was conducted to verify that the cage structure does not reduce irradiance and 

flow sufficiently to reduce growth of thalli.  Seawater flow rates (150 ml/min), the same as in 

Stimson et al. (1996), were maintained in outdoor water tables at the Point Lab of HIMB.  The 

water tables received ambient water from the same reef slope where the experimental cages were 

placed.  The water was aerated to prevent the settlement of diatoms and filamentous algae on the 

thalli.  On Day 1 and Day 30 temperature and salinity were recorded to compare to the field sites.  

Both measurements were taken every 3 - 4 days to monitor and verify that both were within the 

normal limits of the surrounding windward reef. 

The thalli were attached to the same bottom platform as the field experiment thalli; 

galvanized mesh, with an additional overlying layer of 0.7 cm monofilament mesh.  Each thalli 

was cleaned and weighed to the nearest 0.001 g, then attached using the same coated electrical 

wire.  Thalli were checked every 3 - 4 days to tighten the wires if necessary.  At the end of the 

experiment period, the thalli were all re-weighed in the same manner as the field thalli. 

  

Two-dimensional growth of D. cavernosa on patch reefs 

 

In addition, after setting up the laboratory control thalli and before placing the 

experimental platforms in the field, pictures of each specimen were taken with a Canon 

Powershot Digital ELPH.  The pictures were used to obtain a 2-dimensional estimate of the area 

of each thallus and any change over time.  All subjects were photographed from above at a 

height of 30.5 cm and at a 90° angle from the table top in order to capture a 2-dimensional 

estimate of area on Day 1.  Each photograph also contains a small ruler showing measurement 

increments in millimeters and centimeters and the platform identification tag (Figure 39).  An 

indicator of scale is necessary for the area analysis using Image J©.  The National Science 

Foundation’s Image J© software (Image Processing and Analysis in Java) was used to analyze 

all photographs and to determine 2-dimensional changes in area (mm
2
).  The software allows for 

the user to manually draw the border around the item and then calculate the area based on a user 

defined scale.  Multiple measurements, at least 3 for each thallus, were drawn manually along the 

outline of the thallus and analyzed.  The mean measurement was then used as the area value for 
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that individual algal sample.  This process was repeated for each individual thallus, both caged 

and uncaged treatments. 

On Day 30, or the last day of the trial, platforms were transported back to the laboratory 

in seawater.  A final set of photos was taken to note 2-dimensional change by orienting the 

platforms in the same position as on Day 1.  The Day 1 photos were used as reference for 

position placement.  The analysis of the final photographs was repeated for each thallus, in the 

same manner as photographs on Day 1 to estimate change in two-dimensional growth.  All 

values from the ImageJ© program were exported to Microsoft Excel for manipulation. 

To determine if D. cavernosa can return to its dominant state on patch reefs, information 

on growth (weight and area) will be used from the last three field trials (September 2010, 

October/November 2010, and April/May 2011) to determine the current specific growth rate and 

the rate of change in 2-dimensional growth.  Once rates of areal increase in caged and uncaged 

treatments are known, these rates can be used to model how long it would take for D. cavernosa 

to recover to pre-die-off estimates of percent cover.   

  

Estimates of the influence of herbivores on the distribution and abundance of 

Dictyosphaeria cavernosa 

  

 Estimation of grazing intensity on D. cavernosa in a post die-off period 

 

Post die-off in situ growth experiments from 2008-2011 will be used to estimate the 

grazing intensity by herbivores from the thalli growth data.  Data will be separated into thalli that 

were protected (caged) and thalli that were exposed (uncaged), as the data collected on the 

uncaged thalli will be used to estimate herbivore grazing rates.  The amount of biomass lost over 

time is attributed to grazing by reef fish.  Grazing intensity at sites A and C can be estimated by 

subtracting the mean growth values for uncaged thalli from the values for caged thalli at the 

same site for the same period.  The data will be compared to previous grazing intensity estimates 

for the same locations from work by Stimson et al. (1996), Stimson et al. (2001), and Stimson 

and Conklin (2008). 

The grazing rate after 24 hours following the placing the platforms in the field is 

available for the time period May 2009 to May 2011, a total of 11 growth trials.  For these trials, 

the platforms were brought back to HIMB after 24 hours and all thalli were re-weighed.  This 
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rate was calculated because of the intense herbivory observed within 1 hour of placing the 

platforms on the reef slope (Sukhraj, pers. obs.). 

The potential grazing rates for uncaged thalli during that time  =  

mean g D. cavernosa consumed  ·  g initial thalli wet wt.
-1  

·  day
-1 

 ± SE 

 

Tests were performed to determine if grazing rates on thalli differed between Sites A and C. 

 

Estimates of reef fish abundance and biomass 

 

Reef fishes were chosen as the herbivore evaluation species because they are currently 

the most common consumer of macroalgae within Kāne‘ohe Bay.  Repetitive data collection on 

reef fish assemblage (number, biomass, and size distribution) were performed at four reefs to 

identify seasonal and geographical differences, if any, as well as to establish baseline 

information. 

Reef fish surveys throughout Kāne‘ohe Bay provided a current estimate of diversity, 

density, and biomass of herbivores which were compared with estimates from the pre-2006 

period.  If coral continues to show an increase in cover on reefs where they were once out-

competed by D. cavernosa, it may be the case that herbivorous fish abundance and biomass will 

increase in the future because of the improvement of their habitat.  Observations were made 

during surveys and experiments to determine what macroalgae current reef residents are feeding 

on and how herbivore biomass is changing.  It is also important to mention that fish abundances 

may currently be lower than at the time of the D. cavernosa die-off due to the lack of structure 

and habitat that D. cavernosa previously provided for fish.  In the areas where large mats of D. 

cavernosa once occurred, there is now bare subtrate not conducive to providing shelter. 

Location of the reef fish transects may also determine the diversity, density, and biomass 

of reef fish present.  The reef flat at Moku O Lo`e/HIMB is protected by the State of Hawai`i as 

a designated Marine Life Conservation District (MLCD) where fishing activities are prohibited.  

Reefs 19, 20, and 21 are offered no such protection and are more prone to recreational use. 

There are two ways in which reef fish communities are presented in the literature.  They 

are either grouped together by trophic group or large geographic area (lumpers), or the 

information is presented for an individual species (splitter).   The lumpers vs. splitters approach 
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to reporting has presented obstacles in interpreting data.  For the lumpers, it is not always clear 

which species are included in the groups, or which species were excluded from those groups.  

For the splitters, data may not have been collected on all of the species present in a trophic group 

or family (example: acanthurids) therefore grouping together would be an underestimate of what 

is actually present.  For the research presented here, all information is given at the species level 

so that it can be combined by family, trophic group, recreational vs. commercial vs. aquarium 

trade, etc. for future use.  All reef fish data were collected by the author, therefore reducing 

multiple observer error and estimated total length (TL) size discrepancy.   

2006 series:  Reefs 19, 20, 21 

Reef fish abundance and density  

Fish data were collected using a belt-transect protocol that has been used widely in a 

variety of marine environments, particularly coral reef habitats (Maragos and Gulko 2000, 

Friedlander et al. 2002, Friedlander et al. 2003, Foster et al. 2007, Foster et al. 2008, Sandin et al. 

2008, Minton et al. 2009, Sukhraj et al. 2010, Coral Reef Assessment and Monitoring Program 

(CRAMP)).   The author performed all fish surveys in order to minimize observer variability.  

Observer calibration is performed regularly through her employment, where fish surveys are 

conducted throughout the U.S. Pacific region.  The advantages to using shorter transects are that 

the cover of common species are more accurately and precisely estimated, smaller sampling units 

reduce bias against cryptic species by forcing visual contact to specific spots, avoiding selective 

species detection, reducing overestimation of rare species, and the sampling effort and efficiency 

are not compromised (McCune and Grace 2002). 

Fish observations were made by swimming along a 25-m belt transect.  Two parallel belt 

transects were sampled at each of the reef flats at reefs 19, 20, and 21.  (Three parallel transects 

were not used because of  the small surface area of the patch reefs and to reduce the possibility 

that the same fish were being double counted)  The stationary center of the belt transects was the 

25-m line transect used in the benthic surveys in Chapter 3.  Therefore, the start and end points 

were the same rebar posts at the reef crest (0 m mark) and on the reef flat (25 m mark).  The 

minimum tide height used for sampling was 0.90 ft., obtained from predicted tide heights for 

NOAA tide station Moku o Lo`e (1612480), in order to provide enough water column height for 

reef fish to return to the reef flat and to provide enough water height for the observer to conduct 

the survey.  Tide heights may differ by 3-5 cm between survey sites due to the inability of the 
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surveyor to record data at both places simultaneously. Same day surveys take into account the 

same water temperature, visibility, food availability, etc.  Same day surveys began with survey 

period 3 in June 2007 (Appendix D), after working on the timing of the minimum tide height 

requirement for all three patch reefs.  The observer recorded both the number of fish by species 

and the size of all individuals encountered.  Replicate fish counts were sometimes performed at a 

site to see how much variability exists at a site on that visit.  

The start and end of each belt transect was previously marked by a permanent rebar stake 

for easy reference when revisiting the sites. During the deployment leg of the transect line, the 

observer recorded size-class-specific (total length, TL) counts of all fishes greater than 5 cm 

within visually estimated but defined belt widths (2 m on each side of the line), while smaller 

(and more cryptic) fish (i.e., less than 5 cm long) were counted during the “swim-back” leg (1m 

on each side of the line).  The vertical water column component (depth) of the belt survey areas 

was recorded for each survey attempt.  Each fish was identified to species in situ to the lowest 

taxonomic level possible.  In the case where a juvenile fish could not be identified to species, the 

genus was identified.  The result was that the observer obtained a density estimate of all fishes > 

5 cm total length (TL) within a 25-m long x 4-m wide (100 m
2
) area on an initial “swim-out” leg, 

followed by a density estimate of small < 5 cm TL within a 25-m long x 2-m wide (50 m
2
 area) 

on the subsequent “swim back” leg, on the designated number of transects at each patch reef.  

Fish larger than 5 cm TL observed on the “swim-back” leg were not recorded.  Thus, two 

completed transects, when averaged, would yield data on large, relatively vagile fishes within 

100 m
2
 and data on small, site-attached reef fishes within 50 m

2
.   

 

Size class distribution 

 

All individual reef fish observations were collected in centimeters of total length (cm TL).  Each 

individual was assigned to a designated bin for determination of the current average TL for that 

species: 0 < 2 cm, 2 < 5 cm, 5 < 10 cm, 10 < 20 cm, 20 < 30 cm, 30 < 40 cm, 40 < 50 cm, 50 < 

60 cm, 60 < 70 cm, 70+ cm.  The bins are small so that they can be combined in multiple ways 

for comparison to other studies.  Larger bins would have limited the data manipulation and 

increased error in the biomass calculation.  Size class information was presented at the species 
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level, not grouped at the family level, in order to identify the current length for those species 

within Kāne`ohe Bay. 

 

Estimate of biomass 

 

In order to calculate estimates of the biomass of herbivorous fishes per unit area for each 

fish species, a length-weight conversion, W = a*(SL)
b
, was used to estimate the weight of all fish 

present at a site (where parameters a and b are constants, (SL) is standard length in millimeters, 

and W is the estimated weight in grams).  This biomass estimate (expressed as metric tons per 

hectare) is a combined representation of both fish numbers and fish size per unit area and is 

widely used in fishery science.  These results are useful for comparison with studies of coral reef 

habitat elsewhere in the western and central Pacific.  Weight and length (total length or TL) 

information for over 150 Hawaiian fish species were obtained from a variety of literature and 

agency sources (FishBase; DAR pers. comm.; USFWS pers. comm).  The database also contains 

conversion ratios from TL to SL.  Total length is the straight-line length from the tip of the snout 

to the tip of the longer lobe of the caudal fin.  Standard length excludes the length of the caudal 

fin.  Due to the skill set of the observer, TL was measured.  In cases where length-weight 

conversions were not readily available for a given species, values were used from a proxy 

species of the same genus with similar morphological characteristics.  The process was repeated 

for only herbivorous reef fish species in order to determine their percentage of the current 

population estimate.  

 

Shannon Diversity Index (Hʹ) 

 The simple measure of diversity (S or the number of different fish species) does not 

account for the relative contribution of individuals representing each species.  Reef fish diversity 

was also calculated using the Shannon diversity index, also known as the Shannon-Weaver or 

Shannon-Weiner index, which incorporates the number of individuals of each taxa observed.   

The diversity measure came from information theory and measures the order, or disorder, 

observed within a particular system.  In ecological studies, this order is characterized by the 

evenness of the numbers of individuals observed for each species in the sample (e.g. zone, patch 
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reef, etc.).  Belt-transect observations, for which numbers of each species encountered were 

recorded, were used to derive H`.   

The Shannon index of diversity was determined for species occurrence and mean density 

at each survey site.  The Shannon diversity index was calculated as: 

H` =  (pi ln pi) where pi is the proportion of all individuals of species i or the  

   abundance of any given species on that reef divided by the total  

   number of species observed on that reef 

 

The index is also sometimes written as H – Ʃ (pi log[pi]).  This index uses the natural log of the 

proportion of each species observed to represent both numbers of species and numbers of 

individuals present.  The Shannon diversity index indicates species diversity of a community or 

area, and ranges from 0 (low diversity) to S (which equals the total number of each species 

present).  The higher the value, the higher the diversity.  If there is more diversity, this suggests 

that competition has forced species into narrower niches and indicates less competition between 

species.  If the value is lower, this can suggest that competition had narrowed down the amount 

of species able to make a living in that area (the patch reef) or that species were able to expand 

their niches. 

 

Moku o Loe: Sites A and C 

Reef fish abundance and density  

 

Fish data were collected using the same belt-transect protocol outlined for reefs 19, 20 

and 21.  However, there were no permanent rebar stakes or transects to follow at these sites.  The 

sites selected at the windward HIMB reef flat were adjacent to sites A and C from the 

Dictyosphaeria cavernosa growth experiments in Chapter 4.  By using these sites, it may provide 

an estimate of the reef fish that were present for consumption of the uncaged thalli.  The 

minimum tide height used for sampling was 0.90 ft., the same as the other patch reefs. 

The vertical water column component (depth) of the belt survey areas was recorded for each 

survey attempt.    

 The start and end of each belt transect was measured from the HIMB perimeter markers 

(Figure 34).  Site A is located at the 300-m perimeter marker.  A transect tape was used to 
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measure a distance of 10 m on each side of the 300-m perimeter marker along the reef crest.  

Therefore the surveys would be conducted at the distances 290 m and 310 m and extend 25 m 

along the reef flat starting at the reef crest.  Site C is located at the 100-m perimeter marker.  

Because of the location of the 100-m perimeter marker on the edge of the reef crest, the surveys 

had starting points of 110 m and 130 m and extended 25 m along the reef flat. 

 

Size class distribution 

 

Size class distribution was evaluated the same as for reef fish data collected at reefs 19, 20, and 

21. 

Estimate of biomass 

Estimate of biomass was calculated the same as for reef fish data collected at reefs 19, 20, and 

21. 

Shannon Diversity Index (Hʹ) 

Hʹ was calculated the same as for the reef fish data at reefs 19, 20, and 21. 

 

Herbivore feeding observations 

 

During the reef fish surveys, benthic habitat surveys (Chapter 3), and the D. cavernosa 

growth experiments (Chapter 4), observations were made on what species of reef fish were 

feeding on algae (turfs to macroalgae) and which of the species they were feeding on.  The 

information was collected to answer the question of which of the current macroalgal species 

present on patch reefs are the fish feeding on, native and introduced.  Grazing may be influenced 

by which species have access to the reef flat at the tide heights that were present during the field 

surveys.  The minimum tide height used for sampling was 0.90 ft., obtained from predicted tide 

heights for NOAA tide station Moku o Lo`e (1612480), in order to provide enough water column 

height for reef fish to return to the reef flat and to provide enough water height for the observer 

to conduct the survey.  Information is available on laboratory food preference experiments 

(Smith et al. 2001, Conklin and Stimson 2004, Conklin and Smith 2005, Conklin 2007), but the 

purpose was to identify what the fish are feeding on in situ. 
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Comparison to historical studies on reef-fish populations 

The number of published studies with usable data for comparison to Kāne`ohe Bay are 

limited.  Small scale, species specific, and site specific reef fish studies are not common on 

O`ahu.  Examples in the literature mainly focus on the entire fish assemblage rather than 

individual species, therefore extracting information on herbivorous species is not possible.  Creel 

surveys and estimates of recreational and commercial catch are also limited for Kāne`ohe Bay, 

and often are an underestimate of actual effort and catch. (DAR 1988, Pooley 1993, Everson 

1994, Lowe 1995, Friedlander et al. 2002, Friedlander et al. 2003, Friedlander et al. 2007)  Two 

studies, Brock et al. (1979) and monitoring data from the  Hawai`i Coral Reef Assessment and 

Monitoring Program (CRAMP) , with reef fish survey sites within Kāne`ohe Bay were chosen to 

compare historical reef fish assemblages with the current data collected in 2007 to 2011. 

The first study, Brock et al. (1979), focused solely on a complete defaunation of a 

Kāne`ohe Bay patch reef in 1966 and 1977.  They used rotenone to cause the asphyxiation of all 

reef fishes on the patch reef.  Such an activity would not be permitted by the State of Hawai`i 

today because the rotenone is non-selective, therefore it was not repeated.  The study provided 

data on community composition and the diversity of the reef fish population. 

The Hawai`i Coral Reef Assessment and Monitoring Program (CRAMP) program had 

three long-term sites within Kāne`ohe Bay at Moku O Lo`e, He`eia Kea, and Waiāhole. Those 

three sites are a part of a long-term monitoring series of 56 sites throughout the main Hawaiian 

islands.  A total of 184 fish transects were sampled at the 56 sites over a four year period from 

May 2000 to April 2004.  The results of the study report the abundance and biomass of families 

at the sites.  In addition, some information is given on size classes, herbivore composition, and 

the correlation of fish populations to coral communities. 

 

Potential competition between D. cavernosa and other macroalgae 

 

While analyzing the data from past and current data sets, it is possible to look at the 

degree of overlap in distribution of D. cavernosa and introduced macroalgae, and the potential 

for competition between the two.  Using the same benthic transects described in Chapters 3 and 
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4, for coral and D. cavernosa data analysis, the current distribution and abundance of the faster 

growing red macroalgae present on patch reefs can be determined.  For Kāne`ohe Bay, these 

include Gracilaria salicornia, Kappaphycus alvarezii, Acanthophera spicifera, and Eucheuma 

denticulatum.   These data were collected at the same time as the benthic data for the 1996 

survey series and the 2006 survey series. 

 

RESULTS 

 Distribution and abundance of D. cavernosa in Kāne`ohe Bay 

In the 1960s and 1970s D. cavernosa was the dominant macroalgae within Kāne`ohe 

Bay.  Data on the distribution of the macroalgae were available from in multiple studies 

including Soegiarto (1972), Maragos (1972), Banner and Bailey (1970), Hunter and Evans 

(1995), U.S. Fish and Wildlife Service (2008), CRAMP surveys, State of Hawaii Department of 

Aquatic Resources, Stimson and Conklin (2008), 1996 survey series, and the 2006 survey series.  

The general data from those studies will be summarized in the discussion. A series of maps were 

produced using ArcMap 10.1© and waypoints that were collected by Sukhraj at each of the sites 

previously discussed in the 1970, 1996, and 2006 series of data.   

 Pre-sewer diversion 

In the early 1970s, before the sewer diversion, D. cavernosa was observed in 3 of the 4 

regions of the Bay (Figure 40).  A reef flat map was not created for this time period for this 

series, because the 3 sites excluded from the Maragos data did not have the macroalgae present 

at this time and therefore the macroalgal data were not included in all of the subsequent surveys.  

The majority of the D. cavernosa was concentrated in the lagoon in the Middle and Transition 

zones.  At this time, D. cavernosa was relatively absent in the South portion of the Bay in 

observations from both studies. 

 Post-sewer diversion, pre-2006 die-off 

After the sewer diversion in 1977 to 2006, the distribution of the macroalgae changed 

within the Bay.  The geographic range has changed over the years, pre-sewer diversion to the 

1990s, and then from the 1990s to 2006, to include the South region of the Bay.    Figure 41 
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shows that in 1999, the reef slopes of the 1970 series now had D. cavernosa present in all 4 

regions of the Bay.  Site 18 was not surveyed at that time so it is unclear if D. cavernosa was still 

present on reef slopes at the northern extent of the Bay near Mokoli`i Island (Chinaman’s Hat).  

Additional sites from the initial 1996 survey had observations of D. cavernosa on all of the reef 

flats (Figure 42) and reef slopes (Figure 43) in the Transition, Central, and North regions of the 

Bay.  For the 2006 series, there was a previous record of D. cavernosa presence on all 3 patch 

reef flats in 2004 (Figure 46). 

 Post-2006 die-off to present 

The decline of the macroalgae in the mid-2000s throughout the Bay also resulted in an 

altered distribution from the 1990s.  For the year 2006 there are records of D. cavernosa 

presence for the 1996 and 2006 series on both reef flats (Figures 44, 46) and reef slopes (Figures 

45, 47).  Eighty-seven (87%) of the reef flat sites and 67% of the reef slope sites had D. 

cavernosa present in 2006.   That changed in 2009 (Figure 48, Table 9), when the two sites at 

Reef 29 were the only locations from all 3 data series had D. cavernosa present.  The habitat 

distribution of D. cavernosa also changed in that post-die-off period.  It was more likely to 

encounter D. cavernosa on a reef flat than on a reef slope (Table 10).  When the established line 

transects and quadrats from the 1970 series did not encounter any D. cavernosa, a roving snorkel 

was conducted on the adjacent reef slope and reef flat, no greater than 50 m away.  The D. 

cavernosa observed on the reef flats were often hidden under other macroalgae species, which 

may have resulted in an underrepresentation of the abundance of D. cavernosa. 

Abundance of D. cavernosa in Kāne`ohe Bay 

Estimates of cover from Banner and Bailey and the 1970-1971 series 

For the 1970 series (Figures 40, 41, 48, 49; Table 11), the abundance of D. cavernosa 

fluctuated over time.  From the Banner and Bailey (1970) converted observations, 49 of the 155 

sites (32%) had D. cavernosa present at > 50% cover.  Thirty-two sites (21%) were in the range 

of 25 < 50% cover, 19 (12%) were in the range 10 < 25%, 11 (7%) in the range 5 < 10%, and 44 

sites (28%) did not have D. cavernosa present. As stated in the methods section, only the 0 to -10 

m sections down the reef slope were used from the Maragos data  for comparison to other data 

sets.  Before the sewer diversion, there were sites that had greater than 50% cover by D. 
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cavernosa on the reef slopes, and that level of percent cover was not recorded again. In 1977, 5 

of the 17 (29%) sites surveyed had greater than 40% D. cavernosa cover.  From 1977 to 1983, 

six years after the sewer diversion, there was a general decrease in abundance throughout the 

Bay, with 24.9% cover as the highest recorded observation at site 19.  By 1990, the average 

abundance of D. cavernosa had increased slightly on the reef slopes, with 4 of 15 sites (26%) 

having greater than 25% D. cavernosa cover.  The 1999 data collection by HIMB students 

showed a decrease in the abundance from 1990 estimates, and was the last data collection before 

the 2006 die-off.  There may have been a natural decline of D. cavernosa occurring at those sites 

before the die-off.   In 2009 the algae were virtually absent at all of the survey sites (Figure 48, 

Table 9).   

Estimates of cover from 1996 series  

In the 1996 survey series (Figures 42, 43, 44, 45, 48; Table 12, 13), there was no 

evidence of decline of D. cavernosa on reef flats or reef slopes before the 2006 die-off.  Most of 

the decline occurred in 2006 and recovery of the species had not been observed by reef flats or 

reef slopes by 2010.  Abundance was separated by reef flat habitat and reef slope habitat, as the 

majority of the thalli in the past were present on reef slopes.  Coral recovery in each of these 

habitats (Chapter 3) may have been influenced by the amount of D. cavernosa present.  In 1996, 

the reef slopes had a higher abundance of D. cavernosa (n =12, avg = 16.2% cover, max = 

49.2%, min = 0.83%) than the reef flats (n=12, avg= 2.8% cover, max = 5.21%, min = 0.21%).  

In 2006 before the die-off, D. cavernosa was still present on the reef slopes, but the average 

estimate of percent cover had decreased to 6.7% (n =12, max = 20.83, min =0). In 2010, percent 

cover of D. cavernosa was only recorded on reef flat habitat and was absent from the reef slopes.   

Estimates of cover from 2006 series 

 Benthic data collection began at the 2006 series sites (Figures 46, 47, 48, 50) after there 

was a noticeable decrease in the abundance and distribution of D. cavernosa in the Bay.  Conklin 

and Stimson (2004) provided a pre-die-off estimate of cover for D. cavernosa for the reef slope 

habitat at reefs 19, 20, 21, averaging at 63%, 60%, and 34% respectively (Table 14, Figure 50).  

By the start of data collection in October 2006, estimates of cover had decreased and been 

reduced to less than 10% on both reef slopes and reef flats.  Between 2006 and 2009, D. 
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cavernosa declined and eventually was absent from both reef slopes and reef flats on all three 

reefs.  No recovery had occurred. 

Growth rate of D. cavernosa in the post die-off period under protection from herbivores 

Past research 

Stimson et al. (1996) conducted a field study of D. cavernosa that indicated that, in the 

absence of grazing, an annual cycle occurs.  D. cavernosa growth rates were assessed twelve 

times between June 1991 and December 1993.  Thalli in nine herbivore exclusion treatments 

(uncaged, coarse-caged, fine-caged, and three different reef slope sites) showed that growth rates 

increased during summer months and peaked in fall, then declined in winter and reached an 

annual low in spring.  Growth rates of fine-caged thalli in the months of October and November 

were the highest measured; finite growth rates for these thalli, based on a 30-day period were 

1.005 g/g/day.  The average monthly growth rate was equivalent to an instantaneous growth rate 

of 0.005 g/g/day, and a biomass doubling time of 138 days.  Estimates of grazing intensity were 

not compared to the biomass of herbivorous fish at the three sites because fish counts along 

transects on the reef slope had high variances, probably due to the schooling habits and mobility 

of the most abundant herbivores, acanthurids and juvenile scarids.  Enrichment experiments 

conducted in outdoor water tables supplied with flowing ambient seawater indicated that D. 

cavernosa growth was nitrogen-limited at the nutrient levels measured in the Bay. 

 

Growth of D. cavernosa in situ 

 

Some of the thalli used did not survive until the end of each trial period.  For the caged 

treatment, an average of 97.56% had parts of the thalli remaining had live tissue for 

measurement.  For the uncaged treatment, an average of 73.52% had thalli with live tissue 

remaining at the end. In addition to the intense grazing, some thalli and parts of thalli died 

naturally.  The loss was observed with an absence of pigmentation in the tissue and then a 

flaking off of the white, weakened parts. 
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  Current growth rate of D. cavernosa under protection from herbivores 

Growth data collected on the caged D. cavernosa thalli after 2006 showed that estimated 

growth rates had declined from pre-die-off estimates (Table 16).  In both the caged and uncaged 

treatments at both sites, negative growth rates for D. cavernosa are still possible (Figures 51 and 

52), and have been occurring since 1991 (Table 16).  The last estimate in April/May 2011 was 

0.002 g/g/day for the thalli in the absence of herbivory and -0.011 g/g/day for those exposed to 

herbivores. The average estimate for the specific growth rate of D. cavernosa in the post-die-off 

period (April 2006 – May 2011) is 0.0001 g/g/day. The difference from the post-die-off 

estimates from the Stimson and Conklin (2008) observation is that the negative growth rate is 

year round and not seasonal.  Seasonal differences in D. cavernosa cover and growth in Hawai`i 

have been reported in the past (Santileces 1977, Stimson et al. 2001, Conklin 2007), but were not 

recorded in caged thalli in the post-die-off period in any year from May 2008 to May 2011.  

Trials were grouped by months: winter (December–February), spring (March–May), summer 

(June–August), fall (September–November) and the differences in means were non-significant 

between groups.    

There were no detectable site specific differences in growth rate between caged thalli at 

sites A and C on the windward reef slope of Moku O Loe.  A one tailed t-test of the difference in 

the means of specific growth rate of caged thalli at site A vs. those at site C, did not produce a 

significant difference between the two sets of means (n = 15 trials, May 2008 was omitted; t = 

1.158, df  = 14, P= 0.266) even though there were more negative means at site C.  ANOVA was 

not attempted because there were only 2 groups. 

A regression of the starting wet weight of thalli against the specific growth rate for each 

treatment, showed that the caged growth rates were independent of starting thallus size (Figure 

53).   

D. cavernosa growth in the laboratory 

 

Only two trials were used and those were conducted in May 2008 (28 days) and June/July 

2008 (35 days).  Each had a total of ten thalli to match the number of caged thalli at each field 

site.  Some of the D. cavernosa in the water tables suffered partial mortality, with the tissue 

turning white and flaking away.  This may be because of  lowered nutrient availability in the 

laboratory setting as the water tables did not receive any nitrogen enrichment.   The average 
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specific growth rate was -0.001 g/g/day for May and 0.002 g/g/day for June/July. The main 

reasons for the termination of the controlled experiments was to ensure that there were enough 

samples available to conduct the field trials and because of concern for the continued mortality 

of thalli that remained in the controlled environment staring in late 2008 to mid-2009. 

 

Two-dimensional growth on patch reefs 

 The average change in cover for the caged thalli was 0.076 cm
2
, or an average 0.05% 

increase from the original measurement of area on Day 1 (Figure 54).  The average daily change 

in cover in the absence of herbivory was -0.005 cm
2
/day.  This suggests that the current thalli are 

not increasing their areal coverage on patch reef slopes and that remaining cover of D. cavernosa 

may still be declining. 

There was no trend in the difference between the total loss in area (cm
2
) for the caged 

thalli and original the size (Figure 55a), but there was a highly significant difference associated 

with initial thalli size and area lost over the trial period for uncaged thalli (paired t-test: n =286, 

df =285,  t= 3.58, P = < 0.001) (Figure 55b).   Although size preference of food was not tested in 

this study, the results would suggest that the herbivorous fish do forage on thalli with greater 

biomass than those with less biomass.   

In addition, benthic survey data were extracted from all of the data sets mentioned in 

Chapter 3 in order to estimate what the future recovery of the species could be.  For each survey 

series, only the 0 to 10 m section was used to represent the reef flat portion, and the 0 to -10 m 

portion was used to represent the reef slope.  The exception to the reef slope rule was using 0 to -

5 m for reefs 19, 20, and 21.  For all studies, only the year 2009 was used, as all had data 

collection in that year (Table 9).  Dictyosphaeria cavernosa was absent on almost all reef flats 

and reef slopes, while Dictyosphaeria versluyii was still present in both locations, evidence that 

there may have been an undocumented species specific pathogen involved in the decline.  

Invasive algae were also present, but not in higher percentages than previous years.    

To estimate recovery time to reach pre-die-off estimates of percent cover, the growth 

data, weight and area, were used from the last three field trials (September 2010, 

October/November 2010, and April/May 2011).  During that selected time period, the caged 

thalli lost an average of -0.442 g (n= 52) during the field experimentation and had a specific 
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growth rate of -0.001 g/g/day.  Thirty-three of the fifty two thalli (63.5%) had a positive specific 

growth rate although they were very low, with the fastest growing individual thalli at 0.010 

g/g/day.  The change in 2-dimensional area from Day 1 to Day n was an average decrease of -

0.803 cm
2
 per thallus, and a decrease of -0.073 cm

2
 per day.  The average change in percent 

cover of caged thalli was -0.006% per day.  Greater decreases were observed for the uncaged 

thalli.  The uncaged thalli lost an average of -17.260 g (n=52) from Day 1 to Day n in the field 

and had a specific growth rate of -0.020 g/g/day.  Only one thallus had a positive specific growth 

rate at 0.0003 g/g/day.  The change in 2-dimensional area for uncaged thalli was an average 

decrease of -10.476 cm
2
 per thallus, and a decrease of -0.458 cm

2
 per day.  The average change 

in percent cover of caged thalli was -0.021% per day.  Taking into consideration the current 

observed predation by herbivores on this species (Chapter 4), competition with introduced 

macroalgae for space and nutrients, and the negative growth rates, D. cavernosa is not expected 

to recover to pre-2006 levels of percent cover in Kāne`ohe Bay. 

 

Estimates on the influence of herbivores on the distribution and abundance of D. 

cavernosa 

 

 Estimates of herbivore grazing rates 

 

In the post-die-off period, thalli outside of cages consistently lost weight because of 

herbivory as seen in both spring and non-spring data.  The amount of biomass lost over time was 

attributed to grazing by reef fish and the mean growth rates for thalli of each treatment at a site 

were used in the analysis of site and grazer effects.  Grazing intensity was estimated as the 

difference between the specific growth rates of caged and uncaged D. cavernosa thalli. 

Starting April 2009, the thalli were brought back into the lab after 24 hours to estimate 

the grazing intensity by herbivorous reef fish after first encountering the platform. The behavior 

was an example of fishes being attracted to and biting more frequently on novel items (Kieffer 

1992, Sundström and Johnsson 2001).  All thalli were shaken of excess water and weighed to the 

nearest 0.01 g.  Eleven trials were included from April 2009 to May 2011, with a total of 101 

caged and uncaged thalli at each site (202 total) (Figure 56).  The growth experiments prior to 

April 2009 were not used in the analysis, because this extra measurement was not taken. The 
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average amount of biomass (wet wt.) lost after 24 hours was 33.879 g wet wt. or -25.5 % or of 

the original wet wt. from Day 1 (Figures 57 and 58).  The decrease in wet weight for uncaged 

thalli after 24 hours was not significant, as both caged and uncaged treatments had thalli with 

weight loss in that time period (P= 0.377).  The average herbivore grazing rate from April 2009 

to May 2011 was -0.015 g/g/day.  Once the reef fish start feeding on a thallus, it usually does not 

increase in biomass over time.  

 

 Estimates of herbivore (reef fish) abundance and biomass  

  2006 series: Reefs 19, 20, and 21 

  Reef fish abundance and density 

Seventeen reef fish surveys, a total of 102 transects, were conducted between February 

2007 and December 2010. (Appendix D)  Fifty species of reef fishes were observed from 17 

families at the fixed reef flat survey areas.  Ten of those species are endemic to Hawai`i 

(Chaetodon miliaris, Abudefduf abdominalis, Dascyllus albisella, Coris venusta, Thalassoma 

duperrey, Scarus perspicillatus, Cirripectes vanderbilti, Entomacrodus marmoratus, Acanthurus 

triostegus, Canthigaster jactator) and one was introduced (Lutjanus kasmira).   The mean 

density for all reef fish observed during this time period was 0.358/m
2
.  The mean density for all 

reef fish species by year was: 2007, 0.369/m
2
; 2008, 0.371 m

2
; 2009, 0.358m

2
; 2010, 0.332/m

2
.  

The mean density of herbivore species only was 0.28/m
2
 or 75.8% of the fish recorded (Table 

17).  The high abundance of herbivores can be attributed to the number of juvenile scarids and 

acanthurids feeding on the reef flat (Appendix D).  If the population had more adults, there may 

have been greater grazing pressure observed in the experiments contained in this study.  Seasonal 

trends were observed in the density of reef fish present, with the higher observations in the fall 

followed by a drop in density in the winter months (Figures 59). 

Survey data were grouped by months: winter (December–February), spring (March–

May), summer (June–August), fall (September–November) and the differences in means were 

non-significant between groups. (Figures 59-62) 

The estimate of density for each species and family are presented in Appendix D. 
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Size class distribution 

A total of 3,695 reef fish were visually assigned TL measurements in the field.  The 

average size (cm TL) observed for reef fish fell into two categories, 44.87% were 5 < 10 cm and 

47.09% were 10 < 20 cm.  The majority of these smaller fish were juvenile scarids and 

acanthurids, followed by juvenile and early adult stage labrids and pomacentrids.  Scarids do not 

become effective herbivores until they are greater than 20 cm TL (Bruggemann et al. 1996, 

Friedlander and DeMartinit 2002, Bonaldo and Bellwood 2008).  Only two fish were recorded in 

the 0 < 2 cm category, and the fish in the 60 cm+ categories were generally members of the 

families Muraenidae (eels), Fistulariidae (cornetfishes), and Aulostomidae (trumpetfishes).   

The size class distribution for the last four surveys, of the last year period of sampling, 

are presented in Appendix H. 

 

 

Estimate of biomass 

 

The biomass data by species are presented in kilograms per hectare (kg/hectare) instead 

of tons per hectare (tons/ha) (Figure 60, Appendix E).  The numbers can easily be converted up 

to the larger scale if desired, but this would increase the error.  The surveys performed in 

Kāne`ohe Bay were small-scale and not meant to represent a larger geographic area (i.e. the 

entire windward coast or the island of O`ahu).  For the seventeen sampling events, the mean 

biomass for all reef fishes observed on the small patch reefs was 111.21 kg/hectare.  The mean 

biomass for herbivore species during that same time was 75.46 kg/hectare, or 68.4% of the total 

biomass estimate (Table 18).  The biomass numbers are low because of the amount of juveniles 

observed at all sites.  There were very few adult scarids observed away from HIMB. 

 

Shannon diversity index (Hʹ) 

 

 Estimates of diversity are presented in Table 19, and range from 1.41 to 3.13 for the 2006 

series.  Estimates of diversity were low because the same few species contributed to density and 

biomass at each site.  There were no species observed that were rare to the location.  Based on 

these values, correctly predicting species composition for these locations would not be difficult.  

The values for S can be found in Appendices D and F. 
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Moku o Lo`e: Sites A and C 

Reef fish abundance and density  

 

Fourteen reef fish surveys, a total of 56 transects, were conducted between March 2008 

and May 2011.  (Appendix F)  Seventy-six species of reef fishes were observed from 23 families 

at the fixed reef flat survey sites.  Eleven of those species were endemic to Hawai`i (Chaetodon 

miliaris, Centropyge potteri, Abudefduf abdominalis, Dascyllus albisella, Coris venusta, 

Labroides phthirophagus, Thalassoma duperrey, Scarus perspicillatus, Cirripectes vanderbilti, 

Acanthurus triostegus, Canthigaster jactator) and three were introduced (Cephalophalis argus, 

Lutjanus fulvus, Lutjanus kasmira).  The mean density for reef fish observed during this time 

period was 0.857/m
2
, 42% higher than the density estimate at the three smaller patch reefs.  The 

mean density for all reef fish species by year was:  2008, 0.911 m
2
; 2009, 0.898 m

2
; 2010, 

0.856/m
2
; 2011, 0.67/m

2
.  The mean density of herbivore species only was 0.65/m

2
 or 74.5% of 

the fish recorded (Table 18).  Seasonal trends were observed in the density of reef fish present, 

with the higher observations in the fall followed by a drop in density in the winter months 

(Figures 61). 

The estimate of density for each species and family are presented in Appendix F. 

 

Size class distribution 

 

A total of 4,773 reef fish were visually assigned TL measurements in the field.  The 

average size (cm TL) observed for reef fishes were in the range 5 < 10 cm, or 52.29% of the 

total.  The size range 10 < 20 cm contained 36.91% of the fish observed.  The majority of these 

smaller fish were juvenile scarids and acanthurids, followed by juvenile and adult labrids and 

pomacentrids.  Only twenty-nine fish were recorded in the 0 < 2 cm category, and the fish in the 

60 cm+ categories were from the family Aulostomidae (trumpetfishes).   

The size class distribution for the last four surveys, the last year period of sampling, are 

presented in Appendix H. 
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Estimate of biomass 

  

Biomass data was presented by species in kilograms per acre (kg/hectare) instead of tons 

per hectare (tons/ha) (Figure 62, Appendix G).  For the fourteen sampling events, the mean 

biomass for reef fishes at the HIMB sites was 241.71 kg/hectare, more than twice the biomass 

reported for the three small patch reefs.  The mean biomass for herbivore species during that 

same time was 129.46 kg/hectare, or 55.7% of the total biomass estimate (Table 18).  Even 

though the majority of the individuals observed were juveniles, the scarids Chlororus spilurus 

(formerly identified as Chlororus sordidus)  and Scarus psittacus and the pomacentrid Abudefduf 

abdominalis, contributed most to the overall biomass. 

 

Shannon diversity index (Hʹ) 

 

Estimates of diversity are presented in Table 19 and range from 2.29 to 3.14 for 

windward reef flat at HIMB.  Estimates of diversity were low because the almost of the same 

pecies contributed to density and biomass at each site.  There were no species observed that were 

rare to the location so the evenness component was strong.  Based on these values, correctly 

predicting species composition for these locations would not be difficult.  The values for S can 

be found in Appendices E and G. 

 

Herbivore feeding observations 

 

Feeding observations were recorded during the reef fish surveys presented in this chapter, 

benthic habitat surveys (Chapter 3), and the D. cavernosa growth experiments (Chapter 4),   All 

observations were made by Sukhraj between May 2006 and May 2011.   Twenty-four species of 

reef fish were observed feeding on turfs as well as D. cavernosa, Gracilaria salicornia, 

Acanthophora spicifera, Kappaphycus alvarezii, and Eucheuma denticulatum (Table 20).  In 

some cases, the juvenile herbivore species may have been consuming epiphytes growing on the 

macroalgae.  The adults of the those species have a greater comsumption of and impact on 

macroalgae.  Because there has been discussion about available substrate for coral to settle on in 

order for recovery to occur, turfs were included, as they occupy limestone where coral planulae 

may settle. All of the feeding observations for D. cavernosa at HIMB, occurred on the D. 
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cavernosa growth experiment platforms from Chapter 4.  Not all species observed feeding are 

considered herbivores such as Chaetodon auriga, which was observed feeding on D. cavernosa 

and G. salicornia.  Fish are generally attracted to novel items when placed on the reef and may 

bite at them more initially (Kieffer 1992, Sundström and Johnsson 2001), which was the case at 

all locations. 

 

Comparison to historical studies on reef fish populations 

 

Brock et al. (1979) identified 112 species of fish from the combined collections on a 

single patch reef in Kāne’ohe Bay.  The CRAMP study quantified 153 species from 31 families 

throughout the island chain and at multiple depths.  From February 2007 to May 2011, there 

were 80 species identified at the reef flats of HIMB and the three patch reefs combined (19, 20, 

21), representing 23 families (Appendices D and F).  If the reef slopes had been included in the 

fish surveys, the number of species observed would have increased with depth.  In terms of 

estimates of density, in early studies of reef fish communities on patch reefs in Kāne’ohe Bay , 

Brock (1979) and Brock et al. (1979) estimated that acanthurids and scarids made up 10% of the 

grazing fishes of the Bay based on a complete defaunation of a patch reef in 1966 and 1977.  

Planktivorous fish dominated the reef in both 1966 (64%) and 1977 (54%).  Herbivores 

contributed a small proportion of the biomass of the standing crop.  Scarids and acanthurids were 

among the top four fish families with the highest density in the CRAMP surveys, with 

acanthurids at the second highest density and scarids at number four.  In the 2007-2011 surveys, 

acanthurids and scarids accounted for an average of 51.88% of the fish observed during each 

sampling event.  Both families were recorded on every transect for every sampling event. 

Brock et al. (1979) identified the 6 most abundant fish species by weight collected in 

1966, which comprised 78% of the total biomass for reef fish for the patch reef.  These 6 species 

comprised 63% of the total biomass for reef fish in 1977.  Three of the species were carnivores 

(Echidna zebra, Gymnothorax undulatus, Apogon snyderi), two planktivores (Abudefduf 

abdominalis, Chaetodon miliaris), and one herbivore (Scarus sordidus – now accepted as 

Chlorurus spilurus).  The eels E. zebra and G. undulatus are usually cryptic during daylight and 

would not have been as commonly encountered using a visual census method.  Chi-squared 

contingency tests comparing the trophic structure of the fish communities from 1966 and 1977 
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did not show a significant change (Brock et al. 1979).  The CRAMP surveys identified the top 

ten fish species with the greatest mean biomass over time (Table 21).  Only one of the species, 

Cholorus spilurus, was included in the list from the Brock et al. (1979) study.   When compared 

to the current data, two species appear in both the CRAMP and Kāne`ohe Bay patch reef top ten 

lists: Chlorurus spilurus and Acanthurus nigrofuscus.  However the estimates of biomass and 

density are very different because of the geographic scale of the sampling. 

 Potential competition between D. cavernosa and other macroalgae 

  1996 Series 

 The average change in percent cover of other macroalgae on reef slopes spanning the 

period from 1996 to 14 years later, showed no significant increase in the cover of the selected 

macroalgae on reef slopes (one-tailed paired t-test, t=1.82, P> 0.05, sample size=12) or reef flats 

(one-tailed paired t-test, t=1.49, P> 0.05, sample size=12) on these 6 reefs in the first 10m down 

the slope or toward the reef flat center.  The average change in this group of macroalgae across 

all 6 reefs was 0.28% per year on reef slopes and -0.63% per year on reef flats (Figure 74).  The 

average changes in percent cover in coral and D. cavernosa during this period were also not 

significant (Table 22, Figures 18, 19, Chapter 3).   

 The change per year in other macroalgal covers at the 12 reef slope and 12 reef flat sites 

between the pre-disturbance surveys (winter 2005/2006) and Summer 2010 were regressed on 

the initial other macroalgal cover at these sights in 2005/2006, and these regressions showed that 

there were not significant positive linear relationships between these variables (regression 

coefficient for reef slopes = -0.075, sample size = 12, F = 1.02, P = 0.337); (regression 

coefficient for reef flats = -0.092, sample size = 12, F = 13.44, P = 0.004) (Figure 76). 

2006 Series 

Analyses of the other macroalgal covers on Reef 19, 20, and 21 from October 2006 to 

September 2011 showed that the percent of other algal cover did not increase significantly on 

either the reef flats (one-tailed paired t-test, t = 0.674, P > 0.05, sample size = 6) and the reef 

slopes (one-tailed paired t-test, t = 0.774, P > 0.05, sample size = 6) of all 3 patch reefs (Figure 

75).  The slope values in the equations are the average changes in percent other macroalgal 
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change per day.  The average change in this group of macroalgae across all 3 reefs was -0.22% 

per year on reef slopes and -0.93% per year on reef flats.  The average change in percent cover in 

coral was significant during this period (Figure 26, Chapter 3) while the change in D.cavernosa 

during this period was not significant (Figure 27, Chapter 3). 

The change per year in other macroalgal covers at the reef slope and reef flats of Reefs 

19, 20, and 21, between the pre-disturbance surveys (winter 2006) and Summer 2011, were 

regressed on the initial other macroalgal covers at these sights in 2006.  These regressions 

showed that there were not significant positive linear relationships between these variables 

(regression coefficient for reef slopes = -0.097, sample size = 3, F = 2.76, P = 0.345); (regression 

coefficient for reef flats = -0.198, sample size = 3, F = 0.003, P = 0.964) (Figure 77) during this 

time period. 

 

DISCUSSION 

Distributional changes 

Dictyosphaeria cavernosa, the alga responsible for a phase shift from coral to macroalgal 

dominance, now has a drastically reduced distribution and abundance within Kāne‘ohe Bay than 

it did from earlier studies in the 1960s and 1970s.  Before the die-off in 2006, D. cavernosa was 

found in all four regions of the Bay on reef flats and reef slopes, and in moderate abundance.  In 

2011, most reef flats and reef slopes are devoid of D. cavernosa mats, and solitary and scattered 

thalli are encountered occasionally.  The type of algal assemblage now present on the Bay reefs 

may be a factor in determining if coral and/or D. cavernosa can recover (Table 9).  An additional 

ten species of macroalgae were recorded along the benthic transects in 2009-2011, but those 

segments of the transects were excluded from the analysis (10-m to 40-m on reef flats) because 

of the small percentage of observations and the very small contribution to percent cover.  The 

additional species included: Ventricara ventricosa, Caulerpa racemosa, Caulerpa nummularia, 

Neomeris vanbosseae, Galaxaura rugosa, Lyngbya majuscula, Asparagopsis taxiformis, 

Coelothrix irregularis, Wrangelia elgantissima, and Sargassum echinocarpum.   
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 The post-die-off estimates of abundance collected from 2006 to 2010 at the 1970-1971 

series, 1996 series, and 2006 series sites were all lower than estimates that are available in pre-

die-off surveys from Kāne‘ohe Bay (Banner and Bailey 1970, Maragos 1972, Soegiarto 1972, 

Hunter and Evans 1995, 1996 series unpublished data).    The U.S. Fish and Wildlife Service’s 

(2008) inventory of marine species around the Marine Corps Base Hawai`i, including the 

Mōkapu Peninsula, did not show a large range of D. cavernosa out to the 100 m security zone.  

Thalli were scattered and never constituted more than 5% cover in transects and quadrats.  The 

State of Hawaii, Department of Land and Natural Resources, Department of Aquatic Resources, 

Aquatic Invasive Species team, has conducted benthic surveys on patch reef flats in the Bay from 

the late 2000s to the present.  The amount of D. cavernosa encountered is similar to those 

reported for the 2006 series, as invasive algae such as Gracilaria salicornia and Eucheuma 

denticulatum are in greater abundance at those locations (Reefs 15, 16, 19, 26, 27, 29, and 44).   

 Abundance of D. cavernosa has remained low throughout the Bay since 2006 and the 

macroalgae has not shown any signs of recovery as of Spring 2012 (Sukhraj, pers. obs.).  At its 

current post-die-off growth rate in the absence of herbivory (-0.001 g/g/day) or in the presence of 

herbivory (-.020 g/g/day), D. cavernosa is not expected to have an immediate resurgence in 

growth with the remaining thalli present in the Bay.   

 

Hypotheses on the failure of D. cavernosa to return to pre-2006 levels 

  Change in nutrient availability 

 Before the major sewage diversion activities took place, the Bay was a large sink for 

nutrients.  One of the visual confirmations of that activity was the rapid increase in the 

abundance and distribution of the macroalgae D. cavernosa (Banner 1968, Banner and Bailey 

1970, Soegiarto 1972).  Earlier studies on circulation at Bikini and Enewetak lagoons (von Arx 

1948, Atkinson et al. 1981) provide an explanation of how lagoon and barrier reef systems can 

increase the loading of nutrients into the lagoon bottom sediments.  Cross-reef currents, channel 

currents, and tidal flow are the major factors influencing the exchange of water and nutrients 

between lagoons and the surrounding ocean.  Wave action from primary circulation on the 

windward side of the barrier reef carries cooler water over the reef, and the wind-driven surface 
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water moves downward and sinks to the bottom of the lagoon.  At the same time a secondary 

circulation consists of a horizontal recirculation of the deep water.  Deepening the north channel 

of the Bay during the dredging activities of the 1930s and 1940s (Chapter 2) allowed for the 

cooler waters to have a longer residence time at the deeper depths which resulted in nutrient 

stratification.  In addition, a large amount of nutrient loading occurs from direct rainfall, input 

from eleven streams, and terrestrial runoff within the watershed.  The later diversion of sewage 

reduced the amount of anthropogenic input of nutrients available for secondary circulation.    

Nutrient levels have declined since the diversion and shutoff of sewage into Kāne‘ohe 

Bay (Smith et al. 1981, Jokiel et al. 1993, Hunter and Evans 1995, Ringuet 2005).  As a result, 

the nutrient reservoir in sediments may be diminishing.  One possible explanation is that 

nutrients are being used by other organisms such as phytoplankton and symbiotic bacteria 

(DiSalvo 1970, Kinsey 1979, Smith et al. 1981, Kinsey 1988), reducing the availability for 

uptake by D. cavernosa.  Early studies by DiSalvo (1970) and DiSalvo and Gundersen (1971) in 

Kāne‘ohe Bay, showed that the sediments contained large numbers of bacteria capable of active 

metabolism.  Over time, these microbes may have been responsible for removing nutrients, 

especially in the bottom sediments of the lagoon where they had accumulated over time.  Studies 

have also suggested that nitrogen is more limiting than it used to be within the Bay, and that has 

resulted in a decrease in availability for uptake by organisms over time. (Harvey and Caperon 

1976, Hanson and Gunderson 1977, Larned and Stimson 1996, Larned 1997, Larned 1998, 

Stimson and Larned 2000)   

Through his work in the Great Barrier Reef and Kāne`ohe Bay, Kinsey (1979, 1988) 

suggested that elevated nutrient levels degraded coral reefs.  High nutrient levels in the absence 

of plankton will elevate primary production and directly suppress calcification.  Nutrient input 

that results in a marked plankton response, such as after the Kāne`ohe Bay sewage event, will 

result in a decline in photosynthesis and eventually degradation of the reef community. Rapid 

uptake of the nutrient subsidies causes rapid declines in N levels, a return to N-limited 

conditions, and a subsequent decline in biotic communities.  

A small water column biogeochemistry study was conducted by Drupp et al. (2010) at 

nine sites in Kāne`ohe Bay from November 2005 to May 2008, which included the major storm 

event of 2006.  Nutrient concentration trends were presented for NO3
-
, NO2

-
, NH4

+
, and PO4

3-
.  
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Storm events observed during this time always resulted in a spike in NO3
- 
 and PO4

3-
 (Figure 63).  

N-limited conditions described in earlier studies for the Bay (Smith et al. 1981, Laws and Allen 

1996, Hoover 2002) are supported again by this study.  The concentration of NO3
-
 remains at less 

than 1µM and N:P ratios only increase when there is a plume of runoff from the 11 surrounding 

streams.  The important observation is that the nutrient levels were already depressed before the 

2006 storm event. 

D. cavernosa did not disappear in the years immediately after the sewage reduction, but 

the 1983 study by Hunter and Evans (1995) did show a decline in abundance.  However, after the 

1983 data collection there was a resurgence of the macroalgae throughout the Bay.  It is possible 

that surface runoff from the developing coastline may have contributed sufficient nutrients to 

maintain the dominance of algae on reefs.  D. cavernosa did not disappear before 2006, even 

with the nutrient limiting activities that occurred and were described in Chapter 2.  The decline 

in weight of caged thalli after 2006 suggests that there may have been a decline in nutrient 

availability, but when that decline occurred is unknown. 

  Change in ability to sequester nutrients 

Past studies have shown that D. cavernosa  on reef slopes had access to a supply of nutrients 

greater than that of the adjacent water column (Stimson et al. 1996, Stimson and Larned 2000), 

and that nutrient levels within chambers of the thallus on the reef slope allow positive growth in 

all seasons except Spring.  The experiments in Stimson et al. 1996 suggest that ambient water 

temperature does not limit the growth of D. cavernosa thalli, but it may influence regeneration 

rates of inorganic nutrients, and therefore indirects growth.  Nutrient availability may regulate 

macroalgal productivity, but herbivory will often regulate biomass.  Reduced nutrient availability 

may be responsible for the limited growth observed after the heavy rains of 2006.  There was a 

significant decrease in the percent cover of D. cavernosa Bay-wide after the 2006 event (Table 

5).  After the disappearance, experimental thalli in the post-die-off period had an estimated 

growth rate of 0.001 g/g/day in the absence of herbivory, which was lower than the pre-die-off 

growth rate of 1.005 g/g/day (Stimson et al. 1996) for caged thalli at the same sites.  The current 

low growth rates suggest nutrient levels in the Bay may be responsible for low growth and thus 

the failure of D. cavernosa to re-establish on the reef slopes and reef flats.  
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The smaller size of present thalli may prevent the possibility of the plant to cap the 

sediments, preventing the diffusion of nutrients and thus having a higher concentration of 

nutrients available than the water column.  This conclusion was previously offered by Stimson 

and Larned (2000), after observations were made on the difference in nutrient composition and 

availability in the water column bellow the thallus cap near the sediment and passing over the 

thallus.  To add to this, the low growth rate of thalli within cages and protected from herbivores 

may have been the result of this low nutrient situation.  The current growth rate of caged thalli 

was low at both sites A and C during the post-die-off, even though D. cavernosa mats had been 

part of the benthic community there in the past.  Due to the reduced size of the thalli used in the 

post-die-off experiments, there may not have been enough surface area of the individual thallus 

to cap and sequester available nutrients for increased growth based on size.   

Herbivory by reef fish may hinder growth 

Results on growth of uncaged thalli suggest that reef fish herbivory is now very intense in 

areas where D. cavernosa  was once abundant.  Previous studies of the growth rate of uncaged D. 

cavernosa showed growth of experimental thalli regardless of whether D. cavernosa was present 

or absent at that site.  In the post-die-off period, the uncaged thalli do not show growth at sites 

which in the past had D. cavernosa present on the reef slope.   Part of the reason the growth of 

uncaged thalli is now very low, or sometimes showing a loss of weight, is that there is no 

naturally occurring D. cavernosa on the reef slope where the platforms are placed.  In some of 

these places no macroalgae exists, so there is no alternative, often an introduced macroalgae, to 

be grazed upon.  There is evidence that introduced species in Kāne`ohe Bay are preferred by 

herbivorous fishes over D. cavernosa, as indicated by preference tests (Stimson et al. 2001, 

Conklin and Smith 2005, Conklin 2007).  In addition to food preference, though the tidal range 

in Kāne`ohe Bay is usually less than a meter, daytime low tides (Chapter 2) often restrict the 

amount of time herbivorous fish can swim on the reef flat to feed.  This may or may not affect 

the distribution and abundance of the D. cavernosa, as the reef fish become opportunistic feeders 

when restricted in food choices.   
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  Competition with other macroalgae  

 Conklin (2007) makes the argument that non-native invasive macroalgae may be 

initiating a phase shift back to a dominant macroalgal state.  This change was not observed up to 

late 2011.  The decline in weight of caged D. cavernosa thalli after 2006 suggest there may have 

been a decline in nutrient availability, but when that decline occurred is unknown.  The apparent 

nutrient decline did not affect the abundance of the introduced species, as they remained 

unaffected in 2006.  The failure of D. cavernosa to reestablish itself is not a result of competition 

with the other remaining macroalgae in the Bay.  The distributions of the red macroalgae are 

different as they are often found attached on reef flats, where D. cavernosa was more abundant 

on the reef slopes.  As of 2009, the introduced algae had not taken over the open space on reef 

flats or reef slopes that was made available after the die-off of D. cavernosa (Table 9). 

  Bottom-up vs. top down control 

 There is not enough evidence to say that the phase shift and possible reversal are largely 

due to nutrients, or a bottom-up approach.  Water and sediment samples were not collected 

immediately before the 2006 post-die-off event or immediately after the 2006 rain event, as the 

die-off took place at least a month after the rain stopped.  In addition, the surface runoff input 

from the multiple watersheds fluctuates, not giving a clear picture of what the current baseline 

levels are for N, P, etc.  

 However, continuous herbivory, top-down control, prevents macroalgal biomass from 

persisting (Sammarco et al. 1977, Hay 1981a, Hay 1981b, Hay et al. 1983, Hatcher and Larkum 

1983, Morrison 1988, Stimson et al. 1996, Stimson et al. 2001, Conklin 2007).  When herbivores 

are depleted, dense stands of macroalgae can be resilient, preventing the return of corals by 

shading and overgrowing juveniles, destabilizing microbial communities, and promoting coral 

disease (Steneck 1994, Smith et al. 2006, Ledlie et al. 2007, Birrell et al. 2008, Ainsworth et al. 

2010, Rasher and Hay 2010).  Preferential foraging by herbivorous fish has also been shown to 

influence algae distribution.  (Hay 1981b, Hay 1984, Lewis 1985, Lewis and Wainright 1985, 

Lewis 1986, Hixon and Brostoff 1996, Conklin and Smith 2005, Conklin 2007)  In the case of 

Kaneohe Bay, now that D. cavernosa is often found growing with an introduced alga such as 
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Acanthophera spicifera or Kappaphycus alvarezii, the thalli are being grazed on due to proximity 

of a preferred food source. 

 While the bottom-up processes may have been what started the decline in the abundance 

of D. cavernosa in the Bay, the results from these studies suggest that top-down control has 

prevented its recovery due to heavy grazing.   

 Potential reversal of a phase shift and recovery of coral 

 The information presented in Chapters 3 and 4 suggest that there is the potential for 

recovery of the coral community by what appears to be a reversal of a phase shift from 

macroalgae to coral.  Herbivore control of algal populations will be important in allowing reef 

building corals and coralline algae to outcompete turf-forming and fleshy macroalgae. High coral 

cover and grazing of macroalgae promotes the production and successful recruitment of juvenile 

corals and maintaining a coral-dominant benthic community (Hughes 1994, Carpenter and 

Edmunds 2006, Mumby and Steneck 2008).  After the disappearance of D. cavernosa from reef 

flats and reef slopes in 2006, and the subsequent reduction of growth rates that were already low, 

remaining coral colonies may be able to grow and become the dominant substrate inhabitant.  

Introduced algae continue to grow, but have not succeeded in colonizing the majority of the 

substrate that was opened with the loss of D. cavernosa.    

For the recovery of coral to occur, the top-down control of herbivores would need to be 

maintained in order to keep macroalgal biomass low.  It has been demonstrated in the past that 

two complementary herbivores were more effective at mitigating overgrowth of algae than was a 

single type of herbivore (fish or invertebrate) (Burkepile and Hay 2008).  Recent work in the 

Northwest Hawaiian Islands has also shown that urchins alone will not replace the grazing 

function of reef fish herbivores (Cover and Potts, 2012).   

Through a combination of science and management, the State of Hawai`i has 

implemented projects to increase herbivore influence on the control of abundance of macroalgal 

species.  In 2009 the State of Hawai`i established the Kahekeli Herbivore Fisheries Management 

Area (KHFMA) off of north Kā`anapali, Maui.  The purpose of the area is to protect and enhance 

the stocks of herbivores in order to prevent reefs from becoming smothered by algae in areas 

with high nutrient levels.  In the last 10 years the Department of Land and Natural Resources, 
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Division of Aquatic Resources has employed mechanical removal and stock enhancement to 

reduce algal levels. Tripneustes gratilla (collector urchin) stock enhancement has been underway 

for a few years and has multiple successful release events in Kāne`ohe Bay.  A total of 31,796 

juveniles were released on Reefs 15 and 26 between January 2011 and July 2012 (J. Blodgett and 

D. Cohen, DAR, pers. comm.).  (Figure 64) The juveniles on Reef 15 were transferred to Reef 26 

in November 2011.   In addition to the urchins at Reef 26, in June 2012 one thousand T. gratilla 

juveniles were released on Reef 44 to feed on the macroalgae surrounding a Montipora dillitata 

colony, and another 400 juveniles were released just outside the Natatorium in Waikiki where 

Gracilaria salicornia is abundant.  Production of the juveniles continues with broodstock 

maintained at the Anuenue Fisheries Research Center (AFRC) in Honolulu and approximately 

2000 juveniles are currently released on a monthly basis.  In March 2014, AFRC estimated that 

200,000 juveniles had been released on patch reefs in the Bay, including reefs where benthic data 

was collected for this study.  If the program continues to be a success, there may be natural 

control of macroalgae that leads to greater coral recruitment.   

In the Caribbean, there are recent examples of coral recovery from top-down control.  In 

Jamaica, grazing by the urchin Diadema antillarum has reduced the algal biomass and increased 

juvenile corals due to more successful recruitment (Edmunds and Carpenter 2001, Idjadi et al. 

2010).  In Panama, the feeding behavior of damselfish affected the growth of massive corals in 

shallow depths, and resulted in a greater amount of branching corals (Wellington 1982).  

Damselfish and juvenile parrotfish were able to peck at the tips of branches and between them, 

cleaning any algae, and allowing continued growth of the top of the colonies.  With the 

combination of the removal of excessive macroalgae from the Bay and maintenance of 

herbivorous populations, the phase shift back to a macroalgal dominant system may be 

prevented. 
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CHAPTER V 

 

ADDITIONAL FACTORS INFLUENCING CORAL RECOVERY IN KĀNE’OHE BAY:  

REEF BUILDUP AND LOSS OF STRUCTURE 

 

ABSTRACT 

Multiple factors influence coral recovery and include the makeup of the coral framework or reef 

structure, species diversity, reproductive success, species distribution, and the availability of 

structure on which the planulae can settle.  The stability of the framework is primarily dependent 

on coral recruitment which contributes to stabilization via the vegetative growth of colonies and 

the cementing properties of crustose coralline algae (CCA).  Data over 14 years (1996-2010) 

were analyzed to determine if CCA is still a reef component and if there has been an increase in 

CCA now that there is more hard substrate available for settlement, therefore increasing the 

availability of chemical cues for coral settlement, and  potentially increasing the probability of 

coral recovery in the Bay.  In order to determine the type of coral recovery taking place, it was 

necessary to evaluate whether the reef flat corals are experiencing sexual recruitment and/or 

vegetative growth where Dictyosphaeria cavernosa has vacated.  Coral recovery in the short-

term (< 5 years) appears to be a result of vegetative growth, horizontal migration of coral across 

the substrate, or reattachment and growth of fragments, and not successful recruitment.  The 

survival and growth of the resident reef population may be more important to the resilience of 

patch reef populations than the addition of new and smaller colonies via reproduction and 

settlement.  In addition, a trial estimate of loss of coral substrate to natural processes will attempt 

to evaluate what percentage of the reef slope is sliding down to deeper depths on an annual basis, 

removing available substrate for settlement in shallower depths.   

 

INTRODUCTION 

In Chapter 3, one of the objectives was to evaluate how corals responded to the mass 

disappearance of D. cavernosa, a major competitor for space, by looking at estimates of change 

in percent cover of benthic flora and fauna.  In past published studies, favored methods of 
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evaluation have included cover, zonation, and diversity, although inadequacies of these 

measurements have led to few multivariate treatments of the data (Maragos, Evans et al. 1986, 

Hunter and Evans 1995, Connell et al. 1997, Bruno 2007, Guzman and Cortés 2007, Aderjoud et 

al. 2009, Appendix C).  This chapter will approach the recovery by reporting on quantitative 

measurements such as colony size and density of the coral community present on reef flats and 

reef slopes in Kāne’ohe Bay.  The structure, form, and volume of coral reefs are also shaped by 

the interaction between reef growth and reef destruction. 

 

 “Buildup” of reef structure 

 

 Multiple factors influence coral recovery and include the makeup of the coral framework 

or reef structure, species diversity, reproductive success, and species distribution.  Framework 

building corals are usually divided into two groups:  those containing symbiotic zooxanthellae 

and those without.  The coral species commonly encountered in Kāne`ohe Bay are hermatypic 

and contain symbiotic zooxanthellae.  Because the patch reefs are located within a protected 

lagoon, there are no spur and groove formations typical of shallow, exposed reef slopes.  The 

stability of the framework is dependent on the cementing properties of crustose coralline algae 

and  vegetative growth of coral colonies across the substrate. 

 

  Crustose coralline algae (CCA) cement reef framework 

 

The patch reef framework also includes primary framework builders such as encrusting 

coralline algae (CCA) and sponges (Sheppard 1982) which may be important for binding and 

stabilizing the substrate (Littler and Doty 1975, Bjoerk et al. 1995, Heyward and Negri 1999, 

Fabricius and De’ath 2001, Kuffner et al. 2008).    CCA are important to the physical reef 

structure through their cementing action (Bosence 1983, Kuffner et al. 2008), settlement cues for 

coral planula (Meyer et al. 2009, Price 2010), and providing substrata for colonization by corals 

(Harrigan 1972, Birkeland 1977, Fabricius and De’ath 2001, Negri et al. 2001, Diaz-Pullido et 

al. 2010).  Price (2010) found that all of the coral recruits observed in the first phase of 

settlement trials preferred CCA as their cue and were attached to bare space.  These recruits had 

a higher survivorship and colony growth than recruits that attached elsewhere.  In published 
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experiments, percent cover of CCA were also most abundant when there was direct exposure to 

herbivores (Aronson and Precht 2000, Belliveau and Paul 2002), because of the reduction in 

fleshy macroalgal biomass.  In the future the success of CCA in reef environments may be 

affected by ocean acidification and the changes in water chemistry (Kuffner et al. 2007, Anthony 

et al. 2008, Martin and Gattuso 2009).  As the ocean absorbs more carbon dioxide from the from 

the atmosphere, the water becomes more acidic, and the CCA have a reduce capacity in 

producing their calcium carbonate structure. 

 

Coral reef “slumps” and breakdown of framework 

 

Corals form their own substrate by secretion of calcium carbonate skeleton (Goreau 

1963, Gladfeiter 1982, Stanley et al. 2001), therefore some feedback exists between the coral 

ecology and the reef slope morphology.  In turn, the loss of reef slope framework can also have a 

negative effect on the outer reef flat, increasing erosion and loss of live coral in that zone by 

colonies falling over and mortality occurring from reduced light availability and sedimentation 

(N. Sukhraj, pers. obs.).  If the reef framework, or substrate, is sliding down the reef slope, a new 

problem surfaces: there is possibly now a loss of reproductive coral colonies in the shallow water 

depths and less hard substrate for coral recruitment.  This physical process was observed and 

documented in Kāne`ohe Bay and the Republic of the Marshall Islands (Figures 64, 65, 66, 67).  

The falls or reef “slumps” can range from small colonies less than 20 cm in diameter to 

framework building colonies over 1 m in diameter. 

 

Tidal influence on coral recovery 

 

Kāne`ohe Bay experiences seasonal extreme low tides as previously presented in Figure 8 

and Table 2.  The exposure of reef flats for extended periods of time results in mortality of the 

upper portions of the shallow reef flat corals and limits the vertical growth of coral colonies. 

(Glynn 1976, Grigg 1998).  Growth that is sustained during the months of normal tidal range 

may be lost during these extreme tidal events, retarding the recovery of coral colonies in the 

shallow water depths of patch reefs. 
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Purpose and questions evaluated 

 

In the first portion of this chapter, identifying and measuring the species contributing the 

most to coral cover will examine if coral colonies can overtake the now open substrate.  The 

purpose is to identify the current primary framework-building species within Kāne`ohe Bay and 

to determine what their current colony sizes are on reef slopes and reef flats.  Chapter 3  

provided evidence that coral recovery is taking place within  Kāne`ohe Bay, even though the rate 

of increase of cover on reefs is slow.  If there are observations of growth of colonies between 

years, a second purpose is to determine if the growth is reproductive or vegetative.  In order to 

determine the type of coral recovery that is taking place, it is necessary to evaluate whether the 

reef flats are experiencing sexual recruitment and/or vegetative growth where D. cavernosa has 

vacated.  The ability to grow laterally after substrate has been made available may be an 

adaptation that makes the reef community resilient to the cumulative factors affecting their 

survival. 

The size frequency distribution is important in understanding the dynamics of the Bay’s 

coral reef communities.  In degraded environments, the number of small colonies decreases, 

distributions often become centralized, and standard deviations of coral colony size tend to 

decrease (Meesters et al. 2001).  The life history of the species present may also determine their 

ability to withstand change.  For a location such as Kāne`ohe Bay, where coral colonies have 

persisted over decades, it is possible that larger and older colonies are the dominant component 

of areal coverage due to low recruitment. 

Next, data from 14 years of the 1996 series (Chapter 3) will be examined to determine if 

CCA is still a reef component and if there has been an increase in CCA now that there is more 

hard substrate available for settlement.  CCA serves as a chemical cue for coral settlement and as 

a reef cementer, therefore there may be an increase in the probability of coral recovery if CCA 

has increased. 

The purpose of the last section of the chapter is to determine if some reef slopes are 

losing a percentage of the framework structure.  A preliminary method will attempt to quantify 

how much coral cover is being lost due to “slumps” of colonies down the reef slope.  Since 2008, 

coral colonies on the upper reef slope (< 10m depth) have been observed to gradually shake 

loose after major storm events.  Photos of some of the colonies that dislodged in 2010 and 2011 
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at HIMB/Moku O Lo`e and fallen over were presented in Figures 7, 23, and 66.  In some cases, a 

colony stays in place because it has colonies adjacent to it whose foundations are holding it in 

place.  In other cases, if the colony adjacent to it is compromised also, both of their carbonate 

skeletons may break free and fall over.  As larger colonies slide down the slope, in some 

instances they dislodge the colonies below and a chain reaction starts (Figures 65, 66, 67, 68).  

The reef “slumps” do not always result in mortality, as the colonies can grow when tipped over if 

there is light availability, but the activity is changing the physical structure of the reef 

community. 

A trial estimate of loss of coral substrate will attempt to evaluate what percentage of the 

reef slope is sliding down to deeper depths on an annual basis.  Estimates of mortality from reef 

“slumps” were not evaluated due to the inability to link causation through one observation per 

year. 

 

METHODS 

 

Examination of “buildup” processes 

 Estimates of current colony size and possible vegetative growth for recovery 

 

Individual coral colonies, fragments and visible recruits were censused and measured 

along the six permanent benthic transects from the 1996 series along the windward reef flat of  

Moku o Lo`e (HIMB) and along the six 25-m permanent benthic transects from the 2006 series 

at patch reefs 19, 20, and 21 (see Chapter 3).  The purpose was to provide an estimate of the 

current size of colonies contributing to coral growth and to determine if there was an increase in 

coral cover based on measurement of the actual colonies present (Table 23).   The method used is 

widely chosen for coral surveys in the Pacific region (Maragos and Gulko 2002, Uchino 2004, 

Foster et al. 2007, Kolinski 2007, Foster et al. 2008, Minton et. al 2009, Sukhraj et al. 2010, 

NOAA/NMFS PIFSC Coral Reef Ecosystem Division) and in the Atlantic (Miller et al. 2000, 

Kendall et al. 2001).  “Colony” here defines a coral head, as genetic testing was not performed to 

determine colony differences.  All identification was morphological and based on the accepted 

physical characteristics of that genus in the local setting.  By using the permanent lines, the 

majority of the same coral colonies were censused during each sampling period.   
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Determination of new fixed colonies vs. fused fragments were made to the best ability of 

the observer, and only one observer (Sukhraj) conducted all of the surveys therefore eliminating 

multiple observer error.  Fragmentation data and size distribution of corals along the reef flats 

and reef slopes were collected.  Three different sampling events took place in order to monitor 

any changes in the size distributions of the coral community.  At reefs 19, 20, and 21 this 

occurred on August 21, 2009; May 24, 2010; and July 15, 2011.  At the HIMB Low and HIMB 

High sites this occurred on September 21, 2009; September 26, 2010; and September 30, 2011.  

Only the first 10-m section of the 40-m transect, from 0 m (reef crest) to 10 m, along each reef 

flat transect was censused at HIMB, and from 0 m to10 m along the reef flat transects at reefs 19, 

20, and 21.  The reef slope sections evaluated all remained the same for each site, 0 m (reef crest) 

to -10 m downslope. 

All visible coral colonies with centers located within 0.5 m of each side of each transect 

line were identified, measured, counted, and assigned to one of eight categories (0 to <2 

centimeters [cm], 2 to <5 cm, 5 to <10 cm, 10 to <20 cm, 20 to <40 cm, 40 to <80 cm, 80 to 

<160 cm, and >160 cm in greatest diameter) for each 10 m section.  Maragos and Cook (1995) 

categorized each coral into seven size classes.  The first size class has been divided in recent 

years in order to more accurately account for settlement and fragmentation.  The colony 

measurement was determined by taking the average of the two longest linear lengths across the 

top of the colony.  The individual linear measurements were not used for analysis in the study as 

the colonies were put into one of the eight colonies and tallied.  Unattached coral fragments and 

coral colonies exhibiting a growth pattern resulting in subdivision (fission) were identified and 

considered as separate individuals.  

Coral cover for each 10 m
2
 area was indirectly estimated using size category data with 

the following formula and correction factors:  

 

Xi = π x (0.5 x minimum diameter for category)
2
 x number of category colonies; 0 to < 2 cm = 1.  

 

Yi = 0.167 x  + Xi 0.167 x (0.9 x Xi) + 0.167 x (0.8 x Xi) + 0.167 x (0.7 x Xi) + 0.167 x (0.6 x Xi) 

+ 0.167 x (0.5 x Xi); Xi determined only for colonies < 160 cm.  

 

Yi represents equal probability of 50 to 100 % of each colony, in 10 % increments, falling 

within 0.5 m of either side of a transect line.  
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Yj = 0.167 x (0.5 x Xi) + 0.167 x (12000 cm2) + 0.167 x (14000 cm2) + 0.499 x (16000 cm2); Xi 

determined only for 160 cm colonies.  

 

Yj modifies area values for 160 cm colonies as the full area of a 160 cm diameter circle can 

not fall within a 1 m wide transect.  

 

Species cover = ∑ Yi + Yj for each species on a transect.  

 

This estimation method assumes all coral colonies are perfect circles and are randomly 

distributed through space, therefor the surface areas (diameter of colony, percent cover) given 

are planar determinations.  Actual surface area was not considered due to reef surface 

irregularities, including the shape of colonies.   The assumption that colonies are circular is not 

met for many of the species, especially for those in large size categories. Therefore, estimates of 

coral cover are over-estimations (1-2%) of the actual percent cover at each site (Kolinski, 

unpublished data)  

  

Assessment of coral recruitment on patch reefs 

 

Coral recruitment, through sexual reproduction or fragmentation, to these areas were 

identified, counted and measured to the species level.  From this information, it can be 

determined what proportion, if any, of the < 2cm colonies are fused fragments, settled recruits or 

“other” for those colonies for which a definitive classification could not be reached. 

Coral recruitment, through sexual reproduction or fragmentation was distinguished when 

possible.  It was difficult to distinguish if a “recruit” was a true recruit due to settlement or a 

result of the processes of fission or fragmentation.  At less than 2 cm, it was assumed that most 

of the corals encountered were sexual recruits (genets).  Unless a colony was unattached or could 

be identified as a fragment, all colonies smaller than 5 cm in greatest diameter were considered 

“sexual recruits”. Sexual recruits within this size range are considered to have settled within the 

previous five years under favorable conditions (Kolinski, unpublished data).  For larger colonies, 

it was assumed that some had possibly once been smaller discrete colonies and were now fused.  

If evidence of fusion was not observed, the large colony was counted as a single colony.    
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 Crustose coralline algal (CCA) presence 

 

Estimates of the change in the percent cover of CCA on reef flats and reef slopes in 

Kāne`ohe Bay were evaluated using the benthic transect data from the 2006 series (reefs 19, 20, 

21) and from the 1996 series, as outlined in Chapter 3, for a total of 42 transects.  Reef flat 

portions only used the 0 m to 10 m portions of the data, and reef slope data were used from the 

0m to -10m distance down the reef slope.  For the 1996 series sites, each 10m section of transect 

line provided 40 point-intercept values or n = 120 for the three transect lines at each site, reef flat 

or reef slope.  Data collection was manipulated and summarized for a 14-year time period, 1996 

to 2010 and also for the time period after the disappearance of D. cavernosa, 2005-2010.  The 

data point immediately preceding the weather event was included to evaluate if the % cover 

CCA had increased from pre-event levels.  For reefs 19, 20, and 21, each 10-m section of the 

transect line provided 40 point-intercept values or n = 80 for the two transect lines at each site, 

reef flat or reef slope.  Data collection for the 3 smaller patch reefs only occurred after the 2006 

extended weather event, 2006 to 2010.  Data from all sites were analyzed to determine the rate of 

increase of CCA per year on reef flats and slopes. 

 

Examination of “breakdown” processes 

 

  Reef “slumps”, natural loss of coral and framework 

 

There is no standard methodology for measuring the amount of substrate lost on a reef 

slope due to the dislodgement of the limestone framework and/or of the live coral colonies 

falling over and tumbling down the reef slope.  Measuring change over time in forest buffers and 

retreating and expanding forest lines was discussed with terrestrial biologists.  If a forest line has 

retreated, how is the change from the original location of the forest line measured? There are 

possibly now grasses, juvenile trees, etc., where the mature forest line once was and they have 

changed the landscape.  The method described here was a first attempt at quantifying the “reef 

slumps” in the upper portion of the reef slope on patch reefs throughout Kāne`ohe Bay.  The 

reefs used for evaluation were reefs 19, 20, 21 and sites HIMB High and HIMB Low at Moku o 

Loe, in 2010, 2011, and 2012.  Reef slopes were windward facing at all sites. 
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To estimate the percentage of a section of a reef slope being transformed by this 

phenomenon, a modified line-intercept method was used.  At each reef, a section of the reef 

slope was chosen at random, but all included windward facing portions.  Although the 

phenomenon has been observed around the circumference of patch reefs in Kāne`ohe Bay, the 

majority of the “reef slumps” occur on the windward reef slopes.  Each section measured 400-m 

along the reef crest.  Transect lines were draped as follows along the 400-m section before the 

data collection began.  The first transect tape was laid out in a 100-m section parallel to the reef 

crest, following the contour of the reef crest.  On sections where the reef crest had already fallen 

down the reef slope, the observer made the best estimate of where the crest used to be and 

continued the line over the gap.  The line was made taught for the entire distance, noting that the 

reef crest curved in some places.  The best effort was made to keep the line taught while 

following the curve of reef crest.  At each 25 m, a second transect tape was used to measure 5 m 

down the reef slope, starting at the reef crest, as in the figure below: 

 

0m  25m  50m  75m  100m………… 400m 

    

    

 

Only the upper 5 m of reef slope was used because this is the section where the “reef slumps” 

were most visible.  One of the objectives was also to determine the amount of loss of live coral 

from the upper reef slope.  After the loose colonies start sliding down the reef slope, it is hard to 

distinguish if they were originally a part of the upper reef slope or if they had just fallen over at 

that depth. 

Using the nine categories listed below, a designation was given to the point under every 0.20 cm 

distance down the line:  

AC-   attached, live coral.  Includes colonies with bleached polyps 

AD-  attached, dead coral.  Skeleton with no polyps 

FL-  loose live coral.  Colony is still upright but wobbles.  Usually adjacent to AC and 

has not completely detached or fallen over yet. 

FS-  fallen live coral, unattached.  Colony still has live coral tissue, usually now on the 

portion that is not facing the surface. 
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FD-  dead coral, unattached.  Skeleton only with no polyps.  Recently dead with no 

colonization by algae, coral recruits, etc. 

FDR-  fallen dead coral, unattached.  New coral recruitment on exposed skeleton.   

LS-  limestone 

S-  sand 

R-  rubble 

 

After the first 100-m section was completed, the line was moved down to the next 100-m section 

and the first measurement occurred at the 125-m distance from the starting point.  This continued 

until the observer reached the 400-m position.  Only one observer was used so that the same 

qualitative visual and physical criteria were applied to each reef and at each time period. 

 The results were then summarized by category and distance down the reef slope and over 

time.  All transect lines were repeated in the same locations for all three years. 

 

 Estimate of age of current colonies and approximate recovery time after loss to “slumps” 

 

In order to determine if the coral colonies measured for the size class structure are long-

lived, the age of coral colonies had to be estimated from known growth rates of those species for 

O`ahu.  Using the information collected on coral colony size, the age of the large colonies along 

the reef crest were determined.  Colony and species identification was determined in the field; no 

genetic testing was performed to determine if adjacent colonies were clones or fragments of 

adjacent colonies that had broken off and attached to the substrate.  Each coral head or 

encrusting colony with a visible boundary was treated as an individual coral colony for that 

species.  Determining the age range of colonies present on reef flats and reef slopes will give an 

estimate of how long it may take to replace those corals if there is a mass-mortality event 

(bleaching, fresh-water kill, etc.) in Kāne`ohe Bay or if the corals slide down the reef slope.   

Coral age estimates followed Kolinski (2007), which relied on repeated measurements of 

colonies in an area near Kalaeloa Barber’s Point Harbor, as well as values from the literature. 

The growth rate of Montipora capitata, one of the framework builders on patch reefs in the Bay, 

was determined by averaging site colony measurements with growth value measurements 

derived from Holthus et al. (1986), Jokiel and Tyler (1992), Kolinski (2004b), and Kolinski 
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(2007). The growth rates (as measured from longest diameter ± S.D.) used for Kane`ohe Bay are 

as follows: Montipora sp. 2.29 cm yr-1 (cited above); Porites compressa 4.1cm yr-1 (Holthus et 

al. 1986); Pocillopora damicornis 1.99 ± 0.15 cm yr-1 (Kolinski 2007), unattached Fungia 

scutaria 4.6 mm yr-1 (Edmondson 1929), Pavona duerdeni  12.5 mm yr-1 (Jokiel and Tyler 

1992).  Recent sexual recruits grow at a slower rate than larger colonies (Kolinski 2004a, 

Edmunds 2007) and were estimated to reach the initial 2.5 cm juvenile size following Kolinski 

(2007): Montipora sp., 6 years; Pocillopora damicornis, 3 years; Porites compressa, 4 years, 

(also see Kolinski 2004 and Grigg and Maragos 1974). 

 

coral age in years = (max. diameter in cm) – (2.5 cm) ÷ (growth rate for species) + 

(growth years for first 2.5 cm of species) 

 

Coral age was then used as the minimum estimate of recovery time needed to replace that colony 

once it has slid down the reef slope. 

 

RESULTS 

 

 Examination of “buildup” processes 

  Estimates of colony size 

Estimates of density, percent cover, density of fragments, and visible sexual recruits were 

determined for each site for 3 data-collection events in 2009, 2010, and 2011.  As with the data 

presented in Chapter 3, the HIMB reef flat and slope transects had a greater percent coral cover 

and a greater number of coral colonies present than the transects at reefs 19, 20, and 21.   

The number of colonies, mean colony densities, densities of fragments and recent visible 

sexual recruits were reported by reef flat and reef slope at each location in order to comment on 

recruitment to the open substrate (Tables 24, 25, 26, 27). Coral cover was estimated by using the 

same corals along the permanent benthic transects described previously in Chapter 3, however, 

those transects do not estimate the actual area the coral colony occupies or if 2-dimensional 

growth is occurring.  Each coral was measured and categorized to the lowest taxonomic level 

possible.  Porites compressa and Montipora capitata were identified as the framework building 

corals found at all four patch reefs.  Colonies greater than 1-m diameter were found at the reef 
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flat/reef slope interface of each patch reef (Figures 69 and 70), in addition to colonies of that size 

present on the reef slope.  At reef 19, the largest colony on the slope was M. capitata at 90 cm; at 

reef 20, P. compressa at 80 cm; reef 21, P. compressa at 80 cm; HIMB, P. compressa at 140 cm.  

For the reef flats, the following were the largest colonies recorded: reef 19, P. compressa at 60 

cm; reef 20, P. compressa at 50 cm; reef 21, P. compressa at 70 cm; and HIMB, P. compressa at 

100 cm. 

The reef flat sites of the smaller patch reefs (19, 20, 21) did not have any individual coral 

colonies greater than 60 cm in diameter.  The largest coral colony diameter measured was ~140 

cm at the HIMB sites.  At the three smaller patch reefs in 2011, 66.33% were less than 10-cm 

diameter on the reef flat and 61.42% were less than 10 cm on the slopes.  At the HIMB sites in 

2011, 62.57% (flat) and 51.33% (slope) were less than 10-cm diameter.  At HIMB, coral 

colonies greater than 75 cm are common on the slopes, but are observed in less numbers at Reefs 

19, 20 and 21 (Table 22).  Greater numbers of smaller colonies with adjacent empty substrate 

(reefs 19, 20, 21) may contribute more to increase in coral cover than large colonies that do not 

have room to expand by vegetative growth (HIMB).   

The size distribution of colonies on the small patch reefs (19, 20, 21) shows a greater 

proportion of small colonies, including fragments of colonies, by comparison with the size 

frequency measured on Moku O Lo`e/HIMB.  Size data collected shows that the average colony 

diameter observed on reef slope transects was within the 5-10 cm range (Figures 71, 72, 73, 74).  

For analysis, size class data were not divided into groups based on morphology (lobate, 

branching, encrusting, massive, etc.) because the low number of species present.  However, size 

class data for the two framework species P. compressa and M. capitata are presented in Figures 

69 and 70.  

Coral recruitment and recovery 

An estimate of the number of “sexual recruits” present was determined by counting all of 

the colonies present that were less than 5 cm in diameter (Tables 24, 25, 26, 27).  At the three 

smaller patch reefs in 2011, the reef flat had 43.11% of the colonies at less than 5 cm diameter 

and 35.02% on the reef slope. That was a decrease of 4.7% on the flats and a decrease of 0.87% 

on the slopes from 2009.  For the HIMB corals measured, in 2011 42.54% of the flat colonies 

were less than 5cm diameter, and 28.21% were less than 5 cm on the slopes. That was a decrease 
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in recent sexual recruits of 3.74% on the flats and a decrease of 1.69% on the slopes from 2009.  

The total density of recruits was less than 1 recruit per m
2
 on the reef flats and slopes of the 2006 

series and on the reef slope of HIMB.  Visible recruits had a density slightly greater than 1 

recruit per m
2
 on the reef flat at HIMB.   

Recovery took place regardless of the size of the individual colony contribution (Chapter 

3). The selected sites differed in the size of the largest coral colonies present, but the three 

species with the highest percent contribution to recruitment and coral cover, Porites compressa, 

Montipora capitata, and Pocillopora damincornis, were the same at all locations (Figures 71, 72, 

73, 74).  The other three species included in the figures are Fungia scutaria, Pocillopora 

meandrina, and Pavona varians, which were observed in smaller numbers.  Reef-slope corals 

were larger than reef-flat corals at both the small patch reef sites and HIMB.  The size variation 

between slope colonies and flat colonies was greater at the HIMB sites than at the small patch 

reef sites, but the difference was not significant.  Coral colonies on the flats of reefs 19, 20 and 

21 were closer in size to their reef slope counterparts.  This may account for a higher recovery 

rate, or increase in coral cover, on the small patch reefs from 2006 to 2009.  The smaller colonies 

had more room for vegetative growth, while the colonies at HIMB were already growing in close 

proximity to each other. 

Juvenile densities varied greatly between species, with P. compressa and M. capitata the 

most abundant (Appendix F).  This may have been a reflection of the life strategies employed.  

Some of the juveniles or “recent sexual recruits” reported may also have been coral fragments 

that had attached to the substrate and started to grow.  With a calendar year between data 

collection events, there was time for very small fragments to attach tissue to the substrate making 

it difficult to determine its origin in the field.  In Hawai`i., P. compressa has fragile “fingers” 

that break easily, as does the outer edges of M. capitata plates (Rodgers et al. 2003, Storlazzi et 

al. 2005).  Fragmentation of mature colonies has been underestimated as a means of reproduction 

and dispersal (Sheppard 1982).  Highsmith et al. (1980) found that an average of 39% of Porites 

lutea fragments or detached colonies survived a hurricane in Belize.   
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Presence of crustose coralline algae (CCA)  

 

Crustose coralline algae were not identified to species, but rather the abundance of the 

taxonomic group was estimated via point-intercept transects that were conducted in Chapter 3.  

Half of the 1996 series reef flat sites and a third of the 2006 series sites had more than 20% cover 

attributed to CCA in 2010 (Table 28, 29). 

The average value for CCA observed at each reef site for the 1996 series is presented in 

Figure 79.  A regression of the values over time produced 9 increases of CCA on reef flats from 

1996 (4 H, 30 H, and 30 L were negative) to 2010 but only 7 from 2005 to 2010 (8 L, 29 L, 30 

H, 30 L, 44 H were negative).  For reef slopes, there were 7 increases from 1996 to 2010 (HIMB 

L, 4 H, 29 L, 30 H, 30 L were negative) and 9 from 2005 to 2010 (8L, 30 H, 44 H were 

negative).  (Figure 79)  While lower in percent cover than reef flats, CCA is starting to slowly 

increase on reef slopes at the patch reefs for the 1996 series, while decreasing on reef slopes for 

the 2006 series at reefs 19, 20, and 21 (Table 27 and 28).  The 6 reefs from the 1996 series had 

an overall increase on reef slopes of 0.19% CCA cover per year from 1996 to 2010 (2.66% 

average total increase) and an increase of 0.57% CCA per year from 2005 to 2010.  Reef slopes 

for the 2006 series decreased in % cover of CCA by an average of -0.53% per year from 2006 to 

2010.  For reef flats, the 1996 series had a similar rate of increase for both time periods: 0.36% 

cover CCA per year from 1996 to 2010 and 0.38% per year from 2005 to 2010.  Reef slopes for 

the 2006 series increases in % cover of CCA by an average of 1.83% per year from 2006 to 

2010.   

For the 10-m segments evaluated that correspond to the segments evaluated for coral in 

Chapter 3 and Dictyosphaeria cavernosa in Chapter 4, there has not been a significant increase 

(regression slope values were not significant from 0) in coralline algae after the disappearance of 

D. cavernosa. 

1996 Series 

 The average change in percent cover of CCA on reef slopes spanning the period from 

1996 to 14 years later, showed no significant increase in the cover on reef slopes (one-tailed 

paired t-test, t = -1.488, P > 0.05, sample size = 12) or reef flats (one-tailed paired t-test, t =         
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-1.134, P > 0.05, sample size = 12) on these 6 reefs in the first 10 m down the slope or toward 

the reef flat center.  The average change in CCA for this group across all 6 reefs was 0.19% per 

year on reef slopes and 0.36% per year on reef flats (Figure 78) from 1996 to 2010.  The average 

change in percent cover in coral and D. cavernosa during this period was also not significant 

(Figures 18 and 19, Chapter 3).  During the period after the D. cavernosa die-off, 2005 to 2010, 

the average change in CCA increased to 0.57% on reef slopes and 0.38% on reef flats (Figure 

78).  The increase from 2005 to 2010 was not significant on reef slopes (one-tailed paired t-test, t 

= -2.018, P> 0.05, sample size = 12) or reef flats (one-tailed paired t-test, t = -0.732, P > 0.05, 

sample size = 12).   

 The change per year in CCA cover at the  reef slope and reef flat sites between the pre-

disturbance surveys (winter 2005/2006) and Summer 2010 were regressed on the initial CCA 

cover at these sights in 2005/2006, and these regressions showed that there were not significant 

positive linear relationships between these variables (regression coefficient for reef slopes =        

-0.130, sample size = 12, F = 0.282, P = 0.607); (regression coefficient for reef flats = 0.038, 

sample size = 12, F = 10.62, P = 0.009) (Figure 79). 

2006 Series 

Analysis of the CCA cover on Reefs 19, 20, and 21 from October 2006 to September 

2011 showed that the percent CCA cover  increased significantly on  the reef flats (one-tailed 

paired t-test, t = -8.021, , P = 0.015, sample size = 6) but not on the the reef slopes (one-tailed 

paired t-test, t = -1.211, P > 0.05, sample size = 6) (Figure 80).  The slope value in the equations  

are the average change in percent CCA change per day.  The average change in CCA across all 3 

reefs was -0.59%% per year on reef slopes and 1.82% per year on reef flats.  The average change 

in percent cover in coral during this period was significant (Figure 26, Chapter 3) while the 

change in D.cavernosa was not significant (Figure 27, Chapter 3). 

The change per year in CCA cover at the reef slope and reef flats of Reefs 19, 20, and 21, 

between the pre-disturbance surveys (winter 2006) and Summer 2011, were regressed on the 

initial CCA cover at these sights in 2006.  These regressions showed that there were not 

significant positive linear relationships between these variables (regression coefficient for reef 
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slopes = -0.1984, sample size = 3, F = 3.42, P = 0.316); (regression coefficient for reef flats =     

-0.323, sample size = 3, F = 11.36, P = 0.184) (Figure 81) during this time period. 

 

Examination of “breakdown” processes 

  Reef “slumps” and the loss of framework 

Estimates of “reef slumps” and the loss of live coral on the upper reef slope (< 5m 

distance from reef crest) were made at three windward facing reef slopes (reefs 29, 44, and 

HIMB) in 2010, 2011, and 2012 (Figures 83, 84, 85).   Seventeen transects 5 m in length and 

spaced 25-m apart were used over a linear distance of 400 m of each patch reef at the reef crest.   

“Reef slumps” occurred at all three locations from 2010 to 2012.  Table 30 presents 

estimates of the change in category (AC, AD, etc.) as a percentage of the original “percent 

cover” observed in 2010.  The numbers presented are not a difference between Year 1 and Year 

2, but the change from Year 1 to Year 2 as a percentage of Year 1.  To reduce confusion, the first 

row for Reef 29 reads as follows: In the distance 0 to -0.99 m down the reef slope, 17.95% of the 

attached live coral (AC) present in 2010, was not present in 2011.  In 2011, there was 28.57% 

more “percent cover” of loose coral colonies (FL) compared to the 2010 amount.   That does not 

translate to a 28.57% increase; Year 2-Year 1 for FL was actually an increase of 2.35% in points 

observed on the transect line, but that number was 28.57% of the original points observed in 

2010. In some cases a -100 indicates that that category did not appear in that distance in a 

subsequent year and was an indication that there had been movement down the reef slope.   

Reef 44 had the highest loss in attached corals from the reef crest from 2010 to 2012, and 

the highest number of loose colonies that eventually became unattached and fell over.  Over 

time, the amount of attached coral sliding moving to a deeper distance bin increases as does the 

amount of loose coral colonies (FL) and colonies that have fallen over (FS).  Although the 

colonies were breaking apart and falling over, the majority did not suffer complete mortality.  

The live portions did not die within the observation timeframe (2 years) if the colony was still 

receiving adequate sunlight and was not covered in sediment. 

 



112 
 

 Estimate of age of current colonies and approximate recovery time after loss to “slumps” 

Estimate of age of the current colonies present in 2011 was determined by using the 

individual coral colony measurements at the four reefs mentioned above and the growth rates 

given in the Methods section for P. compressa and M. capitata.  These two species are the 

dominant coral species and the framework builders for Kāne`ohe Bay.  For the reef flat at reef 

19, the minimum age of the largest P. compressa present was approximately 23 years (80 cm) 

and for M. capitata (60 cm) it was approximately 31 years.  Resource value associated with the 

largest lost colonies may take a minimum of 31 years to replace in the event of another 

disturbance that caused shallow water mortality.  For the reef slopes at reef 19, the minimum age 

of the largest P. compressa present was approximately 18 years (60 cm) and for M. capitata was 

approximately 44 years (90 cm).  In the event of those larger M. capitata colonies breaking free 

and sliding down the reef slope, it may take a minimum of 44 years to replace those colonies at 

that depth.  

The estimates of age on reef flats for the remaining three reefs were as follows: 1) reef 

20, PC 16 y (50cm), MC 18 y (27.5cm); 2) reef 21, PC 20.5 y (70 cm), MC 18.0 y (30 cm); 3) 

HIMB, PC 28 y (100 cm), MC 40 y (80 cm).  The estimates of age on reef slopes were: 1) reef 

20, PC 23 y (80 cm), MC 31 y (60 cm); 2) reef 21, PC 25 y (90 cm), MC 31 y (60 cm); 3) HIMB, 

PC 38 y (140 cm), MC 49 y (100 cm).  The largest coral colonies and the highest frequency of 

those sizes were recorded at the HIMB sites.  The HIMB sites currently have the oldest corals of 

those 4 reefs and would take the longest time to replace, a minimum of 50 years to replace some 

of the reef slope corals that weakened at the base and fell over. 

 

DISCUSSION 

Recovery of coral on reefs 

The selected patch reefs evaluated in Kāne`ohe Bay appeared to differ in size structure of 

the corals on the reef flats and the reef slopes (Sukhraj, pers. obs.).  On some reefs much of the 

recovery may be because of growth of fragments (1996 series) while on others the growth of the 

whole large colonies (HIMB) may be more important.  The survival and growth of the resident 
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reef population may be more important to the resilience of patch reef populations than the 

addition of new and smaller colonies via reproduction and settlement.  Based on the additional 

information on size class structure, recovery of corals in Chapter 3 did not occur in the absence 

of recruitment.  Reef-slope corals had better success than reef-flat corals which may be related to 

the limited vertical growth of reef flat corals during low tides (Sebens 1984, Madin 2006).   

Controls of coral distribution 

 

Other biological and physical controls not well understood but important include the dual 

nutritional requirement of particulate food and light, water movement, temperature, 

sedimentation, competition between coral species (intraspecific), competition between coral and 

other taxa (interspecific), and predation.  Laboratory tests have shown that coral can survive 

without light but not without zooplankton for extended periods of time (Yonge 1973, Edinger 

and Risk 1994).  This may have been the case during the spring 2006 event, as the freshwater 

lens may have decreased the upper water column limit of zooplankton and their availability to 

the shallow water coral community.   

Coral recovery in the short-term (< 5 years) appears to be a result of vegetative growth, 

horizontal migration of coral across the substrate, or reattachment and growth of fragments, and 

not successful recruitment.  The thicker D. cavernosa algal mat that was present before 2006 

hindered coral growth and development, possibly hindered the settlement and growth of other 

sessile invertebrate species, and interfered with the growth of coralline algal species that cement 

the substratum (Littler and Doty 1975, Bjoerk et al. 1995, Heyward and Negri 1999, Fabricius 

and De’ath 2001, Kuffner et al. 2008). Encrusting calcareous algae are important to the physical 

reef structure through their cementing action, and they also provide substrata for colonization by 

corals (Harrigan 1972, Birkeland 1977, Fabricius and De’ath 2001, Negri et al. 2001, Diaz-

Pullido et al. 2010, Harrigan et al. 2004).  The increase of crustose coralline algae on the newly 

available substrate vacated by D. cavernosa was very low at the 1996 series and 2006 series sites 

(Table 28, 29).  The average rate of increase in coralline algae in percent cover per year, using 

the survey date closest to the 2006 disappearance event, did not exceed an average of 3% per 

year per reef and was negative in some locations.   The chemical cues associated with inducing 

coral settlement may not be present at a high enough rate to stimulate settlement of successful 

new coral colonies.  Negative cues in disturbed environments such as food availability, bacteria, 
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alternate substrate types, inorganic ions, hormones, and biofouling sometimes override the 

settlement cues (Fusetani 2004, Prescott et al. 2007, Hay 2009) 

 

Coral success and recovery in Kāne`ohe Bay over the long-term may be due to the 

colonial model of disturbance (Karlson 1986), rather than the intermediate disturbance model.  

When reefs are exposed to recurring disturbance, certain coral species are better adapted to 

survive the environmental stress due to their morphology and physiology.  The coral species are 

represented by colonizing species, referred to as framework building species in this chapter, 

often characterized by producing large amounts of gametes, relatively fast growth rates, and are 

plastic in their morphology.  The result of the colonial model is a reef with low diversity (as 

determined in Chapters 2 and 3), but not necessarily low coral cover.  The few coral species 

present represent all of the benthic cover on a reef.  The survivability or the resilience of the 

coral-reef community over time is dependent on the success of the colonies that are already 

present, either by fragmentation and growth, or new settlement.  While the reported growth rates 

of P. compressa and M. capitata are not fast when compared to acroporids, they are the 

framework building species for Kāne`ohe Bay.  Their growth rates play a role in how fast the 

reefs can recover after a disturbance.  Five years after the mass disappearance of D. cavernosa, 

the genera of corals that showed the maximum gains in percent cover represent the reef-building 

corals that have been present in the Bay historically. 

Sedimentation and regular resuspension of particles may decrease light penetration to a 

marginal level and thus affect the calcification rate or growth rate of coral (Bak 1978, Uchino 

2004).  Heavy rainfall, followed by large amounts of surface runoff into the Bay, and a decrease 

in salinity in surface waters, may be slowing down the growth rate of existing corals present. 

 

Ocean acidification and warming oceans 

 

Looking to the future, increases in water temperature in the Hawaiian Island chain and 

other processes related to global climate change may increase ocean acidification, bleaching 

(loss of the symbiont), declining calcification rates, and loss of the primary framework builders 

(Jokiel and Coles 1990, Fallon et al. 2003, Hoegh-Guldberg et al. 2007, Anthony et al. 2008, 

Cohen and Holcomb 2009, Cantin et al. 2010, Hoeke et al. 2011, Pandolfi et al. 2011, 
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McCulloch et al. 2012).  Past studies in Hawai`i have also shown that a temperature decrease 

will also have harmful effects on coral reef communities (Jokiel and Coles 1977). 

As ocean acidification weakens the reef framework, the resilience of coral reefs will be in 

danger.  Coral colony morphology may also change due to available resource conservation.  

Encrusting or low growth forms may become more common as lobate and massive forms are not 

able to maintain the requirements for live tissue on that amount of surface area.  Hoeke et al. 

(2011) predict that although there will not be a complete loss of coral cover, warming of the 

ocean around O`ahu will produce large decreases in coral cover.  Their prediction is that there 

will be a decrease in coral cover greater than 50% by 2050 (P = 0.64), and that there will be a 

decrease greater than 99% by the year 2099 (P = 0.80).  Adaptation to thermal stress will not be 

linear. 

 

Probability of future “slumps” 

 

 The probability of future slumps was not evaluated because of the infrequent data 

collection (only once per year) and the lack of determining what percent of falls occurred 

immediately after a heavy storm or high winds.  Narrowing down the cause of the falls would 

assist in modeling the probablility of future slumps occurring. 
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CHAPTER 6 

 

SUMMARY AND CONCLUSIONS 

 

The loss of corals and coral reef habitat to algal overgrowth continues to be an immediate 

and pressing management concern worldwide (Hughes 1994, Hughes et al. 2003, Bellwood et al. 

2004, Nugues et al. 2004, Pandolfi et al. 2005, Burgess 2006, Carpenter and Edmunds 2006, 

Rogers and Miller 2006, Bruno and Selig 2007, Hoegh-Guldberg et al. 2007, Mumby and 

Steneck 2008, McClanahan et al. 2012), as the scale of disturbances to reefs is increasing 

(Pandolfi 2003, Wilkinson 2008, Hughes et al. 2010).  The phase shift occurs when the substrate 

cover of scleractinian corals are reduced in favor of macroalgal dominance.  The disturbance 

allows for a possible re-assortment of the mixture of species present by creating new substrate 

for settlement, and the new combination of species will depend on what is available to settle or 

expand horizontally.  The concept of “hysteresis” is also sometimes mentioned when discussing 

changes in species composition. (Scheffer et al. 2001, McManus and Polsenberg 2004, Hughes et 

al. 2005, Mumby et al. 2007, Hughes et al. 2010)  In the hysteresis model, the coral reef 

community composition does not return to their baseline conditions immediately after a 

disturbance or the removal of a competitor.  The 1983 crash of sea urchin populations in 

Caribbean reef systems released algae from top-down (herbivory) control, allowing them to 

overgrow corals and resulted in a phase-shift to a degraded state with high macroalgal 

abundance. When sea urchin populations started to increase in pre-die-off areas, the high coral 

cover levels did not return, indicating hysteresis (Mumby et al. 2007).   

Some marine organisms have adaptations for coping with natural recurring disturbances, 

such as changes in salinity and reduced light availability, but their recovery is not ensured to 

return to an original state due to the history of past inputs to the system.  In coral reef 

ecosystems, a reduction in the three-dimensional complexity of the macroalgal community, such 

as the decline of D. cavernosa in the 2000s, may enhance the resilience of corals by increasing 

the likelihood of settlement and growth on the available substrate.  The data presented in this 
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dissertation showed that coral cover did increase, but the percent cover on reef structures may 

not return to the former state that existed before the phase shift of the 1960s.   

The increase in the human population on the windward coast of O`ahu took off in the 

1950s, and with it brought heavy modification of the shoreline, increased runoff, output of high-

nutrient sewage directly into the Bay, and increased sedimentation on reefs.  In the past 60 years, 

the urbanization of the Kāne`ohe Bay watersheds has maintained two major chronic stresses to 

the Bay:  runoff from sediment loaded water during heavy rainfalls and the release of secondary 

treated sewage (Maragos 1972, Banner 1974, Smith et al. 1973, Smith 1977, Brock et al. 1979, 

Brock and Smith 1983, Maragos et al. 1985, Jokiel et al. 1993, Hunter and Evans 1995, Stimson 

and Conklin 2008).  While the latter sewage was diverted to the ocean, sewage spill events 

within the Bay lagoon are still a common occurrence.  Kāne`ohe Bay was severely stressed over 

this time period and sediment resuspension still occurs today.  Coastal runoff, introduction of 

alien invasive species, and human overuse via recreational activities (tourism, fishing, vessels) 

have all also contributed to the slow recovery of reefs.  

In order to maintain a population, such as the persistence of coral species after chronic 

disturbance, the species should demonstrate resilience.  For the analysis presented in this 

dissertation, two key components of resilience were resistance, the ability of an ecological 

community to resist or survive a disturbance, and recovery, the rate a community takes to return 

to its original condition.  Past and present definitions of ecological resilience can be summarized 

as the capacity of an ecosystem to absorb recurrent disturbances or shocks and adapt to change 

while retaining the same function and structure (Holling 1973, Scheffer et al. 2001, McClanahan 

et al. 2012).  In Kāne`ohe Bay, resilience of coral-reef communities in the data presented was 

determined as their ability to exhibit measurable recovery rates after disturbance events.  A short 

list of the factors that the biota have had to overcome include: increase in urban population 

density, increase in surface runoff and nutrient input, chronic sewage spills, freshwater influx 

from heavy rains, coral bleaching, disease including trematodiasis and Montipora white 

syndrome, overfishing, heavy recreational use, boat strikes, introduction of invasive species, 

sedimentation, and dredge and fill activities.  An important factor influencing present coral 

recovery was the low cover of a once dominant and space holding macroalga, which when in 
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high abundance can directly kill corals, trap sediment, dominate benthic space, and prevent coral 

settlement (Smith et al. 2006, Stimson and Conklin 2008).  

In Chapter 3, the analysis of benthic data over 45 years in Kāne`ohe Bay showed that 

coral recovery has occurred after a local disturbance and that a shift back to coral dominance 

may be possible during the current interim disturbance period.  Kāne`ohe Bay patch reefs from 

the 1970 series had a significant increase in coral cover on reef slopes between 1970 and 1983 

(Figure 15a), seven years after the cessation of point source disposal of primary treated sewage.  

Beyond 1983, a linear analysis indicated that the increase has not been statistically significant, 

but recovery has slowly occurred, indicating about an average 0.45% increase per year from 

1970 to 2009.  The analysis also indicated that the change in coral cover per year at these 15 sites 

was inversely related to the initial coral cover in 1970 (Figure 16).  For the 1996 series of reef 

sites, there was a gain in coral cover over 13 years if the initial coral cover was less than 50%, 

but the increase was not significant as in the 1970 series.  The addition of three patch reefs to the 

analysis via the 2006 series added further evidence that coral recovery did occur after the latest 

major storm disturbance.  The positive values of change per year (Figs. 16, 21, 22) show the 

capacity for recolonization by growth, fragmentation, and settlement, with up to a 10% increase 

in cover per year on the reef slopes.  Another example of reversal occurred on reefs in Jamaica 

after the loss of the keystone herbivore Diadema antillarum in the ecosystem (Idjadi et al. 2006).  

Coral cover had showed a significant increase, after the decrease in the abundance of macroalgal 

species.  Despite the differences in values computed for this study (1970 series: 0.45% per year; 

the interval 2005/2006 to 2009 of the 1996 series: 1.18% per year; 2006 series: 3-5% per year), 

the estimated coral recovery rates  were on par with coral recovery estimates reported from other 

locations in the Pacific (Figure 29a).  The average change in percent cover per year for Pacific 

and Indian Ocean sites was 3.35% per year compared to 0.47% for the Atlantic and Caribbean.   

Because of the slow rate of recruitment and growth of stony corals such as Porites spp. 

and Montipora spp., their recovery may take several decades to a century for a significant 

increase to be detected (Jaap 2000).  Uchino’s (2004) research indicated the corals are able to 

recolonize in Kāne`ohe Bay if the appropriate hard structure is available, but complete recovery 

will require longer time periods than previously suggested.  Grigg and Maragos (1974) observed 

coral recolonization on submerged lava flows in Hawai`i, and estimated that recovery of some 
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coral communities would take approximately 20 years, while others might take 50 years or more, 

depending on the degree of exposure to sea and swell.  They also suggested that 50 years would 

be required to reestablish the number of species, percent cover, and diversity.  While the primary 

mechanism of recovery for coral communities following severe disturbances has been larval 

settlement and recruitment (Harrison and Wallace 1990, Richmond 1997), fragmentation can 

play an important role in population maintenance for some coral species (Highsmith 1982).  The 

life history of the species present may also determine their ability to withstand change.  Both of 

these may be determining factors for the long-term presence of Porites compressa and 

Montipora capitata on reefs within Kāne`ohe Bay.  In the present, approximately 70 years after 

the major dredging activities that may have contributed to the decline of coral in the Bay, 

complete recovery of coral species has not been achieved in all of the zones, but there are 

indicators of resilience of the two named reef-building species.   

In the six years since the decline of the native macroalga Dictyosphaeria cavernosa, the 

data presented show that there has been very little or no recovery of D. cavernosa and no 

significant increase in the invasive macroalgal species within Kāne`ohe Bay.  With large areas of 

substrate now available on some reefs due to the decline of D. cavernosa, coral growth and 

recruitment have reclaimed some areas on the reef flat and the reef slope.  Geo-referenced maps 

illustrate the changes and decrease in distribution and abundance in D. cavernosa cover from 

multiple studies over 39 years (Figures 40-48).  The current geographic range and habitat 

distribution on both reef flats and reef slopes is very much restricted.  Growth data collected 

from field studies after the 2006 disappearance showed that the growth rate of D. cavernosa 

thalli was less than growth rates reported for the same locations before 2006.  The results of the 

study showed that at its post-dieoff rate in the absence of herbivory (-0.001g g
-1

 day 
-1

) or in the 

presence of herbivory (-0.020 g g-1 day-1), D. cavernosa is not expected to have an immediate 

resurgence in growth with the remaining thalli present in the Bay.  In addition, large algal mats 

no longer exist and thalli are found in smaller sizes than in previous studies.  Observations from 

these studies found that D. cavernosa is often found growing with introduced algae such as 

Acanthophera spicifera or Kappaphycus alvarezzi, and the thalli are being grazed on because of 

proximity to a preferred food source.  
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The relationship between production and consumption on many sections of reefs, and the 

high productivity of coral reef communities, plant-herbivore interactions may be among the most 

important interactions affecting community structure as a whole.  Herbivory can have a marked 

effect on the initial composition of the benthic community.  In published experiments, percent 

cover of crustose coralline algae were most abundant when there was direct exposure to 

herbivores (Aronson and Precht 2000, Belliveau and Paul 2002).  In the absence of herbivores, 

fleshy biomass and sediment were higher, which resulted in lower coral recruitment (Lapointe et 

al. 1997, McCook 1999).  In the case of D. cavernosa after the 2006 disturbance event, data 

presented from the field growth experiments showed that predation by herbivores did occur, but 

that the growth rate of the remaining thalli within the Bay had the greatest influence on the lack 

of recovery of the species.   

In order to determine if herbivore grazing intensity affected the growth rate and recovery 

of D. cavernosa, censuses of reef fishes were conducted in addition to herbivore exclusion 

growth assays, to determine the current herbivorous reef fish species present, size classes, and 

biomass at the study locations.  Seasonal trends were observed in the density of reef fish present, 

with the higher observations in the fall months followed by a drop in density in the winter 

months.  Brock (1979) and Brock et al. (1979) estimated that acanthurids and scarids made up 

10% of the grazing fishes of the Bay based on data collected in 1966 and 1977.  The data 

presented in this dissertation estimated that acanthurids and scarids accounted for an average of 

51.88% of the fish observed during each sampling event from 2007-2011.  Analysis of the data 

also showed that the trophic structure of the reef-fish community had not changed from the 

Brock studies.   

It is also possible that the environmental conditions in the Bay have changed so that they 

are no longer suitable for D. cavernosa to achieve its former dominance.  The results presented 

show that the species no longer has growth rates that support ongoing replenishment of the 

species on reef slopes and reef flats.  D. cavernosa may be facing a tradeoff between physical 

growth and mechanical and chemical defenses such as deterring herbivory via palatability.  

(Littler and Littler 1980, Lubchenco and Gaines 1981, Hay 1984, Amsler et al. 2005, Pereira and 

Gama 2008).  It has been hypothesized that some species of macroalgae have chemical defenses 

against herbivores and other competitors although experimental evidence is rare.  This chemical 
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display is an example of a counter adaptation. However, the energy needed to maintain these 

defenses may have shifted over to energy needed for growth, therefore allowing the macroalga to 

be more vulnerable to predation and overgrowth by other macroalgal species present.  

In Eric Conklin’s 2007 dissertation, he makes the argument that invasives may be 

initiating a phase shift back to a dominant macroalgae state.  Through the data presented here, 

there is evidence to show that this has not been in the case. Preliminary data suggest that the 

invasive macroalga Eucheuma denticulatum is now the dominant species on reef flats in the Bay, 

however it has not reached the level of presence that was maintained by D. cavernosa before 

2006.  “Dominant” does not imply more than 50% bottom cover, but it was the species that was 

observed in higher percentages that others.  There have been multiple ongoing efforts to control 

biomass of invasive species within Kāne`ohe Bay (i.e. SuperSucker, Reef Check and community 

invasive macroalgae removals, herbivore stock enhancement of Tripneustes gratilla by the State 

of Hawaii, etc.) which, over time, may be starting to maintain and then reduce the biomass of 

those species within the Bay.   

The data presented in Chapter 5 briefly explored other factors that may influence the 

resilience of coral species in the Bay such as the presence of a settlement cue (crustose coralline 

algae [CCA]) and the loss of reef substrate in shallow depths.  On average, the change in percent 

cover of CCA did not significantly increase on reef flats or reef slopes in the 1996 series, but did 

increase significantly after the 2006 event on reef slopes in the 2006 series.  A quantitative 

assessment of coral colony size by species over 3 years did not show an increase in sexual 

recruits which may have been in part to the amount of uncolonized substrate available at that 

site, the amount of settlement cue (CCA) present, the amount of negative cues present, or 

existing colonies foregoing energy expenditure associated with sexual reproduction and 

expanding by vegetative growth.  Colony size distribution did vary by location in the Bay and 

could be correlated with the amount of D. cavernosa present before the dieoff.  Sites with higher 

presence of D. cavernosa before 2006 had smaller size classes of coral colonies.  The success of 

coral recruits is also influenced by siltation and turbidity.  The lagoon floor is a sink for 

terrigenous sediment input from surface runoff and is easily resuspended by tidal action and 

currents.  In periods of excess nutrients, zooplankton blooms can reduce light availability for 

coral polyps.  Some of the fish species observed in the Bay (Chapter 4) also graze on corals 
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(Randall 1974, Hixon 1997), but their current density is not great enough to limit coral growth.  

Another studies in the Main Hawaiian Islands have showed that frequent bites by reef fishes 

average over 100 per m
2
 and can negatively impact coral growth and health (Jayewardene et al. 

2009).   

In addition to coral recruitment and growth which buildup the reef structure, patch reefs 

in Kāne`ohe Bay simultaneously experience reef “slumps” which break apart the framework and 

result in the loss of live coral on the upper reef slope, as well as reduction in the diameter of the 

reef flat.  The data in the dissertation presents one of the first estimates of the loss of framework 

by this phenomenon.  The patch reefs are all located on the windward side of O’ahu and the 

“slumps” occur in greater numbers in the spring months.  The movement of substrate down the 

reef slope was documented from 2010 to 2012, and estimated how much live coral was lost at 

each distance down the reef slope from year to year.  As the colonies slide down the slope, the 

underlying sediment is exposed, reducing the framework available for coral planula settlement.  

Using published estimates of coral growth rates for Hawai`i, the ages of the largest P. compressa 

and M. capitata colonies present were calculated and it was determined that it may take a 

minimum of 50 years to replace some of the reef slope corals that are weakening at the base and 

falling over.  The average age of coral colonies being lost ranged from approximately 20 years to 

50 years.  Not all of the colonies that fall over suffer mortality, but mortality of  larger colonies 

results in less reproductive output for the affected reefs. 

The question of how local nutrient levels affect the growth rate of macroalgae was not 

approached in this study as it has been investigated by others.  A small water column 

biogeochemistry study was conducted in Kāne`ohe Bay by Drupp et al. (2010) from November 

2005 to May 2008 and the results showed that nutrient levels were already depressed before the 

2006 storm event.  Despite the amount of anthropogenic affects of coastal areas having a 

statistical association with coral mortality and macroalgal abundance, the role of nutrients in 

driving macroalgal growth is unclear (McClanahan et al. 2004). While some would argue that the 

success of macroalgal species in Kāne`ohe Bay is a bottom-up control, there is evidence in the 

Caribbean that the amount of nutrients present locally is not a factor.  The anthropogenic stresses 

that contribute to Caribbean reef decline are greater, compared to the Pacific where lower 

populations densities occur on the islands and the local sources of nutrient inputs are diluted due 
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to the amount of surrounding open ocean (Roff and Mumby 2012).  Coral-algal phase shifts have 

occurred on remote reefs far removed from major nutrient input (Miller and Gerstner 2002)  and 

nutrient flux caused by upwelling events surpasses local inputs (Leichter et al. 2003). 

Future research needs   

Although the recovery of D. cavernosa in the Bay has been found to be slow or non-

existent, it is possible that the non-recovery of D. cavernosa is being assisted by the presence in 

the Bay of red algae.  The more palatable red algae which were introduced to the Bay after D. 

cavernosa was dominant, are still growing on reef flats and some reef slopes and there is the 

possibility that their presence could reduce the grazing on the less palatable alga (D. cavernosa).  

If red algae are present and preferred by reef fish, grazing pressure on D. cavernosa should be 

depressed resulting in an increase in its cover.  Since the disappearance of D. cavernosa, there 

now also may now be more substrata for turf alga to grow on and for herbivorous fishes to graze 

on.  This may also reduce the grazing on red and green macroalgae.  If either of both of these 

scenarios is correct, these increases in red and filamentous algae abundance would seem to 

suggest that there could now be less grazing on D. cavernosa.  The question still remains, 

whether the original phase shift which brought about D. cavernosa dominance, will now be 

succeeded by a new phase shift involving the introduced red macroalgae.   

Topics discussed in this document suggest that space may be a limiting factor to the 

resilience of coral reefs and the success of reef fish populations.  Is it possible that benthic 

communities in Kāne`ohe Bay may be limited by nutrients and food rather than space?  New 

information on nutrient and phytoplankton concentrations in the water column were not a part of 

this study.   
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Table 1.  Comparison of observed coral species richness at 18 sites from Maragos 1972.  

 

 

Observer: Observers: 

 

J. Maragos N. Sukhraj and J. Maragos 

Species  1969 - 1970 2009 

Montipora capitata x x 

M. dilitata x 

 M. flabellata                                              x x 

M. verrucosa                                             x x 

M. verrilli x 

 M. patula x 

 Pavona explanulata x 

 P. varians x x 

Leptoseris incrustans x 

 L. digitata/L. papyracea x 

 Leptastrea agassizi/L. bottae x x 

L. purpurea x 

 Cyphastrea ocellina x x 

Tubastrea aurea x x 

Cyclosteris vaughani x 

 Fungia scutaria/Lobactis scutaria x x 

Porites brighami x 

 P. compressa x x 

P. pukaensis x 

 P. evermanni x 

 P. lobata x x 

Pocillopora damicornis x x 

P. ligulata x 

 P. meandrina x x 

P. modumanensis x 

 P. molokensis x 

 Psammacora brighami/P. stellata x x 

P. verrilli x 

 Psammocora sp. x 

 Sinularia densa* 

 

x 

Coscinaraea wellsi/C. ostreaeformis x   

 
30 14 

* Not recorded in original study 

   



Appendix A 

125 
 

Table 2.  Verified data for NOAA tide station Moku o Loe (1612480).  Exposure minutes/month 

= tide height was verified at less than 0.27 ft. for the cumulative time intervals. Sukhraj took 15 

measurements (time) in June 2006 at specific times of when the tops of 4 different P. compressa 

coral colonies broke the water line and were exposed on the windward reef flat.  Those times 

were compared to the verified data to determine the "0 ft." mark for exposure.  The average 

verified height was 0.27 ft, therefore anything less than that height would be a tide height with 

exposed reef. (See also Figures 5 and 6)  

 
Exposure Avg. 

# of 

exposure 
Avg. 

exposure Temp. (°F) 
Tide Height 

(ft.) 

 
minutes/month hrs/day events time (min) Max. Min. Max. Min. 

Jun-06 6678 3.71 25 261.12 84.02 78.98 2.76 -0.49 

Jul-06 6468 3.48 23 275.48 83.84 78.8 2.98 -0.39 

Aug-06 6228 3.35 27 224.89 84.74 80.06 3.29 -0.1 

Sep-06 1350 0.75 12 107.50 82.24 78.28 2.88 0.1 

Oct-06 1728 0.93 12 138.50 82.42 76.66 3.08 -0.12 

Nov-06 6300 3.50 24 256.75 82.76 77 3.12 -0.23 

Dec-06 7530 4.05 25 295.44 78.62 74.66 3.07 -0.54 

Jan-07 5664 3.05 26 212.08 77.18 72.68 3.11 -0.6 

Feb-07 6042 3.60 23 256.96 75.74 71.78 2.79 -0.46 

Mar-07 3690 1.98 22 162.00 78.98 74.3 2.61 -0.37 

Apr-07 n/a n/a n/a n/a 79.16 75.2 n/a n/a 

May-07 6582 3.54 26 248.62 82.4 77.18 2.72 -0.67 

Jun-07 6306 3.50 23 268.43 83.66 79.86 3.03 -0.47 

Jul-07 5118 2.75 22 226.91 82.94 79.34 2.97 -0.54 

Aug-07 2388 1.28 15 153.60 83.66 79.16 2.88 -0.27 

Sep-07 3330 1.85 19 169.58 83.48 79.34 2.66 -0.36 

Oct-07 5022 2.70 25 195.36 81.32 77.18 2.85 -0.43 

Nov-07 4326 2.40 18 235.00 81.32 75.74 3.34 -0.68 

Dec-07 4734 2.55 20 231.00 78.08 73.76 3.25 -0.66 

Jan-08 6456 3.47 27 232.89 77 71.24 2.8 -0.8 

Feb-08 5628 3.23 25 219.36 n/a 74.3 2.72 -0.45 

Mar-08 6258 3.36 33 181.82 79.88 75.92 2.4 -0.36 

Apr-08 5856 3.25 23 247.83 80.6 74.66 2.45 -0.44 

May-08 5130 9.72 19 264.32 82.76 76.64 2.66 -0.82 
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Table 3.  Verified rainfall totals for March 2006, O`ahu.  NOAA’s National Weather Service, 

Honolulu.  Areas with runoff into Kāne`ohe Bay are highlighted in gray. 

Location Rain 

(inches) 

 Location Rain 

(inches) 

Poamoho 2 87.18  Palisades 22.59 

Wilson Tunnel 62.69  Makua Ridge 22.58 

Luluku 55.47  Moanalua 21.94 

Waihe`e Pump 52.60  Wheeler Airfield 21.03 

Punalu`u Pump 50.00  Palolo Fire Station 20.85 

`Āhuimanu Loop 49.38  Schofield Barracks 19.53 

Maunawili 47.07  Kamehameha 19.34 

Nu`uanu Upper 42.98  Waianae Valley 19.04 

St. Stephens 38.79  Aloha Tower 18.22 

Mānoa - Lyon Arboretum 37.69  Mililani 17.65 

Kahuku 36.13  Lualualei 16.95 

Kawailoa 31.80  Hawai`i Kai Golf Course 16.78 

Waimanalo 31.08  Waipio 16.67 

Kāne`ohe - MCBH 29.94  Kunia 16.53 

Hakipuu Mauka 29.16  Honolulu Airport 16.26 

Olomana Fire Station 28.87  Waianae 16.22 

Wahiawa C.F. 28.22  Waianae Boat Harbor 13.20 

Bellows AFS 26.52  Makua Range 12.92 

Ki`i 26.47  Kalaeloa Airport 10.05 

Niu Valley 24.66    
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Table 4.  GPS coordinates for original Maragos (1972) transects and key to site names over time.  
 

Maragos  Hunter and Evans (1995) Sukhraj  Latitude Longitude y_proj x_proj 

(1972) 1983 and 1990 surveys (2009 survey)         

1 5 1 N 21.43669398 W 157.78690224 4723221.65777701 -7409990.63782986 

2 4 2 N 21.43186256 W 157.79032725 4722799.96403118 -7411145.16126143 

3 1 3 N 21.43463404 W 157.76548807 4720400.47667973 -7406756.85319195 

4 *deeper site - omitted omitted n/a n/a n/a n/a 

5 2 5 N 21.41883960_ W 157.76965605 4718209.18929051 -7409383.78483643 

6 omitted 6 N 21.41809663 W 157.78753758 4720147.96624769 -7412389.89253299 

7 3 7 N 21.43160407 W 157.78683191 4722352.40408211 -7410607.57666983 

8 14 8 N 21.47699065 W 157.83096557 4735132.88215587 -7412182.86235808 

9 6 9 N 21.44579630_ W 157.79390934 4725571.03166494 -7410007.83093495 

10 7 10 N 21.44437004 W 157.79561631 4725527.10574548 -7410462.03019966 

11 *deeper site - omitted omitted n/a n/a n/a n/a 

12 9 12 N 21.46491090_ W 157.81183396 4730876.07062175 -7410563.68996013 

13 12 13 N 21.47015621 W 157.83201615 4734099.32107296 -7413200.11732357 

14 13 14 N 21.46926823 W 157.83343722 4734113.80828662 -7413541.41999800 

15 19 omitted n/a n/a n/a n/a 

16 omitted 16 N 21.49904947 W 157.83499265 4739326.41890354 -7410105.70905761 

17 omitted 17 N 21.49975983 W 157.8374291 4739728.78167624 -7410413.94604326 

18 omitted 18 N 21.50660919 W 157.82807951 4739801.91655560 -7408044.94461855 

19 15 19 N 21.48618425 W 157.83237808 4736850.13406511 -7411274.16708031 

20 10 20 N 21.46106972 W 157.82184924 4731385.77410348 -7412669.45463346 

21 11 21 N 21.46002442 W 157.82310803 4731354.74227530 -7413003.76932629 

22 *deeper site - omitted omitted n/a n/a n/a n/a 

n/a 8 (new site) HE8 N 21.44857398 W 157.80998675 4727899.86043770 -7412283.08339591 

n/a n/a Maragos 1974 N 21.43094885 W 157.7855204 4722090.03851931 -7410474.77990475 
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Table 5.  Average percent coral cover and D. cavernosa on reef slopes by region in Kāne`ohe  

Bay.  South region had greatest increase in % coral cover over 40 year time period.   

 

% coral 1970 1983 1990 1999 2009 

South (n=3) 1.10 10.93 26.02 34.90 48.93 

Transition (n=4) 20.78 26.55 31.20 40.26 54.55 

Middle (n=4) 21.06 46.63 37.91 35.34 38.30 

North (n=4) 42.45 55.88 51.80 31.46 30.33 

% D. cavernosa           

South (n=3) 0.00 0.03 0.02 0.33 0.00 

Transition (n=4) 36.73 5.23 21.09 9.74 0.00 

Middle (n=4) 45.20 8.00 24.98 22.71 0.00 

North (n=4) 4.03 6.65 5.38 3.73 0.00 
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Table 6.  Mean percent of total coral cover and D. cavernosa censused in 1970-1971 (Maragos), 1983 (Maragos and Evans), 1990 

(Hunter and Evans), 2009 (Sukhraj).  Additional macroalgae information included for 2009. Q = quadrat method, T = transect method  

 

 

 

  
South Transition Middle North Omitted 

  
3,4 5 7 2 1 9 10,11 HE8 12 20 21,22 13 14 8 19 6 16 17 18 JM74 

  
Corals 

   
  

   
  

   
  

     Q 1970 0.43 0.88 1.15 6.5 1.58 21.56 0.66 15.94 6.38 3.68 15.3 34.05 2.58 40.95 34.83 
     Q 1983 3.5 2.46 21.6 7.59 19.87 16.49 31.42 47.43 18.05 32.17 38.5 47.64 33.6 49.49 21.12 
     Q 1990 2.79 3.37 33.3 20.7 11.73 20.33 29.14 30.24 8.81 29.43 46.5 25.88 22.7 41.52 33.45 
     T 2009 60 53.3 50.8 28.3 38.33 72.5 35.83 26.66 14.17 81.67 30.8 16.66 14.2 13.33 84.99 3.33 31.7 8.33 16.7 20 

Q 2009 59.4 55 32.2 40.3 45 80.28 55 25 23.89 65.27 40.3 12.5 12.8 9.17 80 * * 9.16 13.9 29.16 

                      

  
D. cavernosa 

                 Q 19710 0 0 0 13.9 0 15.75 37.75 12.68 39.09 38.95 36.5 0.08 0 0.42 3.44 
     Q 1983 0.19 0 0 1.4 0.14 1.54 4.09 9.35 3.64 5.4 4.11 0.5 3 0.98 12.56 
     Q 1990 0.11 0.23 0.02 2.27 11.86 13.86 20.29 10.72 30.86 13.96 3.11 0.43 0.47 0.35 14.33 
     T 2009 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Q 2009 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

                      

  
Total macroalgae 

                 T 2009 2.5 4.17 3.33 6.67 2.5 1.67 7.5 19.17 0 9.17 5.83 20.83 14.2 4.17 0 10 3.33 2.5 1.67 4.17 

Q 2009 1.67 8.05 7.22 1.94 6.94 0 5.83 24.16 0 7.5 5 15 16.9 10.83 0 * * 5.55 2.5 3.06 

                      

  
Total alien algae 

                 T 2009 2.5 3.33 1.67 0 0.83 1.67 5 7.5 0 0 5.83 0 0 0.83 0 10 0 0 0 4.17 

Q 2009 1.67 8.05 0 0 4.17 0 4.16 12.78 0 0 5 0 0 6.67 0 * * 0 0 3.06 
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Table 7.  Mean percent cover for the first ten 1-m
2 

quadrats down the reef slope on Maragos’ original line. Only one transect at each 

site.  Data is only for the 15 sites that were resurveyed during all time periods.   

 

 

 
South Transition Middle North 

 
3,4 5 7 2 1 9 10,11 HE8 12 20 21,22 13 14 8 19 

 
Coral 

   
  

   
  

    1970 0.10 0.70 2.50 12.40 5.20 63.90 1.60 33.10 5.20 11.30 34.65 41.50 4.05 76.35 47.90 

1983 4.50 0.00 28.30 5.10 31.80 17.20 52.10 68.30 18.00 55.10 45.10 64.90 29.05 84.80 44.75 

1990 1.05 6.10 70.90 26.10 19.85 40.55 38.30 55.85 9.05 38.40 48.35 37.95 31.85 79.70 57.70 

1999 19.35 41.10 44.25 38.25 40.85 50.20 31.75 46.61 14.95 44.85 34.95 38.05 7.05 57.85 22.90 

2009 59.50 55.00 32.30 40.50 44.00 78.40 55.30 23.60 23.90 65.30 40.40 15.80 13.00 12.30 80.20 

                

 
D. cavernosa 

            1970 0 0 0 49.00 17.50 21.00 59.40 22.90 67.80 49.10 41.00 0.30 0 2.50 13.30 

1983 0 0 0.10 3.10 10.50 2.80 4.50 16.80 3.60 11.20 0.40 1.00 0.30 0.40 24.90 

1990 0 0 0.05 7.70 29.30 10.25 37.10 18.45 43.80 33.95 3.70 0 2.10 0.30 19.10 

1999 0 1 0 1.75 19.40 0 17.8 18.25 31.45 25.05 16.10 0.20 5.70 0.85 8.15 

2009 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

                

 
All macroalgae 

            1970 4.50 0 1.80 49.00 17.50 21.00 59.40 22.90 67.80 49.10 41.00 0.30 0.50 2.50 13.30 

1983 0 5.70 0.10 3.10 10.50 2.90 4.50 16.80 40.70 11.50 0.70 1.00 0.30 0.40 24.90 

1990 0 53.80 0.05 7.70 29.30 10.25 37.10 18.45 51.20 33.95 3.70 0 2.10 0.30 19.10 

1999 0.50 1.50 0 2.40 19.40 7.55 17.80 18.25 31.45 25.05 27.65 1.60 6.50 4.15 15.45 

2009 1.70 8.00 0 1.90 6.10 0 5.80 22.30 0 7.8 0 15.20 16.80 11.00 0 
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Table 8. Comparison of the average percent change in coral cover per year in the four regions on 

each reef over the period 1996 to 2010.  D. cavernosa cover refers to the two levels of infestation 

of the sites by this alga in 1996.  Values tabulated are the regression coefficients. n = number of 

transects  

 

 High D. cavernosa cover Low D. cavernosa cover 

Reef Slope  

(n=18) 

Flat  

(n=18) 

Slope 

(n=18) 

Flat  

(n=18) 

4 1.24 -2.01 -0.66 -5.48 

8 2.70 -1.42 0.33 -1.02 

29 2.15 0.18 -1.17 -0.07 

30 3.14 -2.88 0.58 2.30 

44 0.44 0.51 0.26 -3.43 

Moku O Lo`e -0.29 -2.45 -1.31 -3.25 
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Table 9.  Average percent of macroalgae (native and alien) from the 1970-1971, 1996, and 2006 series.  Table (a) from reef flats and 

(b) from reef slopes.  All reef flat distances are 0 to 10 m.  Reef slopes distances are 0 to -10 m, except for Reefs 19, 20, and 21, which 

were 5 m.  Macroalgae intersecting with point-intercept line in 2009: DC=Dictyosphaeria cavernosa, DV=Dictyosphaeria versluyii, 

CM=Ceramium minutissima, LM=Laurencia majuscula, PA=Padina australis, SE=Sargassum echinocarpum, TO=Turbinaria ornata, 

KA=Kappaphycus alvarezii, ED=Eucheuma denticulatum, GS=Gracilaria salicornia, AS=Acanthophera spicifera.  

                          Total Aliens D. cav Live 

Location Date DC DV CM LM PA SE TO KA ED GS AS algae % of algae % of algae coral 

FLATS 
 

  
          

  
  

  

HIMB H Sep-09 0 5.83 0 0 0 0 0 0 0 0 0 5.83 0 0 22.92 

HIMB L Sep-09 0 6.67 0 0 0 0 0 0 0 0 0 6.67 0 0 25.42 

Reef 4 H Sep-09 0 18.17 0 0 0 0 0 0 0 0 0 18.17 0 0 10 

Reef 4 L Sep-09 0 10.67 0 0 0 0 0 0 0 0 0 10.67 0 0 11.5 

Reef 8 H Aug-09 0 0.67 2 0 0 0 0 0 0 0 0 2.67 0 0 17.50 

Reef 8 L Sep-09 0 2.33 0 0 0 0 0 0 0 0 0 2.33 0 0 19.29 

Reef 19 Aug-09 0 1.5 0 0 0 0 0 1 1 1.5 0 5 70 0 40 

Reef 20 Aug-09 0 1.5 0 0 0 0 0 0 6 3.5 1 12 87.5 0 20.5 

Reef 21 Aug-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 42 

Reef 29 H Sep-09 0 0.83 0 18.33 0 0 0 5 15 0 0 39.16 51.07 0 29.38 

Reef 29 L Sep-09 0 11.67 0 0 0 0 0 0.83 24.17 5.83 0 42.5 72.54 0 12.08 

Reef 30 H Sep-09 0 5.83 0 0 0 0 0 5.83 6.67 0 0 18.33 68.19 0 9.17 

Reef 30 L Sep-09 0 10 0 0 0 0 5 1.67 1.67 0 0 18.34 18.21 0 16.25 

Reef 44 H Sep-09 0 0 0 0 0 0 0 34.67 0 0 0 34.67 100 0 16.5 

Reef 44 L Sep-09 0 2.67 0 0 0 0 0 0 0 0 0 2.67 0 0 27.83 

Site 16 Jul-09 1.67 0 0 0 0 0 0 0 0 0 0 1.67 0 100 31.67 

 

SLOPES 
                HIMB H Aug-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 33.33 

HIMB L Aug-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 70.83 

Reef 4 H Aug-09 0 0.83 0 0 0 0 0 0 0 0 0 0.83 0 0 46.67 

Reef 4 L Aug-09 0 2.5 0 0 0 0 0 0 0 0 0 2.5 0 0 47.50 

Reef 8 H Aug-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 44.67 

Reef 8 L Aug-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 40 
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Table 9.  Continued.  Reef slopes 

                          Total Aliens D. cav Live 

Location Date DC DV CM LM PA SE TO KA ED GS AS algae % of algae % of algae coral 

SLOPES (Continued) 
               Reef 19 Aug-09 0 0 0 0 0 0 0 0 2.5 0 0 2.5 100 0 30 

Reef 20 Aug-09 0 0 0 0 0 0 0 0 5 0 0 5 100 0 30 

Reef 21 Aug-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 40 

Reef 29 H Sep-09 3.33 0 0 0 0 0 0 0 3.33 0 0 6.66 50 50 64.17 

Reef 29 L Sep-09 5.83 0 0 0 0 0 0 0 0 0 0 5.83 0 100 58.33 

Reef 30 H Aug-09 0 0 0 0 0 0 0 0.67 0 0 0 0.67 100 0 67.33 

Reef 30 L Aug-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 80.83 

Reef 44 H Sep-09 0 0 0 0 0 0 0 8.67 0 0 0 8.67 100 0 56 

Reef 44 L Sep-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 51.33 

Site 1 Jul-09 0 1.67 0 0 0 0 0 0 0 0 0.83 2.5 33.2 0 38.33 

Site 2 Jul-09 0 6.67 0 0 0 0 0 0 0 0 0 6.67 0 0 28.33 

Site 3 Jul-09 0 0 0 0 0 0 0 2.5 0 0 0 2.5 100 0 59.99 

Site 5 Jul-09 0 0.83 0 0 0 0 0 0 0 0 3.33 4.16 80.05 0 53.33 

Site 7 Jul-09 0 1.67 0 0 1.67 0 0 0 0 0 0 3.34 0 0 50.83 

Site 8 Jul-09 0 2.5 0 0 0 0 0 0 0 1.67 0 4.17 40.05 0 13.33 

Site 9 Jul-09 0 0 0 0 1.67 0 0 0 0 0 0 1.67 0 0 72.5 

Site 10 Jul-09 0 3.33 0 0 0 0 0 0 0 0 4.17 7.5 55.6 0 35.83 

Site 12 Jul-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14.17 

Site 13 Jul-09 0 20.83 0 0 0 0 0 0 0 0 0 20.83 0 0 16.66 

Site 14 Jul-09 0 14.17 0 0 0 0 0 0 0 0 0 14.17 0 0 14.17 

Site 17 Jul-09 0 0.83 0 0 1.67 0 0 0 0 0 0 2.5 0 0 8.33 

Site 18 Jul-09 0 0.83 0 0 0 0.83 0 0 0 0 0 1.66 0 0 16.67 

Site 19 Jul-09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 84.99 

Site 20 Jul-09 0 9.17 0 0 0 0 0 0 0 0 0 9.17 0 0 81.67 

Site 21 Jul-09 0 0 0 0 5.83 0 0 0 0 0 0 5.83 0 0 30.83 

HE 8 Jul-09 0 9.17 0 0 0 0 0 0 2.5 5.83 1.67 19.17 52.16 0 26.66 

JM 1974 Jul-09 0 0 0 0 0 0 0 0 0 4.17 0 4.17 100 0 20 

             
  

   Site 6 Jul-09 0 0 0 0 0 0 0 0 0 10 0 10 100 0 3.33 
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Table 10.  Observations of D. cavernosa on the 1970-1971 series of reefs within Kaneohe Bay, 2009.  The table includes both 

quantititative (line transects and quadrats) and non-quantitative (roving snorkel) observations.   

 

Region 

1971            

site name 

Reef 

Slope 

Reef 

Flat 

Line 

Transects Quadrats 

Roving 

Snorkel 

North 19 x   0 0 6/28/2009 

  18     0 0   

  17     0 0   

  16     0 0   

  15,14     0 0   

  13     0 0   

  8     0 0   

Middle 22,21     0 0   

  20   x 0 0 7/7/2009 

  12     0 0   

  HE8   x 0 0 7/7/2009 

Transition 10,11   x 0 0 7/7/2009 

  9   x 0 0 7/7/2009 

  2     0 0   

  1   x 0 0 7/3/2009 

South 7     0 0   

  6     0 0   

  5 x   0 0 7/1/2009 

  3,4     0 0   
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Table 11.  Mean percent of total coral cover and D. cavernosa censused in 1970-1971 (Maragos), 1983 (Evans), 1990 (Hunter and 

Evans, 2009 (Sukhraj).  Additional macroalgae information is included for 2009.  A blank cell in the table indicates that the form of 

data was not collected.  Q = quadrat, T = line-transect. 

 

Region South Transition Middle North Omitted 

Site (1971 
designation) 3,4 5 7 2 1 9 10,11 HE8 12 20 21,22 13 14 8 19 6 16 17 18 JM74 

Data 
type 

Data 
year Corals                                   

Q 1971 0.43 0.88 1.15 6.5 1.58 21.56 0.66 15.94 6.38 3.68 15.3 34.05 2.58 40.95 34.83           

Q 1983 3.5 2.46 21.6 7.59 19.87 16.49 31.42 47.43 18.05 32.17 38.5 47.64 33.6 49.49 21.12           

Q 1990 2.79 3.37 33.3 20.7 11.73 20.33 29.14 30.24 8.81 29.43 46.5 25.88 22.7 41.52 33.45           

T 2009 60 53.3 50.8 28.3 38.33 72.5 35.83 26.66 14.17 81.67 30.8 16.66 14.2 13.33 84.99 3.33 31.7 8.33 16.7 20 

Q 2009 59.4 55 32.2 40.3 45 80.28 55 25 23.89 65.27 40.3 12.5 12.8 9.17 80     9.16 13.9 29.16 

    D. cavernosa                                   

Q 1971 0 0 0 13.9 0 15.75 37.75 12.68 39.09 38.95 36.5 0.08 0 0.42 3.44           

Q 1983 0.19 0 0 1.4 0.14 1.54 4.09 9.35 3.64 5.4 4.11 0.5 3 0.98 12.56           

Q 1990 0.11 0.23 0.02 2.27 11.86 13.86 20.29 10.72 30.86 13.96 3.11 0.43 0.47 0.35 14.33           

T 2009 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Q 2009 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

    Total macroalgae 
                

  

T 2009 2.5 4.17 3.33 6.67 2.5 1.67 7.5 19.17 0 9.17 5.83 20.83 14.2 4.17 0     2.5 1.67 4.17 

Q 2009 1.67 8.05 7.22 1.94 6.94 0 5.83 24.16 0 7.5 5 15 16.9 10.83 0 10 3.33 5.55 2.5 3.06 

    Total alien algae                                   

T 2009 2.5 3.33 1.67 0 0.83 1.67 5 7.5 0 0 5.83 0 0 0.83 0     0 0 4.17 

Q 2009 1.67 8.05 0 0 4.17 0 4.16 12.78 0 0 5 0 0 6.67 0 10 0 0 0 3.06 
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Table 12.  Comparison of the % cover (mean ± SE) of D. cavernosa on survey dates at the reef slopes of the 1996 series.  % cover is 

averaged over a 5 m depth range (0 to -5 m and -5 m to -10 m) representing the distance down the reef slope.  There were 3 “high” and 

3 “low” transects at each reef.  * High SE due to the amount of “0” values in the period right before the die-off. 

 

Survey Date "High" cover sites "Low" cover sites 

  0 to -5m -5m to -10m 0 to -5m -5m to -10m 

August 1996 28.33 ± 4.71 25.56 ± 5.14 6.11 ± 1.89 5.56 ± 1.89 

December 1996 26.94 ± 4.22 25.28 ± 5.35 4.17 ± 1.86 7.78 ± 2.66 

March 1997 17.22 ± 3.60 23.89 ± 4.99 3.06 ± 1.57 7.50 ± 3.09 

May 1997 19.17 ± 3.97 19.72 ± 5.29 4.72 ± 1.59 5.00 ± 1.76 

August 1997 24.17 ± 4.63 21.67 ± 4.90 4.72 ± 2.00 7.22 ± 2.89 

November 2005- March 2006* 9.72 ± 8.97 7.5 ± 10.25 1.67 ± 2.58 6.11 ± 7.50 

July-September 2008 0 0 0 0 

August-September 2009 0 0 0 0 

July-August 2010 0 0 0 0 
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Table 13.  Average % cover of D. cavernosa on reef flats and reef slopes for the 1996 series.  All 

reef slope distances are 0 to -10 m, reef flats are 0 to 10 m.  Each cell is an average of 3 transects 

at that site. 

 

Location 1996 2006 2009 2010 

FLATS         

HIMB H 0.21 3.54 0 0 

HIMB L 1.36 0 0 0 

Reef 4 H 2.93 2.5 0 0 

Reef 4 L 2.29 n/a 0 1.33 

Reef 8 H 4.38 n/a 0 0 

Reef 8 L 3.66 n/a 0 0 

Reef 29 H 6.2 6.04 0 8.61 

Reef 29 L 1.78 2.92 0 0 

Reef 30 H 0.7 3.75 0 0.28 

Reef 30 L 5.21 5.63 0 0 

Reef 44 H 4.18 0.21 0 0 

Reef 44 L 0.63 0 0 0 

SLOPES         

HIMB H 12.5 5 0 0 

HIMB L 0.83 0 0 0 

Reef 4 H 14.17 3.33 0 0 

Reef 4 L 1.67 0 0 0 

Reef 8 H 41.67 20.83 0 0 

Reef 8 L 16.67 6.67 0 0 

Reef 29 H 49.17 13.33 3.33 0 

Reef 29 L 5.83 7.5 5.83 0 

Reef 30 H 23.33 15 0 0 

Reef 30 L 9.17 9.17 0 0 

Reef 44 H 17.5 0 0 0 

Reef 44 L 1.67 0 0 0 
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Table 14.  Percent cover D. cavernosa for the 2006 series on reef slopes and reef flats. 

 

Slope Rf 19 Slope Rf 20 Slope Rf 21 Flat Rf 19 Flat Rf 20 Flat Rf 21 

6/1/2004 62 60 34       

10/28/2006   4.26 0   2.44 5.46 

2/3/2007 3.53 0 0 11.88 4.02 2.83 

2/24/2007 3.49 2.41 1.32 10.34 4.34 2.46 

3/24/2007 2.17 8.33 1.1 4.79 3.52 4.43 

4/21/2007 3.19 5.13 1.37 5.84 3.52 1.44 

6/2/2007 2.38 4.94 2.6 6.5 4.14 3.33 

6/30/2007 2.38 3.57 2.74 6.81 3.96 3.38 

8/1/2007 1.19 2.67 1.3 6.5 4.45 3.33 

9/2/2007 1.19 2.53 3.23 6.81 4.8 2.82 

9/21/2007 1.19 6.49 0 6.81 5.07 2.87 

10/19/2007 0 2.41 0 6.5 4.56 2.88 

11/17/2007 1.19 5.41 0 6.5 4.37 3.32 

12/21/2007 1.19 5.41 0 6.81 4.66 3.32 

1/19/2008 2.38 2.94 0 6.81 4.69 3.23 

2/24/2008 0 0 0 1 0 3.23 

3/22/2008 0 0 0 1.5 0 0 

4/16/2008 0 0 0 1.5 0 1.5 

5/24/2008 0 0 0 1 0 0.5 

7/2/2008 0 0 0 0.5 0 0.5 

8/17/2008 0 0 0 0 0 0.5 

9/4/2008 0 0 0 1 0 2.5 

10/3/2008 2.5 0 0 1 0 1.5 

10/29/2008   0 0   0.5 3 

11/29/2008 0 0   0.5 0   

12/21/2008 0 0 0 1 0 1 

1/24/2009 0 0 0 0.5 0 0 

4/4/2009 0 0 0 0 0 0 

5/3/2009 0 0 0 1 0 0 

6/6/2009 0 0 0 0 0 0 

7/7/2009 0 0 0 0 0 0 

8/16/2009 0 0 0 0 0 0 

9/18/2009 0 0 0 0 0 0 

11/27/2009 0 0 0 0 0 0 

12/27/2009 0 0 0 0 0 0 

2/19/2010 0 0 0 0 0 0 

4/3/2010 0 0 0 0 0 0 

8/3/2010 0 0 0 0 0 0 

10/10/2010 0 0 0 0 0 0 
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Table 15.  Average D. cavernosa growth rates in the absence of herbivory (caged treatment), at 

HIMB.  Reported in Stimson et al. 2001 

August 1996 0.005    g/g/day 

November 1996 0.0115  g/g/day 

February 1997 0.0055  g/g/day 

May 1997 0.0045  g/g/day 

August 1997 0.005    g/g/day 
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Table 16. Mean of specific growth rate (g/g/day) for D. cavernosa thalli over time.  Only coarse 

caged treatments for sites A and C are used from June 1991 to March 2000.  Location: HIMB 

windward reef flat.  

Start Date all "coarse" caged all "coarse" uncaged 

Jun-91 -0.001 -0.003 

Oct-91 0.004 0.000 

Mar-92 -0.006 -0.012 

Mar-92 -0.006 -0.018 

Apr-92 n/a -0.041 

May-92 0.000 -0.003 

Jun-92 -0.001 -0.012 

Jul-92 0.004 -0.005 

Sep-92 0.004 -0.004 

Nov-92 0.009 -0.011 

Dec-92 -0.001 -0.001 

Apr-93 0.000 -0.001 

Jul-93 0.002 -0.005 

Aug-93 0.001 -0.004 

Aug-96 0.005 -0.001 

Nov-96 0.012 -0.001 

Feb-97 0.006 0.000 

May-97 0.004 0.001 

Aug-97 0.005 0.000 

Mar-00 0.025 0.003 

   May-08 -0.008 -0.025 

Jun-08 0.000 -0.009 

Oct-08 0.001 -0.009 

Dec-08 -0.002 -0.016 

Jan-09 0.001 -0.007 

Apr-09 0.001 -0.004 

May-09 0.001 -0.006 

Jun-09 0.001 -0.003 

Aug-09 0.001 -0.037 

Sep-09 0.006 -0.041 

Oct-09 0.003 -0.010 

Jan-10 0.001 -0.009 

Apr-10 0.001 -0.014 

Sep-10 0.002 -0.015 

Oct-10 -0.008 -0.020 

Apr-11 0.002 -0.011 
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Table 17.  Estimate of current density of herbivores on a) the windward HIMB reef flat, and b) 

reef flats at patch reefs19, 20, and 21. 

 

Survey No. Date 

All Species 

(individuals/m
2
) 

Herbivores Only 

(individuals/m
2
) 

% density 

herbivores 

1 Feb-08 0.850 0.633 74.41 

2 May-08 0.845 0.648 76.63 

3 Sep-08 1.413 1.080 76.46 

4 Dec-08 0.538 0.365 67.91 

5 Mar-09 0.855 0.675 78.95 

6 May-09 0.975 0.708 72.56 

7 Sep-09 1.130 0.940 83.19 

8 Dec-09 0.630 0.480 76.19 

9 Mar-10 0.795 0.550 69.18 

10 May-10 0.818 0.618 75.54 

11 Sep-10 1.298 1.095 84.39 

12 Dec-10 0.515 0.340 66.02 

13 Mar-11 0.573 0.380 66.38 

14 May-11 0.768 0.578 75.24 

a) 

Survey No. Date 

All Species 

(individuals/m
2
) 

Herbivores Only 

(individuals/m
2
) 

% density 

herbivores 

1 Feb-07 0.227 0.160 70.59 

2 Apr-07 0.353 0.272 76.89 

3 Jun-07 0.425 0.377 88.63 

4 Sep-07 0.533 0.450 84.38 

5 Dec-07 0.307 0.213 69.57 

6 Mar-08 0.247 0.208 84.46 

7 Jul-08 0.502 0.427 85.05 

8 Sep-08 0.522 0.423 81.15 

9 Dec-08 0.215 0.120 55.81 

10 Apr-09 0.403 0.333 82.64 

11 Jun-09 0.352 0.280 79.62 

12 Sep-09 0.492 0.362 73.56 

13 Dec-09 0.185 0.132 71.17 

14 Apr-10 0.305 0.245 80.33 

15 Aug-10 0.428 0.333 77.82 

16 Oct-10 0.358 0.275 76.74 

17 Dec-10 0.240 0.120 50.00 

b) 
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Table 18.  Estimate of current herbivore biomass on a) the windward HIMB reef flat, and b) reef 

flats at patch reefs19, 20, and 21.  

a) 

Survey 

No. Date 

All Species 

(kg/hectare) 

Herbivores 

Only 

(kg/hectare) 

% biomass 

herbivores 

1 Feb-08 261.28 106.21 40.7 

2 May-08 213.04 114.85 53.9 

3 Sep-08 433.51 182.18 42.0 

4 Dec-08 147.33 103.32 70.1 

5 Mar-09 199.97 106.76 53.4 

6 May-09 299.59 146.44 48.9 

7 Sep-09 255.41 160.85 63.0 

8 Dec-09 203.78 140.07 68.7 

9 Mar-10 221.46 114.76 51.8 

10 May-10 292.66 108.80 37.2 

11 Sep-10 239.96 166.07 69.2 

12 Dec-10 218.64 115.39 52.8 

13 Mar-11 137.28 95.08 69.3 

14 May-11 260.05 151.62 58.3 

 

b)  

Survey 

No. Date 

All Species 

(kg/hectare) 

Herbivores 

Only 

(kg/hectare) 

% biomass 

herbivores 

1 Feb-07 130.42 62.01 47.5 

2 Apr-07 87.97 50.69 57.6 

3 Jun-07 146.25 97.75 66.8 

4 Sep-07 200.10 138.23 69.1 

5 Dec-07 108.72 75.65 69.6 

6 Mar-08 94.39 77.31 81.9 

7 Jul-08 168.54 105.28 62.5 

8 Sep-08 124.99 106.89 85.5 

9 Dec-08 83.23 44.45 53.4 

10 Apr-09 93.22 75.19 80.7 

11 Jun-09 127.39 58.35 45.8 

12 Sep-09 129.50 95.14 73.5 

13 Dec-09 72.52 50.15 69.1 

14 Apr-10 0.24 0.19 79.1 

15 Aug-10 144.42 124.57 86.3 

16 Oct-10 94.67 69.52 73.4 

17 Dec-10 83.94 51.41 61.2 
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Table 19.  Summary of Shannon Diversity (H) for all reef fish species. 

 

Survey  Survey  Date 

Reef 

19 

Reef 

20 

Reef 

21 

19, 20 

&21 

HIMB 

A 

HIMB 

C 

HIMB 

A&C 

1   2/3/2007 2.36 1.41 3.13 3.14 

  

  

2   4/21/2007 2.20 1.78 2.75 2.86 

  

  

3   6/2/2007 2.29 2.10 1.99 2.57 

  

  

4   9/2/2007 2.06 2.37 2.43 2.54 

  

  

5   12/21/2007 2.27 2.02 2.63 2.85 

  

  

6   3/22/2008 2.14 2.02 2.35 2.74 

  

  

  1 3/28/2008 

   

  2.87 2.80 3.06 

  2 5/13/2008 

   

  2.48 2.75 2.82 

7   7/2/2008 1.99 2.22 1.74 2.20 

  

  

8   9/4/2008 2.06 1.81 2.51 2.49 

  

  

  3 9/24/2008 

   

  2.66 2.80 2.85 

  4 12/18/2008 

   

  2.84 3.01 3.23 

9   12/21/2008 1.95 1.84 2.65 2.93 

  

  

  5 3/24/2009 

   

  2.88 2.69 2.92 

10   4/4/2009 2.30 2.19 2.60 2.80 

  

  

  6 5/26/2009 

   

  2.84 2.63 2.89 

11   6/6/2009 2.31 2.00 2.49 2.82 

  

  

  7 9/6/2009 

   

  2.65 2.52 2.74 

12   9/18/2009 1.96 2.04 2.68 2.75 

  

  

  8 12/16/2009 

   

  2.42 2.73 2.84 

13   12/27/2009 2.26 2.36 2.46 2.91 

  

  

  9 3/14/2010 

   

  2.50 2.99 2.94 

14   4/3/2010 2.20 2.09 2.25 2.69 

  

  

  10 5/23/2010 

   

  2.52 2.57 2.75 

15   8/3/2010 2.07 2.23 2.21 2.55 

  

  

  11 9/12/2010 

   

  2.29 2.67 2.59 

16   10/10/2010 2.40 2.37 2.55 2.94 

  

  

  12 12/26/2010 

   

  2.74 2.90 3.10 

17   12/27/2010 2.03 2.18 2.88 2.96 

  

  

  13 3/11/2011 

   

  2.44 2.81 2.95 

  14 5/1/2011         3.14 2.53 2.96 

 

 

 



Appendix A 

144 
 

Table 20.  Herbivore feeding observations on 11 patch reef flats in Kāne`ohe Bay from May 

2006 to May 2011.  Adult and juvenile observations are combined for each species. 

 

  Algae 

Species Location Turfs 
D. 

cavernosa 

G. 

salicornia 

A. 

spicifera 

K. 

alvarezii 

E. 

denticulatum 

Abudefduf abdominalis Reef 3 x x x 

   

 

15 x 

     

 

21 x 

  

x 

  

 

30 x 

     

 

44 x 

     

 

HIMB x x 

    

 

  

      Abudefduf sordidus 3 x 

     

 

15 x 

  

x 

  

 

21 x 

     

 

44 

     

x 

 

HIMB x x 

    

 

  

      Stegastes fasciolatus 3 x 

     

 

14 x 

     

 

19 x 

     

 

29 x 

     

 

44 x 

     

 

  

      Chlororus sordidus 3 x 

     

 

8 x 

     

 

15 x 

     

 

19 x 

     

 

20 x 

     

 

29 x 

     

 

30 x 

     

 

HIMB x 

     

 

  

      Scarus perspicillatus 30 x 

     (Chlororus perspicillatus) 44 x 
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Table 20.  Continued 

Species Location Turfs 
D. 

cavernosa 

G. 

salicornia 

A. 

spicifera 

K. 

alvarezii 

E. 

denticulatum 

Scarus psittacus Reef 3 x 

     

 

8 x 

     

 

14 x 

     

 

15 x 

     

 

19 x 

     

 

20 x 

     

 

29 x 

     

 

30 x 

     

 

44 x 

     

 

HIMB x 

     

 

  

      Scarus rubroviolaceus  15 x 

     

 

29 x 

     

 

44 x 

     

 

  

      Scarus schlegeli 3 x 

     

 

30 x 

     

 

  

      Scarus sp.   3 x 

     (unidentified juveniles) 8 x 

     

 

19 x 

     

 

20 x 

     

 

29 x 

     

 

44 x 

     

 

HIMB x 

     

 
  

      Chaetodon auriga 8 x 

 

x 

   

 

HIMB x x 

    

 

  

      Chaetodon ephippium 20 x 

     

 

  

      Chaetodon lunula  8 x 

     

 

HIMB x 

     

 
  

      Acanthurus achilles 8 x 

 

x x 

  

 

29 x 

     

 

44 

     

x 

 

HIMB x x 
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Table 20.  Continued 

Species Location Turfs 
D. 

cavernosa 

G. 

salicornia 

A. 

spicifera 

K. 

alvarezii 

E. 

denticulatum 

Acanthurus blochii Reef 3 x 

  

x 

  

 

8 x 

 

x 

   

 

HIMB x x 

    

 

  

      Acanthurus dussumieri HIMB 

 

x 

    

 

  

      Acanthurus nigrofuscus 3 x 

     

 

8 x 

 

x 

   

 

14 x 

     

 

15 x 

     

 

19 x 

     

 

20 x 

     

 

21 x 

     

 

29 x 

     

 

30 x 

     

 

44 x 

    

x 

 

HIMB x x 

    

 

  

      Acanthurus nigroris 3 x 

     

 

8 x 

     

 

19 x 

     

 

20 x 

     

 

21 x 

     

 

29 x 

     

 

30 x 

     

 

44 x 

     

 

HIMB x x 

    

 

  

      Acanthurus olivaceus 15 

    

x 

 

 

44 x 

     

 

HIMB x 

     

 

  

      Ctenochaetus strigosus 15 x 

     

 

29 x 

     

 

30 x 
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Table 20. Continued 

Species Location Turfs 
D. 

cavernosa 

G. 

salicornia 

A. 

spicifera 

K. 

alvarezii 

E. 

denticulatum 

Acanthurus triostegus Reef 3 x 

     

 

8 x 

 

x x 

  

 

14 x 

  

x 

  

 

15 x 

  

x 

  

 

19 x 

     

 

20 x 

     

 

21 x 

  

x 

  

 

29 x 

  

x 

  

 

30 x 

  

x 

  

 

44 x 

     

 

HIMB x x 

    

 

  

      Zebrasoma flavescens 3 x 

     

 

8 x 

  

x 

  

 

15 x 

     

 

19 x 

     

 

20 x 

     

 

21 

   

x 

  

 

29 

   

x 

  

 

30 x 

     

 

HIMB x x 

 

x 

  

 

  

      

 

  

      Zebrasoma veliferum 3 x 

     

 

8 x 

 

x x 

  

 

15 x 

     

 

19 x 

     

 

20 x 

     

 

21 

   

x 

  

 

30 x 

     

 

44 x 

     

 

HIMB x x 

 

x 

  

 

  

      Rhinecanthus aculeatus 8 x 

     

 

19 x 

     

 

29 x 

     

 

HIMB x 
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Table 20. Continued 

Species Location Turfs 
D. 

cavernosa 

G. 

salicornia 

A. 

spicifera 

K. 

alvarezii 

E. 

denticulatum 

Rhinecanthus rectangulus Reef 3 x 

     

 

44 x 

     

 

HIMB x 

     

 

  

      Arothron hispidus 15 x 

     

 

44 

     

x 
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Table 21.  The top ten fish species contributing to biomass.  a) the CRAMP main Hawaiian 

island surveys (n=184 transects), b) four patch reefs in Kāne`ohe Bay (n=158 transects).  The 

biomass is low in the Sukhraj data due to the small size cm TL and high density of juveniles. 

 

CRAMP - Main 

Hawaiian Islands – all 

depths 

Mean # of 

individuals 

per ha 

Mean 

Biomass 

(kg/ha) 

Sukhraj- Kāne`ohe Bay - 

patch reefs 

Mean # of 

individuals 

per ha 

Mean 

Biomass 

(kg/ha) 

Lutjanus kasmira 54.4 370 Chlorurus spilurus 1310 26 

Melichthys niger 36.3 140 Diodon hystrix 17.7 16 

Acanthurus leucopareius 36.3 240 Scarus psittacus 510.3 14 

Acanthurus nigrofuscus 27.2 940 Abudefduf abdominalis 465.2 10 

Ctenochaetus strigosus 27.2 530 Sphyraena barracuda 2.4 5 

Kyphosus spp. 27.2 90 Mulloidichthys vanicolensis 53.2 5 

Zebrasoma flavescens 27.2 420 Caranx melampygus 14.7 5 

Acanthurus olivaceus 18.1 130 Zanclus cornutus 43.7 4 

Chlororus spilurus 18.1 200 Acanthurus nigrofuscus 188.1 4 

Naso lituratus 18.1 90 Acanthurus nigroris 183.4 4 
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Table 22.  Average change in percent cover of introduced macroalgae (G. salicornia, A. 

spicifera, E. denticulatum, K. alvarezii) at the 1996 series (1996-2010) and 2006 series (2006-

2011) patch reef sites.  For reef flats, only the first 10 m of data were used due to the differing 

lengths of the transects.   Start date is the first observation for each series. n=120 for each site for 

1996 series, n=80 for each site for reefs 19, 20, 21. 

 

  

Closest survey 

date to event 

Avg. Start      

% cover End Date 

Avg. End      

percent % 

Avg.% increase 

in cover/per 

year/per reef 

Reef Site (Slopes 0 to -10 m)         

4High 12/10/2005 0 8/10/2010 0   

4Low 11/11/2005 0 8/10/2010 0 0.00 

8High 11/5/2005 0 7/29/2010 0   

8Low 11/5/2005 0 7/29/2010 8.33 4.17 

29High 1/5/2006 4.17 8/2/2010 4.16   

29Low 12/1/2005 0 8/2/2010 1.67 2.92 

30High 2/4/2006 0 8/10/2010 0   

30Low 2/18/2006 0 8/10/2010 2.5 1.25 

44High 1/11/2006 0 8/2/2010 3.33   

44Low 3/18/2006 0 8/2/2010 0 1.67 

HIMB High 1/23/2006 0 8/3/2010 0   

HIMB Low 1/16/2006 0 8/3/2010 0 0.00 

19 2/3/2007 1.18 9/23/2011 2.5 0.29 

20 10/28/2006 8.24 9/23/2011 5 -0.66 

21 10/28/2006 1.33 9/23/2011 0 -0.27 

Reef Site (Flats  0 to 10 m)         

4High 12/10/2005 0 8/10/2010 0.83   

4Low 11/11/2005 0 8/10/2010 0 0.00 

8High 11/5/2005 0 7/29/2010 0   

8Low 11/5/2005 0 7/29/2010 0 0.00 

29High 1/5/2006 27.5 8/2/2010 14.16   

29Low 12/1/2005 47.5 8/2/2010 13.33 13.75 

30High 2/4/2006 0 8/10/2010 0   

30Low 2/18/2006 0 8/10/2010 1.67 0.84 

44High 1/11/2006 32.5 8/2/2010 41.67   

44Low 3/18/2006 0 8/2/2010 0 20.84 

HIMB High 1/23/2006 0 8/3/2010 0   

HIMB Low 1/16/2006 0 8/3/2010 0 0.00 

19 2/3/2007 7.51 9/23/2011 11.5 0.86 

20 10/28/2006 20.41 9/23/2011 2.5 -3.66 

21 10/28/2006 0 9/23/2011 0 0.00 
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Table 23.  Size class distribution of coral colonies at four reefs within Kaneohe Bay, 2009-2011.  

Value is the average percentage of number of colonies for all transects at that site. Size classes 

are the average diameter for the colony in centimeters (cm).  Values at Reefs 19, 20, 21 are for 

two 10-m
2
 transects; Values at HIMB (Moku o Lo`e) are for three 10-m

2
 transects.  

 

Date Reef Type 0 to < 2  2 to < 5  

5 to < 

10  

10 to < 

20  

20 to < 

40  

40 to < 

80  

80 to < 

160  

Colony 

count 

7/21/2009 19 Flat 19.54 27.59 23.56 13.22 12.64 3.45 0.00 174 

5/24/2010 19 Flat 13.43 21.39 26.37 16.42 16.42 5.97 0.00 201 

6/15/2011 19 Flat 13.68 31.13 24.06 11.79 11.79 7.08 0.47 213 

7/21/2009 20 Flat 21.01 28.57 16.81 19.33 11.76 2.52 0.00 119 

5/24/2010 20 Flat 10.00 24.12 26.47 19.41 15.29 4.71 0.00 170 

6/15/2011 20 Flat 11.93 28.41 20.45 19.32 13.64 6.25 0.00 176 

7/21/2009 21 Flat 22.37 24.34 21.05 17.76 10.53 3.95 0.00 152 

5/24/2010 21 Flat 11.80 29.19 25.47 17.39 12.42 3.73 0.00 161 

6/15/2011 21 Flat 11.66 32.52 25.15 15.95 9.20 5.52 0.00 163 

9/21/2009 HIMB Low Flat 15.65 30.87 21.74 10.87 10.43 10.43 0.00 235 

9/26/2010 HIMB Low Flat 15.13 33.19 19.33 11.34 10.92 10.08 0.00 243 

9/30/2011 HIMB Low Flat 10.85 30.19 21.70 13.21 12.74 11.32 0.00 216 

9/21/2009 HIMB High Flat 9.92 36.11 23.02 11.51 8.73 7.94 2.78 252 

9/26/2010 HIMB High Flat 6.05 39.92 23.39 11.29 9.68 7.26 2.42 233 

9/30/2011 HIMB High Flat 6.88 37.16 18.35 13.30 13.30 6.88 4.13 218 

7/21/2009 19 Slope 6.00 26.00 27.00 12.00 10.00 19.00 0.00 100 

5/24/2010 19 Slope 14.53 20.51 23.08 12.82 12.82 15.38 0.85 117 

6/15/2011 19 Slope 10.37 19.26 28.15 13.33 14.07 14.07 0.74 135 

7/21/2009 20 Slope 5.75 32.18 21.84 10.34 18.39 10.34 1.15 87 

5/24/2010 20 Slope 12.94 36.47 15.29 11.76 12.94 9.41 1.18 85 

6/15/2011 20 Slope 1.83 33.03 25.69 13.76 11.01 13.76 0.92 109 

7/21/2009 21 Slope 10.38 27.36 23.58 17.92 9.43 10.38 0.94 106 

5/24/2010 21 Slope 12.31 32.31 13.08 16.15 11.54 13.08 1.54 130 

6/15/2011 21 Slope 11.59 28.99 25.36 13.77 9.42 10.14 0.72 138 

9/21/2009 HIMB Low Slope 3.55 27.81 16.57 5.33 13.61 18.34 14.79 169 

9/26/2010 HIMB Low Slope 6.90 23.56 15.52 6.32 14.94 17.82 14.94 174 

9/30/2011 HIMB Low Slope 5.03 22.91 23.46 7.26 15.08 13.41 12.85 179 

9/21/2009 HIMB High Slope 1.40 20.28 15.38 11.89 15.38 18.88 16.78 143 

9/26/2010 HIMB High Slope 3.23 26.45 14.19 10.97 13.55 16.77 14.84 155 

9/30/2011 HIMB High Slope 3.80 24.68 22.78 12.66 10.76 13.92 11.39 158 
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Table 24. Species parameters (means ± S.D.) measured for six 10-m
2
 transects at Reefs 19, 20, 21.  Reef flats, 2 

transects per reef.  Distance = 0 to 10 m on the permanent fish transect.   Top: July 21, 2009; Middle: May 24, 2010; 

Bottom: June 15, 2011. 

 

Species 

Total no. 

colonies 

 
 19    20    21 

  
No. colonies 

m
-2 % cover  m

-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0      5 12  0.28 ± 0.30 0.09 ± 0.10 0       0.01 ± 0.01 

Montipora capitata 55    26 32  1.88 ± 0.77   0.73 ± 0.59       0.62 ± 0.24    0.25 ± 0.10  

Pavona varians 

 
0      3 5 0.13 ± 0.13 0.10 ± 010 0       0.01 ± 0.02 

Pocillopora 

damicornis 
13     9 12  0.57 ± 0.10   0.15 ± 0.15 0.12 ± 0.10   0.07 ± 0.07  

Pocillopora 

meandrina 
3      2 2 0.12 ± 0.03 0.08 ± 0.08 0 0 

Porites compressa 

 
103   74 89   4.43 ± 0.73    4.25 ± 0.77      1.08 ± 0.12   0.34 ± 0.14 

 

7/21/2009 Total 
174   119 152  7.42 ± 1.38     5.41 ± 1.31   1.82 ± 0.13  0.69 ± 0.21 

 

Fungia scutaria 

 

   0     11 12 0.38 ± 0.33  0.11 ± 0.10 0 0.02 ± 0.02 

Montipora capitata 55    30 32  1.95 ± 0.69   1.15 ± 0.79   0.53 ± 0.18     0.22 ± 0.09  

Pavona varians 

 
0       7 5 0.20 ± 0.18 0.18 ± 0.17 0 0 

Pocillopora 

damicornis 
26    14 12  0.87 ± 0.38  0.25 ± 0.29   0.07 ± 0.12   0.11 ± 0.03  

Pocillopora 

meandrina 
3      2 2 0.12 ± 0.03 0.13 ± 0.06 0 0 

Porites compressa 

 
117   106 89   5.20 ± 0.71    6.52 ± 1.69   1.10 ± 0.05  0.29 ± 0.09 

 

5/24/2010 Total 
201   170 152   8.72 ± 1.24     8.33 ± 2.59  1.70 ± 0.10  0.65 ± 0.11 

 

Fungia scutaria 

 

 0    12 15 0.45 ± 0.40  0.12 ± 0.11 0 0.02 ± 0.02 

Montipora capitata    74  43 34 2.52 ± 1.05   1.54 ± 1.38   0.58 ± 0.28    0.33 ± 0.02 

Pavona varians 

 
   0     5 6 0.18 ± 0.16 0.08 ± 0.10 0      0.01 ± 0.02 

Pocillopora 

damicornis 
  24   13    14 0.85 ± 0.30  0.14 ± 0.10 0.07 ± 0.12   0.18 ± 0.10  

Pocillopora 

meandrina 
   1    2 2 0.08 ± 0.03 0.08 ± 0.03 0 0 

Porites compressa 

 
 114 101 92   5.12 ± 0.55    7.96 ± 1.84  0.85 ± 0.30   0.44 ± 0.04 

 

6/15/2001 Total 
 213 176      163   9.20 ± 1.30    9.92 ± 3.08   1.50 ± 0.52  0.99 ± 0.06 
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Table 25. Species parameters (means ± S.D.) measured for six 10-m
2
 transects on reef slopes Reefs 19, 20, 21.  2 

transects per reef.  Distance = 0 to 10 m on the permanent fish transect. Top: July 21, 2009; Middle: May 24, 2010; 

Bottom: June 15, 2011. 

 

Species 

Total no. 

colonies 

 
 19    20    21 

  
No. colonies 

m
-2 % cover  m

-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0       4 8 0.20 ± 0.20 0.04 ± 0.05 0 0.01 ± 0.02 

Montipora capitata 32     26 24 1.37 ± 0.21 2.43 ± 0.15   0.27 ± 0.14   0.14 ± 0.02 

Pavona varians 

 
0       4 4 0.13 ± 0.12 0.05 ± 0.04 0 0 

Pocillopora 

damicornis 
11     11 19 0.68 ± 0.23 0.12 ± 0.08  0   0.11 ± 0.02  

Pocillopora 

meandrina 
2       2 0 0.07 ± 0.06 0.07 ± 0.07 0 0 

Porites compressa 

 
55    40 51 2.43 ± 0.39 6.71 ± 1.15    0.35 ± 0.05  0.19 ± 0.11 

 

7/21/2009 Total 
100    87 106   4.88 ± 0.49     9.42 ± 1.18   0.62 ± 0.19 0.45 ± 0.16 

 

Fungia scutaria 

 

3      4 11 0.30 ± 0.22 0.05 ± 0.04 0 0.05 ± 0.05 

Montipora capitata 31    20 31 1.37 ± 0.32 3.31 ± 2.48 0.42 ± 0.20 0.12 ± 0.06 

Pavona varians 

 
0      5 3 0.13 ± 0.13 0.05 ± 0.04 0 0 

Pocillopora 

damicornis 
12    11 20 0.72 ± 0.25 0.16 ± 0.10 0.25 ± 0.09 0.07 ± 0.06 

Pocillopora 

meandrina 
2      2 1 0.08 ± 0.03 0.08 ± 0.06 0 0 

Porites compressa 

 
69    43 64 2.93 ± 0.69 7.89 ± 2.75 0.85 ± 0.22 0.13 ± 0.03 

 

5/24/2010 Total 
117    85 130 5.53 ± 1.16 11.54 ± 3.67 1.52 ± 0.45 0.37 ± 0.19 

 

Fungia scutaria 

 

2        9 9 0.33 ± 0.20 0.06 ± 0.04 0 0.03 ± 0.03 

Montipora capitata 39     25 36 1.67 ± 0.37 2.81 ± 0.77 0.30 ± 0.15 0.11 ± 0.08 

Pavona varians 

 
0        4 4 0.13 ± 0.12 0.04 ± 0.04 0 0 

Pocillopora 

damicornis 
12     11 17 0.67 ± 0.16 0.11 ± 0.05 0.55 ± 0.10 0.08 ± 0.07 

Pocillopora 

meandrina 
1        2 1 0.07 ± 0.03 0.07 ± 0.07 0 0 

Porites compressa 

 
81     58 71 3.50 ± 0.58 8.88 ± 1.06 0.08 ± 0.14 0.29 ± 0.08 

 

6/15/2011 Total 
135   109 138 6.37 ± 0.80 11.98 ± 1.71 0.93 ± 0.18 0.52 ± 0.20 

 



Appendix A 

154 
 

Table 26. Species parameters (means ± S.D.) measured for six 10-m
2
 transects at HIMB reef flat. Transects are at 

HIMB Low and HIMB High.  3 transects at each site from 0 to 10 m. Top: September 21, 2009; Middle: September 

26, 2010; Bottom: September 30, 2011. 

 

 

Species 

Total no. 

colonies 

 
Low     High 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
     4 0 0.07 ± 0.09 0.01 ± 0.01 0 0 

Montipora capitata 88 80  2.80 ± 0.19  4.53 ± 1.63 0.42 ± 0.12 0.34 ± 0.01 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
20 14  0.57 ± 0.14  0.07 ± 0.03 0 0.13 ± 0.01  

Pocillopora 

meandrina 
0 0 0 0 0   0 

Porites compressa 

 
123 158 4.68 ± 0.82 12.55 ± 0.72 0.65 ± 0.07 0.59 ± 0.10 

 

9/21/2009 Total 
235 252 8.12 ± 0.40 17.16 ± 0.87 1.07 ± 0.19 1.06 ± 0.12 

 

Fungia scutaria 

 

2 0 0.03 ± 0.05 0 ± 0.01 0 0 

Montipora capitata 97 80  2.95 ± 0.40  4.53 ± 1.63  0.43 ± 0.14 0.39 ± 0.07 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
18 14  0.53 ± 0.09 0.06 ± 0.02 0 0.13 ± 0.01  

Pocillopora 

meandrina 
0 0 0 0 0   0 

Porites compressa 

 
126 158 4.73 ± 0.75 12.65 ± 0.86 0.68 ± 0.02 0.57 ± 0.13 

 

9/26/2010 Total 
243 252 8.25 ± 0.21 17.25 ± 0.74 1.12 ± 0.16 1.09 ± 0.21 

 

Fungia scutaria 

 

4 3 0.12 ± 0.02 0.01 ± 0.01 0 0.02 ± 0.03 

Montipora capitata 81 72  2.55 ± 0.21  3.45 ± 0.20  0.40 ± 0.09 0.27 ± 0.05 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
17 13  0.50 ± 0.09  0.05 ± 0.05 0.05 ± 0.07 0.10 ± 0.01 

Pocillopora 

meandrina 
0 0 0 0 0   0 

Porites compressa 

 
114 130 4.07 ± 0.38 13.85 ± 2.82 0.63 ± 0.09 0.39 ± 0.07 

 

9/30/2011 Total 
216 218 7.23 ± 0.05 17.36 ± 2.56 1.08 ± 0.26 0.79 ± 0.15 
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Table 27. Species parameters (means ± S.D.) measured for six 10-m
2
 transects at HIMB reef slope. Transects are at 

HIMB Low and HIMB High.  3 transects at each site from 0 to -10 m.  Top: September 21, 2009; Middle: 

September 26, 2010; Bottom: September 30, 2011. 

 

Species 

Total no. 

colonies 

 
Low     High 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
    0 0  0   0 0 0 

Montipora capitata 55 46   1.68 ±  0.21 8.60 ± 1.50  0.10 ± 0.14 0.17 ± 0 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
17 7 0.40 ± 0.24 0.05 ± 0.01  0.12 ± 0.16 0.02 ± 0.03  

Pocillopora 

meandrina 
1 2 0.05 ± 0.02 0.02 ± 0.02  0   0 

Porites compressa 

 
96 88  3.07 ± 0.19  33.48 ± 3.48  0.18 ± 0.12 0.21 ± 0.01 

 

9/21/2009 Total 
169 143  5.2 ± 0.61 42.16 ± 1.76 0.40 ± 0.42 0.40 ± 0.04  

 

Fungia scutaria 

 

    2 0  0.03 ± 0.05  0.005 ± 0.01  0 0 

Montipora capitata 50 45   1.58 ± 0.12   7.76 ± 0.44  0.37 ± 0 0.07 ± 0.02 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
19 14 0.55 ± 0.12 0.14 ± 0.02 0.02 ± 0.02 0.08 ± 0.06  

Pocillopora 

meandrina 
1 2 0.05 ± 0.02 0.02 ± 0.02 0   0 

Porites compressa 

 
102 94 3.27 ± 0.19  34.17 ± 4.44 0.27 ± 0.05 0.23 ± 0.01 

 

9/26/2010 Total 
174 155  5.48 ± 0.45 42.10 ± 4.00 0.65 ± 0.07 0.38 ± 0.08  

 

Fungia scutaria 

 

 3     0  0.05 ± 0.07   0.01 ± 0.02 0 0 

Montipora capitata 54 56   1.83 ± 0.05   7.49 ± 0.37 0.13 ± 0 0.17 ± 0.03 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
11 13 0.40 ± 0.05 0.09 ± 0.07 0.08 ± 0.12 0.03 ± 0.02  

Pocillopora 

meandrina 
1 0 0.02 ± 0.02 0 0  0 

Porites compressa 

 
110 89  3.32 ± 0.49   27.73 ± 5.65 0.27 ± 0.05 0.25 ± 0.03 

 

9/30/2011 Total 
179 158 5.62 ± 0.50 35.33 ± 5.38 0.48 ± 0.16 0.44 ± 0.08  
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Table 28.  Average change in percent cover of crustose coralline algae at the 1996 series (2005-

2010) and 2006 series (2006-2011) patch reef sites.  For reef flats, only the first 10-m of data 

were used due to the differing lengths of the transects.   The closest survey date to the 2006 

weather event was chosen as the start date.  n =120 for each site for 1996 series, n = 80 for each 

site for reefs 19, 20, 21. 

 

  

Closest survey 

date to event 

Avg. Start      

% cover End Date 

Avg. End      

percent % 

Avg.% increase 

in cover/per 

year/per reef 

Reef Site (Slopes 0 to -10 m)         

4High 12/10/2005 0 8/10/2010 0   

4Low 11/11/2005 0 8/10/2010 2.5 0.26 

8High 11/5/2005 0 7/29/2010 0   

8Low 11/5/2005 0.83 7/29/2010 0 -0.09 

29High 1/5/2006 3.33 8/2/2010 8.33   

29Low 12/1/2005 10 8/2/2010 11.67 0.72 

30High 2/4/2006 0.83 8/10/2010 0   

30Low 2/18/2006 0 8/10/2010 10.83 1.11 

44High 1/11/2006 8.33 8/2/2010 9.17   

44Low 3/18/2006 8.33 8/2/2010 15.83 0.94 

HIMB High 1/23/2006 4.17 8/3/2010 10   

HIMB Low 1/16/2006 1.67 8/3/2010 0 0.45 

19 2/3/2007 4.71 9/23/2011 17.5 2.33 

20 10/28/2006 14.89 9/23/2011 15 3.08 

21 10/28/2006 12.5 9/23/2011 7.5 0.05 

Reef Site (Flats  0 to 10 m)         

4High 12/10/2005 6.67 8/10/2010 13.33   

4Low 11/11/2005 5 8/10/2010 8.33 0.35 

8High 11/5/2005 0 7/29/2010 6.67   

8Low 11/5/2005 13.33 7/29/2010 9.17 0.27 

29High 1/5/2006 10.83 8/2/2010 12.5   

29Low 12/1/2005 33.33 8/2/2010 20 -1.20 

30High 2/4/2006 20.83 8/10/2010 23.33   

30Low 2/18/2006 40 8/10/2010 34.17 -0.37 

44High 1/11/2006 43.33 8/2/2010 25   

44Low 3/18/2006 6.67 8/2/2010 34.17 1.11 

HIMB High 1/23/2006 17.5 8/3/2010 30   

HIMB Low 1/16/2006 5 8/3/2010 11.67 2.09 

19 2/3/2007 7.19 9/23/2011 18 2.40 

20 10/28/2006 7.93 9/23/2011 23 2.64 

21 10/28/2006 20.77 9/23/2011 21 0.43 
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Table 29.  Average change in percent cover of crustose coralline algae at the 1996 series (1996-

2010) and 2006 series (2006-2011) patch reef sites.  For reef flats, only the first 10 m of data 

were used due to the differing lengths of the transects.  Start date is the first observation for each 

series.  n = 120 for each site for 1996 series, n = 80 for each site for reefs 19, 20, 21. 

 

  

Closest 

survey date 

to event 

Avg. Start      

% cover End Date 

Avg. 

End      

percent 

% 

Avg.% 

increase in 

cover/per 

year/per reef 

Reef Site (Slopes 0 to -10 m) 

4High 8/1/1996 0.83 8/10/2010 0   

4Low 8/1/1996 0 8/10/2010 2.5 0.06 

8High 8/1/1996 0 7/29/2010 0   

8Low 8/1/1996 0 7/29/2010 0 0.00 

29High 8/1/1996 1.67 8/2/2010 8.33   

29Low 8/1/1996 5.83 8/2/2010 11.67 0.45 

30High 8/1/1996 3.33 8/10/2010 0   

30Low 8/1/1996 9.17 8/10/2010 10.83 -0.06 

44High 8/1/1996 4.17 8/2/2010 9.17   

44Low 8/1/1996 10 8/2/2010 15.83 0.39 

HIMB 

High 8/1/1996 0 8/3/2010 10   

HIMB 

Low 8/1/1996 1.67 8/3/2010 0 0.30 

19 2/3/2007 4.71 9/23/2011 17.5 2.33 

20 10/28/2006 14.89 9/23/2011 15 3.08 

21 10/28/2006 12.5 9/23/2011 7.5 0.05 

Reef Site (Flats  0 to 10 

m)         

4High 8/1/1996 0.83 8/10/2010 13.33   

4Low 8/1/1996 2.5 8/10/2010 8.33 0.21 

8High 8/1/1996 4.17 7/29/2010 6.67   

8Low 8/1/1996 12.5 7/29/2010 9.17 -0.03 

29High 8/1/1996 3.75 8/2/2010 12.5   

29Low 8/1/1996 31.25 8/2/2010 20 -0.09 

30High 8/1/1996 30.83 8/10/2010 23.33   

30Low 8/1/1996 25 8/10/2010 34.17 0.06 

44High 8/1/1996 30 8/2/2010 25   

44Low 8/1/1996 7.92 8/2/2010 34.17 0.76 

HIMB 

High 8/1/1996 4.13 8/3/2010 30   

HIMB 

Low 8/1/1996 2.5 8/3/2010 11.67 1.25 

19 2/3/2007 7.19 9/23/2011 18 2.40 

20 10/28/2006 7.93 9/23/2011 23 2.64 

21 10/28/2006 20.77 9/23/2011 21 0.43 
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Table 30. Change in % of reef “slump” category observed from original 2010 "percent cover".   “Percent cover” by 

Year (Figures 11, 12, 13) were averaged across all 17 transects by specified depth of 1m increments down the slope.  

0 m = 0.0-0.99 m, 1 m = 1.0 to 1.99 m , etc.  A change of -100 indicates that all of that category did not appear in the 

following year.   

  

AC AD FL FS FD S R FDR LS 

Reef 29 2010 to 2011 (Year 1 to Year 2) 

      

 

0.0 m -17.95 0 28.57 0 0 22.22 235.00 0 0 

 

1.0 m -24.24 0 0 0 0 10.00 16.67 0 -36.36 

 

2.0 m -2.33 0 66.67 16.67 0 -13.64 33.33 0 0 

 

3.0 m -10.26 0 0 -11.11 0 5.56 75.00 75.00 -18.18 

 

4.0 m -14.71 0 -100.00 50.00 0 6.25 17.65 0 0 

Reef 29 2010 to 2012 (Year 1 to Year 3) 

      

 
0.0 m -25.64 0 114.29 0 0 44.44 117.65 0 -7.41 

 
1.0 m -45.45 0 50.00 166.67 0 20.00 0 0 -45.45 

 
2.0 m -11.63 0 133.33 50.00 0 -13.64 0 50.00 -33.33 

 
3.0 m -25.64 0 0 44.44 235.29 16.67 0 50.00 -9.09 

 
4.0 m -20.59 0 -100.00 75.00 235.29 18.75 17.65 -14.29 0 

Reef 44 2010 to 2011 (Year 1 to Year 2) 

      

 

0.0 m -23.91 0 0 80.00 0 50.00 0 -25.00 50.00 

 
1.0 m -28.33 0 14.29 120.00 0 62.50 50.00 0 133.33 

 
2.0 m -18.75 -66.67 235.29 100.00 0 166.67 150.00 0 0 

 
3.0 m -6.67 0 16.67 -50.00 0 40.00 100.00 25.00 -16.67 

 
4.0 m 0 0 33.33 0 0 0 0 0 -33.33 

Reef 44 2010 to 2012 (Year 1 to Year 3) 

      

 
0.0 m -26.09 0 0 70.00 0 100.00 235.29 -75.00 66.67 

 
1.0 m -40.00 0 28.57 240.00 0 12.50 150.00 235.29 133.33 

 
2.0 m -35.94 -66.67 588.24 175.00 0 200.00 250.00 -33.33 50.00 

 
3.0 m -16.67 117.65 0 -100.00 0 120.00 150.00 100.00 -33.33 

 
4.0 m -16.42 0 100.00 470.59 0 0 0 66.67 66.67 

HIMB 2010 to 2011 (Year 1 to Year 2) 

      

 
0.0 m -7.06 0 -2.35 -7.06 0.00 9.41 1.18 0 5.88 

 
1.0 m -7.06 0 5.88 8.24 -2.35 -8.24 3.53 0 0 

 
2.0 m -2.35 -1.18 1.18 1.18 -4.71 0.00 9.41 -4.71 1.18 

 
3.0 m 2.35 0 -2.35 3.53 -5.88 1.18 -4.71 4.71 1.18 

 
4.0 m 3.53 0 -4.71 -3.53 1.18 2.35 0 -1.18 2.35 

HIMB 2010 to 2012 (Year 1 to Year 3) 

      

 
0.0 m -13.04 0 -12.50 -85.71 0 61.54 117.65 0 166.67 

 
1.0 m -27.27 0 35.71 35.00 -100.00 -35.00 150.00 0 0 

 
2.0 m -10.00 -33.33 25.00 6.25 -66.67 0.00 200.00 -40.00 16.67 

 
3.0 m 13.33 0 -100.00 17.65 -100.00 4.35 -50.00 33.33 33.33 

 
4.0 m 12.00 0 -66.67 -23.08 25.00 8.00 0 -25.00 200.00 
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Figure 1.  Satellite image of Kāne`ohe Bay, O`ahu, Hawai`i, and adjoining watersheds.   

Source:  Google Earth, October 2008 
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Figure 2.  Location of 54 numbered patch reefs in Kāne`ohe Bay, O`ahu. 
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a) b)   

 

c) d)   

 

Figure 3.  Depth profiles show 2009 estimates of average live coral cover at Maragos’ (1972) 

original sites from 0 to 10 m down the reef slope. Regions in Kāne`ohe Bay:  a) North, b) 

Middle, c) Transition, d) South .  (See Figure 4 for regions and sites) 
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Figure 4.  Four regions of Kāne`ohe Bay.  Numbers indicate Maragos (1972) sites. 
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a)  

b)  

Figure 5. Distribution of Mycale armata.  A) Visually estimated in 2004-2006 on a scale of 1(1-

10% cover) to 3 (30-50% cover).  b) 2006 mean coverage from photo transects.  (Images from 

Coles et al. 2007) 



Appendix B 

164 
 

a)  
 

b)  

Figure 6.  Mycale armata overgrowing Porites compressa at HIMB/Moku O Lo`e.  a) Close-up 

of M. armata that has invaded colony and has successfully grown over the upper limits. b) M. 

armata exposed after colonies have fallen over.  Yellow circles indicate visible sponge. October 

2010, windward reef slope. (Photos: N. Sukhraj) 
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a)  
 

b)  
 

Figure 7.  Dislodged coral heads on reef slope.  Each segment on rod = 10 cm. a) Porites 

compressa colonies breaking apart from the reef crest and sliding downward.  HIMB windward 

reef slope, October 2010. b) Porites compressa and Montipora capitata falling over.  Reef 44 

windward reef slope, April 3, 2011. (Photos: N. Sukhraj) 



Appendix B 

166 
 

a)  
 

b)  
 

Figure 8.  Exposure of reef flats during low tides.  Location:  HIMB, windward reef flat, April 

2006. a)  Live portions of Porites compressa, Montipora capitata, and Pocillopora damicornis 

colonies exposed during daylight hours.  b) Overview of portion of exposed windward reef flat 

before low tide.  (Photos: N. Sukhraj) 
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Figure 9.  Verified exposure time for NOAA tide station Moku o Loe (1612480), windward reef 

flat of HIMB.   Squares = # hours reef flat exposed/month.  Circles = avg. hours reef flat 

exposed/day.  (See also Table 2)  

 

Figure 10.  Verified exposure time and number of events for NOAA tide station Moku o Lo`e 

(1612480), windward reef flat of HIMB.  Squares = number of exposure events/month.  Circles 

= Avg. exposure time for the events. (See also Table 2) 
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a)  b)  

Figure 11.  a) 15 of the original Maragos sites (1970-1971) resurveyed in 1983, 1990, 1999 and 2009.  D. cavernosa was not recorded 

at 3, 5, 7 or 14 in the original survey.  Dashed lines indicate 4 regions North, Middle, Transition and South (Cox et al. 1973, 

Smith et al., 1981). b) Location of the 1996 time series sites (Reefs 4, 8, Moku O Lo`e, 29, 30, 44)  and 2006 series sites (Reefs 

19, 20, 21) 
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Figure 12.  Location of sites from 1970-1971 series.  GPS waypoints collected June 2009.  

Kāne`ohe Bay, Oa`hu. Coordinates listed in Table 1. 
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Figure 13.  General location of the 12 “high” and “low” D. cavernosa cover sites from the 1996 

series.  H = 3 transects at the high site, L = 3 transects at the low site. (Stimson et al. 2001)   
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Figure 14.  Location of the 2006 series.  Reefs 19, 20, and 21.  (Image from Conklin 2007) 
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Fig. 15. a) Average change in coral cover by region from 15 permanent sites in Kaneohe Bay.  

Bars indicate standard error. First red line indicates sewer diversion to open ocean. 

Second red line indicates 42 days rain and overcast in 2006.  Recovery rate using Bay-

wide mean from 1970 to 2009 (n=15) 1.06% coral cover/year. b) Estimate of coral 

recovery Bay-wide from the 1970 series using sites that had D. cavernosa in 1970-1971 

(n=11).   c) Average change in % cover of D. cavernosa at same sites as figure 14a.   
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Figure 16. Inverse relationship between rate of change per year in coral cover on 15 patch reefs 

(1970 to 2009) and initial coral cover (1970).  
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Figure 17.  Percent benthic cover on reef slopes from 1-m
2
 quadrats.  Sites revisited in 2009 from 

the 1970 series.  Numbers listed refer to the original numbering from Maragos (1972), not 

Hunter and Evans (1995).  Closed circles/blue line = average % live coral, open circles on y-axis 

= average D. cavernosa, closed triangle/green line = average % total macroalgae, open 

triangle/red line = average % alien and invasive macroalgae.  
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Figure 17 (Continued). Closed circles/blue line = average % live coral, open circles on y-axis = 

average D. cavernosa, closed triangle/green line = average % total macroalgae, open triangle/red 

line = average % alien and invasive macroalgae.  
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Figure 17.  (Continued) Closed circles/blue line = average % live coral, open circles on y-axis = 

average D. cavernosa, closed triangle/green line = average % total macroalgae, open triangle/red 

line = average % alien and invasive macroalgae.  
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Figure 17.  (Continued) Closed circles/blue line = average % live coral, open circles on y-axis = 

average D. cavernosa, closed triangle/green line = average % total macroalgae, open triangle/red 

line = average % alien and invasive macroalgae.  
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a) b)  

 
 4H  8H  29H  30H  44H  HIMB H  4L  8L 29L 30L 44L HIMB L  

Aug-96 12.08 32.92 24.17 17.92 8.33 42.08 44.07 27.50 15.73 41.04 87.92 38.13 

Dec-96 12.92 31.88 25.63 24.58 8.75 46.04 37.92 32.71 31.17 40.63 47.29 47.29 

Mar-97 11.46 34.38 30.47 25.21 8.54 46.67 30.83 35.42 35.21 47.83 45.42 49.17 

May-97 13.96 35.00 33.33 26.49 9.38 46.88 34.58 33.54 34.17 46.25 45.00 53.13 
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Figure 18. 

Average % coral 

cover for the 1996 

series reef flats at 

a) “high” D. 

cavernosa sites, 

and  

b) “low” D. 

cavernosa sites.   
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a) b)   

 
4H  8H  29H  30H  44H  HIMB H  4L 8L 29L 30L 44L HIMB L 

Aug-96 15 11.67 28.33 29.17 49.17 33.33 60.83 38.33 76.67 71.67 57.5 66.67 

Dec-96 24.17 9.17 26.67 24.17 50 32.5 51.67 35.83 70 75 58.33 87.5 

Mar-97 35.83 8.33 30.83 39.17 55.00 35.00 47.50 28.33 72.50 72.50 60.00 85.00 

May-97 30.00 10.00 36.67 37.50 52.50 48.33 52.50 39.17 75.83 70.83 60.00 80.83 
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Figure 19.   

Average % coral 

cover for the 1996 

series reef slopes at  

a) “high” D. 

cavernosa sites,  

and  

b) “low D. cavernosa 

sites. 
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Figure 20.   Average change in D. cavernosa cover on reef slopes and outer reef flats between 

1996 and 2009 on the 6 reefs in the 1996 series.  Fall 2006 values represent the period following 

the  disappearance of D. cavernosa.  D. cavernosa was absent from both habitats on all 6 reefs in 

2009.  Each point represents the average of the estimates from 36 transect lines (n=36).  
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Figure 21.  Inverse relationship between rate of change per year in % coral cover (2005 to 2010) 

and initial cover (2005) for reef slopes and reef flats in the 1996 data series.  Each point 

represents the average of the estimates from 3 transects at each site (n=3). 
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Figure 22.   Regressions of change in coral cover per year (1996 -2010) vs. initial coral cover in 

1996/97 for the 12 sites of the 1996 series. 
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a)   b)  

Figure 23.  Collapses of the coral and limestone foundation on reef slopes.   

(a) Photo taken from reef crest (foreground) looking down the reef slope.  Surfaces in the middle distance are the newly 

exposed flanks of a large coral head which has tipped downslope from its original position at the crest.  Segments of the rod 

are 10 cm long. Moku o Lo`e windward reef October 2010.   

(b  Profile view of the reef crest with reef flat on left, showing the recent collapse of a Porites compressa  colony down the reef 

slope.   Reef 44,  April 2011. 
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Figure 24. The replacement of coral by limestone on the 6 reef flats of the1996 sites (high and 

low sites have been combined for each reef) over the interval from 1996 to 2009. 

Regression statistics: slope = -0.72, sample size = 36 transects, F= 13.74, P<0.01   

 

 

 

 

 

 
 

 

Figure 25.  Average percent change of coral and limestone on the twelve 1996 series reef flat 

sites from 1996 – 2010 (n =12). Values were grouped in 5 m increments from the reef 

crest.   
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a)      b)  

 

 

 

Figure 26.  Average percent coral cover for 2006 series, Reefs 19, 20, and 21 (October 2006-

October 2010).   (a) Average coral cover estimate for reef slopes. (b) Average coral cover 

estimate for reef flats. Slope value in the equation represents the average percent increase 

in coral cover per day.    
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Figure 27.  Decline in D. cavernosa cover on reef slopes of the 2006 series.  Values for 2004 are 

from Conklin and Stimson (2004).  Shaded column represents 42 days of rain and 

overcast conditions.  

 

 

 

 

Figure 28.  Average percent change of coral, limestone, and sand and rubble on the reef flat and 

reef slope of Reefs 19, 20, and 21.  Values were grouped in 5 m increments from the reef 

crest.  
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Figure 29a.  Published recovery rates estimated at percent change in coral cover per year.  Study 

sites used (n= 193).  (References listed in Appendix A)  

 

 

 

Figure 29b.  Percent change in coral cover per year vs. initial coral cover reported post-

disturbance.  Diamonds indicate studies in the Pacific and Indian Oceans, squares the 

Atlantic and Caribbean.  
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a)  

 

b)  c)  

 

Figure 30.  Middle Kāne`ohe Bay reef slopes c. 1968.  a) A large mat of D. cavernosa 

accounting for >80% benthic cover.  Yellow circles indicate the live coral (P. compressa) along 

this section of reef slope.  b)  Cropped mat of D. cavernosa with evidence of herbivory.  Live 

coral cover P. compressa ~20%, D. cavernosa ~80%.  c) Large standing crop of native D. 

cavernosa.  100% benthic cover.  

(Photos - a: J. Bailey-Brock; b and c: Banner and Bailey 1970) 
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Figure 30 (continued).  Middle Kāne`ohe Bay reef slopes c. 1968. d), e), and  f) show D. 

cavernosa overgrowth on reef slopes.  (Photos: J. Maragos) 

       d)  

e)  

f)  
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Figure 31.  Large mats of D. cavernosa covering the sand bottom of the Sampan Channel c. 

1968. The conspicuous sea cucumber (Opheodesoma spectabilis) is visible on top of the mats.  

The D. cavernosa bubbles have also been “cropped” by herbivorous fish.   

(Photo: J. Bailey-Brock) 
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Figure 32.  Overt competition between coral (Porites compressa) and Dictyosphaeria cavernosa 

on HIMB windward reef slopes, March 1995.  Cropped (by herbivorous reef fish) and uncropped 

thalli mats shown growing in-between and over live coral. (Photos: J. Stimson) 
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Figure 33. 

Top: Current observations of D. 

cavernosa thalli; small diameter 

and low density on reefs.  Each 

colored bar = 10 cm. Location: 

Reef 15, reef flat, April 2011.   

 

 

 

Middle: Dictyosphaeria cavernosa 

and Mycale armata overgrowing 

Porites compressa.  *Coral colony 

was found broken while 

snorkeling.  Specimen 

photographed in the lab and then 

put back on out HIMB reef flat. 

Location: HIMB, windward reef 

flat, May 2008 

 

Bottom: Close up of D. cavernosa 

attached to P. compressa skeleton 

and growing outward.  Coral tissue 

is retracting and exposing the 

skeleton. The introduced invasive 

Acanthophera spicifera has 

anchored itself to the D. cavernosa 

thalli and it also growing outward 

(center of photograph).  Location: 

HIMB, windward reef flat, May 

2008 

Photos: N. Sukhraj 
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Figure 34.  Aerial photograph of Moku O Lo`e and HIMB.  Perimeter markers around the island 

are in meters (m).  (Undated photo)  
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Figure 35.  Location of D. cavernosa in situ growth trials around HIMB from Stimson et al. 

2001.  Site A (300 m perimeter marker) = high cover in 1991, Site B (200 m) = intermediate 

cover, Site C (100 m) = no D. cavernosa in 1991.  Sites A and C were used in the May 2008- 

May 2011 trials. 
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Figure 36.  HIMB 

windward reef slopes, 

October 2010.   

Top: Looking down the 

reef slope from the reef 

crest.   

Middle:  Looking down 

the reef crest at Site A. D. 

cavernosa platform in 

middle of photograph. 

Bottom:  Example of reef 

fish being attracted to and 

feeding on the newly 

placed D. cavernosa thalli 

platforms.  Looking down 

the reef slope.  Red circle 

indicates top of cage on 

platform.   

All photos taken near the 

150 m perimeter marker. 

(Photos: N. Sukhraj) 
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Figure 37.  Dictyosphaeria cavernosa growing attached to introduced Gracilaria salicornia.  

Both D. cavernosa thalli are less than 10 cm. Reef 8, April 2011.  (Photo: N. Sukhraj) 

 

Figure 38.  Platform showing caged and uncaged D. cavernosa thalli attached with coated wire 

and placed on the reef slope.  “Coarse” treatment.  April 2010, Site A, HIMB.  (Photo: N. 

Sukhraj) 
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Figure 39.  D. cavernosa thalli being photographed before being put out in the field.  Two 

dimensional measurements of area (cm
2
) were estimated at the beginning and end of each trial 

period to estimate any increase in areal coverage. (Photo: N. Sukhraj) 
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Figure 40.  Distribution and abundance of D. cavernosa on reef slopes in the 1970s from Banner 

and Bailey 1970 (black border) and Maragos 1972 (white border) by region. 
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Figure 41.  1999 distribution and abundance of D. cavernosa on reef slopes from the 1970 series. 
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Figure 42. 1996 distribution and abundance of D. cavernosa on reef flats from the 1996 series 
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Figure 43.  1996 distribution and abundance of D. cavernosa on reef slopes from the 1996 series 
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Figure 44. 2006 pre-die-off distribution and abundance of D. cavernosa on reef flats from the 

1996 and 2006 series.   
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Figure 45.  2006 pre-die-off distribution and abundance of D. cavernosa on reef slopes from the 

1996 and 2006 series.  
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Figure 46.  2004-2009 distribution and abundance of D. cavernosa on reef flats for the 2006 

series. 
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Figure 47.  2006-2009 distribution and abundance of D. cavernosa on reef slopes for the 2006 

series. 
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Figure 48.  2009 distribution and abundance of D. cavernosa for the 1970, 1996, and 2006 series.
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  1970-1971 1983 1990 1999 2009 

Location           

SLOPES  

Site 1 17.50 10.50 29.30 19.40 0 

Site 2 49.00 3.10 7.70 1.75 0 

Site 3 0 0 0 0 0 

Site 5 0 0 0 1 0 

Site 7 0 0.10 0.05 0 0 

Site 8 2.50 0.40 0.30 0.85 0 

Site 9 21.00 2.80 10.25 0 0 

Site 10 59.40 4.50 37.10 17.8 0 

Site 12 67.80 3.60 43.80 31.45 0 

Site 13 0.30 1.00 0 0.20 0 

Site 14 0 0.30 2.10 5.70 0 

Site 17 11.50 n/a n/a n/a 0 

Site 18 9.10 n/a n/a n/a 0 

Site 19 13.30 24.90 19.10 8.15 0 

Site 20 49.10 11.20 33.95 25.05 0 

Site 21 41.00 0.40 3.70 16.10 0 

HE 8 22.90 16.80 18.45 18.25 0 

JM 1974 n/a n/a n/a n/a 0 

 

Figure 49.  Average % cover of D. cavernosa for the 1970 series reef slopes by region from 1970 

to 2009.  Original data was modified to only include the reef slope transect section from 0 to -

10m. 
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a)  

b)  

Figure 50.  Average percent cover of D. cavernosa for the 2006 series on reef slopes and reef 

flats.  a) 2004 data from previous Conklin study. b) Figure 9 without the 2004 Conklin data. 
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Figure 51.  Pre-die-off (October 1991 – April 2000) estimates of  average specific growth rate for D. 

cavernosa thalli on the HIMB reef slope.  Sites A and C are combined in this figure, “coarse”-caged 

treatment only.  (Sukhraj used unpublished data from J. Stimson)  

 

Figure 52.  Post-die-off (May 2008 – May 2011) estimates of average specific growth rate for both field 

experiment treatments of D. cavernosa thalli on the HIMB reef slope.  All thalli at sites A and C are 

combined in this figure, “coarse”-caged treatment only.  
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a)  

 

b)  

 

Figure 53.  Comparison of starting wet weight of D. cavernosa thalli with the specific growth 

rate at the end of the trial period. Sites A and C on the HIMB windward reef slope, May 2008 – 

May 2011.  a) Caged thalli (n = 280).  b) Uncaged thalli (n = 211).      
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a)  

 

b)  

 

Figure 54.  Estimates of total change in cover for D. cavernosa.  Beginning wet weight of thalli 

vs. estimated average change in cover from Day 1 to Day n.  a) Caged thalli (n = 280).  b) 

Uncaged thalli (n = 211).   Sites A and C combined, May 2008 – May 2011.   
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a)  

 

            b)  

 

Figure 55.  Estimates of daily change in cover for D. cavernosa.  Beginning wet weight of thalli 

vs. estimated average change in cover per day.  a) Caged thalli (n = 280).  b) Uncaged thalli (n 

=211).   Sites A and C combined, May 2008 – May 2011.   
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a)  

 

b)  

 

Figure 56.  Estimates of change in wet weight for D. cavernosa thalli after 24 hours vs. the 

percent change from the original wet weight on Day 1.  May 2009 – May 2011.  a) Caged thalli 

(n = 202).  b) Uncaged thalli (n =191).      
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a)  
 

b)  
 

Figure 57.  Average grams of biomass lost due to herbivory after 24 hrs.  a) All uncaged thalli at 

Site A.  b) All uncaged thalli at Site C.  Bars indicate SE of the mean for all thalli in that trial.   
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a)  
 

b)  
 

Figure 58.  Average percent biomass loss of D. cavernosa thalli to herbivory after 24 hours.    a) 

All uncaged thalli at Site A.  b) All uncaged thalli at Site B.  Bars indicate SE of the mean for all 

thalli in that trial.   
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a)  
 

 

b)  
 

Figure 59.  Average reef fish density for belt transects at the reef flats of patch reefs 19, 20, and 

21. Seventeen survey periods from February 2007 to December 2010.  a) All species observed.  

b) Herbivores only. 
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a)  

 

 

b)  

 

Figure 60.  Estimate of biomass from belt transects at the reef flats of patch reefs 19, 20, and 21.  

Reported in kg/hectare.  Seventeen survey periods from February 2007 to December 2010.  a) 

All species observed.  b) Herbivores only. 
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a)  

 

b)  

Figure 61.  Average reef fish density for belt transects on the windward reef flat of HIMB. 

Fourteen survey periods from February 2008 to May 2011.  a) All species observed.  b) 

Herbivores only. 
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a)  

 

 

b)  

 

Figure 62.  Estimate of biomass from belt transects on the windward reef flat of HIMB.  

Reported in kg/hectare.  Fourteen survey periods from February 2008 to May 2011.  a) All 

species observed.  b) Herbivores only. 
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Figure 63.  Nutrient concentration trends for NO3
-
, NO2

-
, NH4

+
, and PO4

3-
 from November 2005 

to May 2008.  From Drupp et al. 2010  

 

 



Appendix B 

220 
 

 

Figure 64.  Use of laboratory reared Tripneustes gratilla for control of introduced algae species.  

a) Transplanted T. gratilla juveniles feeding on Kapphaphycus alvarezii in Kāne`ohe Bay. 

(Photo: DAR Aquatic Invasive Species).  b) Size of outplanted juveniles on Reef 15, April 3, 

2011.  Bar on measuring stick equals 10 cm. (Photo: N. Sukhraj) 

a)  
 

b)  
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a)  

b)  

Figure 65. Dislodged coral heads on reef slope.  Each segment on rod = 10 cm. a) Porites 

compressa colonies breaking apart from the reef crest and sliding downward.  HIMB windward 

reef slope, October 2010. b) Porites compressa and Montipora capitata falling over.  Reef 44 

windward reef slope, April 3, 2011. (Photos: N. Sukhraj) 
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a)  

b)  

Figure 66.  Dislodged coral heads on windward HIMB reef slope, October 2010.  a) Each 

segment on rod = 10 cm.  b) Overturned Porites compressa colonies at 6m down slope. 
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a)  

b)  

Figure 67.  Dislodged coral heads on windward reef slope at reef 44, April 2011.  a) Each 

segment on rod = 10 cm.  Separation from the reef flat.  b) Colonies about to slide down the reef 

slope.  Exposed limestone areas of the Porites compressa colonies was colonized by Montipora 

capitata. 
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a   b  

c   d  

e  

Figure 68.  Reef slumps at Kwajalein Atoll, Republic of the Marshall Islands.  a) to d) Kwajalein 

Islet.  Live Lobophyllia sp. sliding down the reef slope.  Wave energy expedites the destruction 

of the colony once the base has lower part has broken off and fallen over.  October 2010.  e) 

Ennylebegan Islet.  Porites sp. Colony has fallen over, is sliding down, and damaging live coral 

in its path.  November 2010. (Photos: N. Sukhraj) 
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Figure 69.  Size class data for Porites compressa, one of the two most common coral species observed at 4 reefs in Kaneohe Bay: a) 

2009, b) 2010, c) 2011.  Percent of coral colonies in 10-m
2
 transect length, either along the slope or flat.  Size classes along the x-axis 

are measured in centimeters (cm).   

a)     b)     c)  
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Figure 70.  Size class data for Montipora capitata, one of the two most common coral species observed at 4 reefs in Kaneohe Bay: a) 

2009, b) 2010, c) 2011.  Percent of coral colonies in 10-m
2
 transect length, either along the slope or flat.  Size classes along the x-axis 

are measured in centimeters (cm).   

a)    b)    c)
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a) b)  c)  

Figure 71.  Size distribution of coral species observed within six 10-m
2
 transects on reef flats at Reefs 19, 20, and 21; 2 permanent 

transects per reef = 6 transects for each survey period.  Transect distances were 0 to10 m along the permanent fish transect.  a) August 

21, 2009; b) May 24, 2010; c) July 15, 2011 
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a) b) c)  

Figure 72.  Size distribution of coral species observed within six 10-m
2
 transects on reef slopes at Reefs 19, 20, and 21; 2 permanent 

transects per reef = 6 transects for each survey period.  Transect distances were 0 to -10 m down the reef slope.  The 0 m mark was 

also 0 m on the permanent fish transect.  a) August 21, 2009; b) May 24, 2010; c) July 15, 2011
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a) b) c)  

Figure 73.  Size distribution of coral species observed within six 10-m
2
 transects on the HIMB windward reef flat; 3 permanent 

transects per site: HIMB Low and HIMB High.  Transect distances were 0 to 10m along the permanent benthic transect.  a) September 

21, 2009; b) September 26, 2010; c) September 30, 2011 
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a) b) c)  

 

 

Figure 74.  Size distribution of coral species observed within six 10-m
2
 transects on the HIMB windward reef slope; 3 permanent 

transects per site: HIMB Low and HIMB High.  Transect distances were 0 to -10 m along the permanent benthic transect.  a) 

September 21, 2009; b) September 26, 2010; c) September 30, 2011 
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a)  

b)  

Figure 75.  Average percent cover of introduced macroalgae (G. salicornia, A. spicifera, E. 

denticulatum, K. alvarezii) for the 1996 series, 1996-2010.  36 fixed transects, 3 at each site.  

The distance evaluated from the time series was a) 0 to -10 m for slopes, b) 0 to 10 m for flats. H 

and L indicate “high” and “low” sites, respectively, from Chapter 4. 
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a)  

b)  

Figure 76.  Average percent cover of introduced macroalgae (G. salicornia, A. spicifera, E. 

denticulatum, K. alvarezii) for the 2006 series, 2006-2011.  12 fixed transects, 2 at each reef.  

The distance evaluated from the time series was a) 0 to -10 m for slopes, b) 0 to 10 m for flats.  
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Figure 77.  Inverse relationship between rate of change per year in % other macroalgae cover 

(2005-2010) and initial cover (2005-2006) for reef slopes and reef flats in the 1996 data series.  

Each point represents the average of the estimates from 3 transects at each site.  

 

 

 

Figure 78.  Inverse relationship between rate of change per year in % other macroalgae cover 

(2005-2011) and initial cover (2006) for reef slopes and reef flats in the 2006 data series.  Each 

point represents the average of the estimates from 2 transects at each site.  
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a)  

 

b)  

Figure 79.  Average percent cover of crustose coralline algae (CCA) for the 1996 series, 1996-

2010.  36 fixed transects, 3 at each site.  The distance evaluated from the time series was a) 0 to -

10 m for slopes, b) 0 to 10 m for flats. H and L indicate “high” and “low” sites, respectively, 

from Chapter 4. 
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a)  

 

b)  

 

Figure 80.  a) Inverse relationship between rate of change per year in % crustose coralline algae 

(CCA) cover (1996-2010) and initial cover (1996) for reef slopes and reef flats in the 1996 data 

series.  b) Inverse relationship between rate of change per year in % CCA cover (2005-2010) and 

initial cover (2005-2006).  Each point represents the average of the estimates from 3 transects at 

each site.  
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a)  
 

b)  

 

Figure 81.  Average percent cover of crustose coralline algae (CCA) for the 2006 series, 2006-

2011.  6 fixed transects, 2 at each site.  The distance evaluated from the time series was a) 0 to -

10 m for slopes, b) 0 to 10 m for flats.  
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Figure 82.  Inverse relationship between rate of change per year in % crustose coralline algae 

(CCA) cover (2005-2011) and initial cover (2006) for reef slopes and reef flats in the 2006 data 

series.  Each point represents the average of the estimates from 2 transects at each site.  
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Figure 83.  Percent of points of categories observed  from the “reef slide” surveys at reef 29.  

Each bar represents the percentage for a distance of 1-m down the reef slope.  a) April 4, 2010   

b) April 3, 2011  c) April 8, 2012.    

a)  

b)  

c)  

0

10

20

30

40

50

60

70

80

90

AC AD FL FS FD S R FDR LS

%
 f

ro
m

 t
ra

n
se

ct
 li

n
e

 

0.0m

1.0m

2.0m

3.0m

4.0m

0

10

20

30

40

50

60

70

80

90

AC AD FL FS FD S R FDR LS

%
 f

ro
m

 t
ra

n
se

ct
 li

n
e

 

0.0m

1.0m

2.0m

3.0m

4.0m

0

10

20

30

40

50

60

70

80

90

AC AD FL FS FD S R FDR LS

%
 f

ro
m

 t
ra

n
se

ct
 li

n
e

 

0.0m

1.0m

2.0m

3.0m

4.0m



Appendix B 

239 
 

Figure 84.  Percent of points of categories observed from the “reef slump” surveys at reef 44.  

Each bar represents the percentage for a distance of 1-m down the reef slope.  a) April 4, 2010   

b) April 3, 2011   c) April 8, 2012   Falls_44_Slope_2010, Falls_44_Slope_2011 
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Figure 85.  Percent of points of categories observed from the “reef slump” surveys at HIMB Reef 

slope.  Each bar represents the percentage for a distance of 1-m down the reef slope.  a)  April 1, 

2010  b) May 21, 2011  c) April 9, 2012.   

a)  

b)  

c)    

0

10

20

30

40

50

60

70

80

90

AC AD FL FS FD S R FDR LS

%
 f

ro
m

 t
ra

n
se

ct
 li

n
e

 
0.0m

1.0m

2.0m

3.0m

4.0m

0

10

20

30

40

50

60

70

80

90

AC AD FL FS FD S R FDR LS

%
 f

ro
m

 t
ra

n
se

ct
 li

n
e

 

0.0m

1.0m

2.0m

3.0m

4.0m

0

10

20

30

40

50

60

70

80

90

AC AD FL FS FD S R FDR LS

%
 f

ro
m

 t
ra

n
se

ct
 li

n
e

 

0.0m

1.0m

2.0m

3.0m

4.0m



Appendix C 

241 
 

Appendix C.  List of references for Figure 29, coral recovery rate estimates 

 

Adjeroud M, Michonneau F, Edmunds PJ, Chancerell Y, Lison de Loma T, Penin L, Thibaut L, 

Vidal-Dupiol J, Salvat B, Galzin R  (2009)  Recurrent disturbances, recovery trajectories, and 

resilience of coral assemblages on a South Central Pacific reef.  Coral Reefs  28:775–780 

Ahamada S, Bigot L, Bijoux J, Maharavo J, Meunier S, Moyne-Picard M, Paupiah N 

(2002)  Status of coral reefs in the South West Ocean island Node:  Comoros, Madagascar, 

Mauritius, Reunion and Seychelles. In: Status of Coral Reefs of the World (Wilkinson C., ed.), 

pp. 79-100. Townsville: Australian Institute for Marine Science. 

 

Andres NG, Witman JD (1995) Trends in community structure on a Jamaican reef. Marine 

Ecology Progress Series 118:305–310 

 

Berumen ML, Pratchett MS (2006)  Recovery without resilience: persistence disturbance and 

long-term shifts in the structure of fish and coral communities at Tiahura Reef, Moorea.  Coral 

Reefs  2: 647-653 

Birkeland C, Craig P, Fenner D, Smith L, Kiene WE, Riegl BM (2008) Geological setting and 

ecological functioning of coral reefs in American Samoa.  In: Riegl BM and Dodge RE (eds.)  

Coral Reefs of the USA, Volume 1, 741-765.  

Bood N, McField M, Aronson R (2008)  Status of Caribbean coral reefs after bleaching and 

hurricanes in 2005.  In: Wilkinson and Souter (eds.) Coral Reefs of the U.S. Caribbean  150pp. 

Brown BE, Suharsono (1990) Damage and recovery of coral reefs affected by El Niño related 

sea warming in the Thousand Islands, Indonesia.  Coral Reefs  8:163-170. 

Brown BE, Le Tissier MD, Dunne RP, Scoffin TP (1993) Natural and anthropogenic 

disturbances on intertidal reefs of S.W. Phuket, Thailand 1979-1992.   In: Proceedings of the 

Colloquium on Global Aspects of Coral Reefs: Health, Hazards and History. Rosenstiel School 

of Marine and Atmospheric Science, University of Miami.  Pages 279-285 

Burt J, Bartholomew A, Usseglio P (2008)  Recovery of corals a decade after a bleaching event 

in Dubai, United Arab Emirates.  Marine Biology 154:27-36 

Cho LL, Woodley JD (2000)  Recovery of reefs at Discovery Bay, Jamaica and the role of 

Diadema antillarum.  In: Proceedings of the 9th International Coral Reef Symposium, Bali, 

Indonesia, 23-27 October 2000 

Coelho VR, Manfrino C (2007) Coral community decline at a remote Caribbean island:  

marine no-take reserves are not enough.  Aquatic Conservation: Marine Freshwater 

Ecosystems  17:666-685 



Appendix C 

242 
 

 

Coles SL, Brown EK (2007)  Twenty-five years of change in coverage coverage on a hurricane 

impacted reef in Hawai`i: importance of recruitment.  Coral Reefs   26:705-717. 

Colgan MW (1987)  Coral reef recovery on Guam (Micronesia) after catastrophic predation by 

Acanthaster planci.  Ecology   68(6):1592-1605 

 

Connell JH, Hughes TP, Wallace CC (1997) A 30-year study of coral abundance, recruitment, 

and disturbance at several scales in space and time.  Ecological Monographs 67(4):461-488 

Connell JH, Hughes TP, Wallace CC, Tanner JE, Harms KE, Kerr AM  (2004)  A long-term 

study of competition and diversity of corals.  Ecological Monographs 74(2):179-210 

Cook CB, Dodge RE, Smith SR (1993) Fifty years of impacts on coral reefs in Bermuda. In: 

Proceedings on Global Aspects of Coral Reefs: Health, Hazards, and History (Ginsburg, R.N., 

ed.) pp160-166. University of Miami. 

Craig P, DiDonato EM, Fenner D, Hawkins C (2005)  The state of coral reef systems in 

American Samoa.  In:  Waddell JE (ed.), The State of Coral Reef Ecosystems of the United 

States and Pacific Freely Associated States:  2005.  NOAA Technical Memorandum NOS 

NCCOS 11.  Silver Spring, MD.  pp. 312-337 

Diaz-Pulido G, McCook LJ, Dove S, Berkelmans R, Roff G, Kline DI, Weeks S, Evans RD,  

Williamson DH, Hoegh-Guldberg O (2009)  Doom and boom on a resilient reef: climate change, 

algal overgrowth and coral recovery.  PLoS ONE 4(4): e5239. 

doi:10.1371/journal.pone.0005239 

Dollar SJ, Tribble GW (1993) Recurrent storm damage and recovery: a long-term study of coral 

communities in Hawaii.  Coral Reefs  12:223-233 

Done TJ (1985)  Effects of two Acanthaster outbreaks on coral community structure: the 

meaning of devastation.  In: Proceedings of the 5
th

 International Coral Reef Congress, Tahiti.  

Vol 5, pages 315-317 

Done TJ, Dayton PK, Dayton AE, Steger R (1991)  Regional and local variability in recovery of 

shallow water communities:  Moorea, French Polynesia and central Great Barrier Reef.  Coral 

Reefs   9:183-192. 

Done T, Turak E, Wakeford M, DeVantier L, McDonald A, Fisk D (2007)  Decadal changes in 

turbid-water coral communities at Pandora Reef: loss of resilience or too soon to tell?  Coral 

Reefs  26:789-805 



Appendix C 

243 
 

Done TJ, De Vantier LM, Turak E, Fisk DA, Wakeford M, Woesik R (2010) Coral growth on 

three reefs: development of recovery benchmarks using a space for time approach.  Coral Reefs  

29:815-833 

Donner SD, Kirata T, Vieux C (2010)  Recovery from the 2004 coral bleaching event in the 

Gilbert Islands, Kiribati.  Atoll Research Bulletin No. 587.  25pp 

Edmunds PJ, Carpenter RC (2001) Recovery of Diadema antillarum reduces macroalgal 

cover and increases abundance of juvenile corals on a Caribbean reef.  Proceedings of the 

National Academy of Science 98(9):5067-5071. 

 

Emslie MJ, Cheal AJ, Sweatman H, Delean S (2008)  Recovery from disturbance of coral and 

reef fish communities on the Great Barrier Reef, Australia.  Marine Ecology Progress Series 

371:177-190 

 

Fox HE, Caldwell RL (2006)  Recovery from blast fishing on coral reefs: a tale of two scales.  

Ecological Applications 16(5):1631-1635 

 

Garcia-Sais J, Appeldorn R, Bruckner A, Caldow C, Christensen JD, Lilyestrom C, Monaco ME, 

Sabater J, Williams E, Diaz E  (2005)  The state of coral reef systems of the Commonwealth of 

Puerto Rico.  p. 91-134.  In: The State of Coral Reef Ecosystems of the United States and Pacific 

Freely Associated States: Waddell JE (ed.) NOAA Technical Memorandum NOS NCCOS 11.  

Silver Spring, MD, USA: NOAA/NCCOS Center for Coastal Monitoring and Assessment’s 

Biogeography Team:  522 pp. 

 

Golbuu Y, Victor S, Penland L, Idip Jr. D, Emaurois C, Okaji K, Yukihira H, Iwase A, van 

Woesik R (2007)  Palau’s coral reefs show differential habitat recovery following the 1998-

bleaching event.  Coral Reefs  26:319-332 

Guillemot N, Chabanet P, Le Pape O (2010)  Cyclone effects on coral reef habitats in New 

Caledonia (South Pacific).  Coral Reefs  29:445-453 

Guzman HM, Cortes J (2007)  Reef recovery 20 years after the 1982-1983 El Niño massive 

mortality.  Marine Biology  151:401-411 

Halford A, Cheal AJ, Ryan D, Williams D McB (2004)  Resilience to large-scale disturbance in 

coral and reef fish assemblages on the Great Barrier Reef.  Ecology  85(7):1892-1905 

Hagan AB, Spencer T (2006)  Reef recovery at Alphonse Atoll, western Indian Ocean, following 

the 1997-98 ocean warming event.  In: Proceedings of 10
th

 International Coral Reef Symposium, 

Okinawa.  pp 676-682 

Houk P, Musburger C, Wiles P (2010)  Water quality and herbivory interactively drive  

coral-reef recovery patterns in American Samoa.   

PLoS ONE  5(11):e13913.doi:10.1371/journal.pone.0013913 

 



Appendix C 

244 
 

Hubbard DK, Gladfelter  EH, Bythell JC (1993) Comparison of biological and  

geological perspectives of coral reef community structure at Buck Island, U.S. Virgin  

Islands.  In: Ginsberg RN (ed.) Proceedings of the colloquium on global aspects of coral  

reefs, University of Miami, Miami, p 201–207 

 

Hughes TP (1993)  Coral reef degradation: a long-term study of human and natural impacts.  In 

Proceedings of the Colloquium on Global Aspects of Coral Reefs: Health, Hazards and History. 

Rosenstiel School of Marine and Atmospheric Science, University of Miami.  Pages 210-213 

Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D, Hoegh-Guldberg O, McCook L,  

Moltschaniwskyj N, Pratchett MS, Steneck RS, Willis B (2007)  Phase shifts, herbivory, and the 

resilience of coral reefs to climate change.  Current Biology   17:360-365  

 

Hunter CL, Evans C (1995) Coral reefs of Kāne`ohe Bay, Hawai`i: two centuries of western 

influence and two decades of data.  Bulletin of Marine Science  57:501-515 

Idjadi JA, Lee SC, Bruno JF, Precht WF, Allen-Requa L, Edmunds PJ (2006) Rapid phase-shift 

reversal on a Jamaican coral reef.  Coral Reefs  25:209-211   

Jokiel PL, Hunter CL, Taguchi S, Watarai L (1993)  Ecological impact of a fresh-water “reef 

kill” in Kāne`ohe Bay, Oa`hu, Hawai`i.  Coral Reefs  12(3-4):177-184 

Kayanne H, Harii S, Ide Y, Akimodo F (2002)  Recovery of coral populations after the 1998 

bleaching on Shiraho Reef, in the southern Ryukyus, NW Pacific.  Marine Ecology Progress 

Series  239:93-103.  

 

Lambo AL, Ormond RFG (2006)  Continued post-bleaching decline and changed benthic 

community of a Kenyan coral reef.  Marine Pollution Bulletin 52:1617-1624 

 

Ledlie MH, Graham AJ, Bythell JC, Wilson SK, Jennings S, Polunin NVC,  Hardcastle J (2007)  

Phase shifts and the role of herbivory in the resilience of coral reefs.  Coral Reefs 26:641–653 

Liddell WD, Ohlhorst SL (1992) Ten years of disturbance and change on a Jamaican fringing 

reef.  In: Proceedings of the 7
th

 International Coral Reef Symposium, Guam.  Vol.1, p.144-150 

Lourey MJ, Ryan DAJ, Miller IR (2000)  Rates of decline and recovery of coral cover on reefs 

impacted by, recovering from and unaffected by crown-of-thorns starfish Acanthaster planci: a 

regional perspective of the Great Barrier Reef.  Marine Ecology Progress Series 196:179-186 

McClanahan TR (2000)  Bleaching damage and recovery potential of Maldivian coral reefs.  

Marine Pollution Bulletin 40(7):587-597 

McClanahan TR,  Maina J, Starger CJ, Herron-Perez P, Dusek E (2005)  Detriments to post-

bleaching recovery of corals.  Coral Reefs  24:230-246 

McClanahan TR, Ateweberhan M, Omukoto J (2008)  Long-term changes in coral 



Appendix C 

245 
 

 colony size distributions on Kenyan reefs under different management regimes and  

across the 1998 bleaching event.  Marine Biology  153:755-768 
 

Myhre S, Acevedo-Gutierrez A (2007)  Recovery of sea urchin Diadema antillarum populations 

is correlated to increased coral cover and reduced macroalgal cover.  Marine Ecology Progress 

Series 329:205-210 

Ninio R, Meekan M, Done T, Sweatman H (2000)  Temporal patterns in coral assemblages on 

the Great Barrier Reef from local to large spatial scales.  Marine Ecology Progress Series 

194:65-74 

Obura DA (2005)  Resilience and climate change: lessons from coral reefsand bleaching in the 

Western Indian Ocean.  Estuarine Coastal and Shelf Science  63:353–372 

 

Ostrander GK, Armstrong KM, Knobbe ET, Gerace D, Scully EP (2000)  Rapid transition in the 

structure of a coral reef community:  the effects of coral bleaching and physical disturbance.  

Proceedings of the National Academy of Science  97(10):5297-5302. 

 

Pearson RG (1981)  Recovery and recolonization of coral reefs.  Marine Ecology Progress Series   

4:105–122. 

 

Randall RH (1973a)  Reef physiography and distribution of corals in Tumon Bay, Guam, before 

‘crown of thorns’ starfish Acanthaster planci (L.) predation.  Micronesica  9:119-158 

 

Randall RH (1973b)  Distribution of corals after Acanthaster planci (L.) infestation at 

Tanguisson Point, Guam.  Micronesica  9:213-222 

 

Randall RH (1973c)  Coral reef recovery following extensive damage by the ‘crown of thorns’ 

starfish Acanthaster planci (L.)  Publication of Seto Marine Biological Laboratory, Kyoto.  

20:469-489. 

 

Rogers C (1993)  Hurricanes and coral reefs: the intermediate disturbance hypothesis revisited.  

Coral Reefs 12:127–137 

 

Rogers CS, Miller J (2006) Permanent ‘‘phase shifts’’ or reversible declines in coral  

cover?  Lack of recovery of two coral reefs in St. John, US Virgin Islands. Marine Ecology 

Progress Series 306:103–114. 

 

Roy RE  (2004)  Akumal’s reefs: Stony coral communities along the developing Mexican  

Caribbean coastline.  Revista de Biologia Tropical  52(4):869-881 

 

Salvat, B (2002)  Status of southeast and central Pacific coral reefs ‘Polynesia Mana Node’: 

Cook Islands, French Polynesia, Kiribati, Niue, Tokelau, Tonga, Wallis and Futuna.  In: Status 

of Coral Reefs of the World: 2002.  Australian Institute of Marine Science, Queensland.  Volume 

1, pp 203-221  

 



Appendix C 

246 
 

Sano M (2000)  Stability of reef fish assemblages: responses to coral recovery after catastrophic 

predation by Acanthaster planci.  Marine Ecology Progress Series 198:121-130. 

 

Scopelitis J, Andrefouet S, Phinn S, Chabanet P, Naim O, Tourrand C, Done T (2009)  Changes 

of coral communities over 35 years:  Integrating in situ and remote-sensing data on Saint-Leu 

Reef (la Reunion, Indian Ocean).  Estuarine Coastal and Shelf Science  84:342-352 

Sheppard CRC, Spalding M, Bradshaw C, Wilson S (2002) Erosion vs. recovery of coral reefs 

after 1998 El Nino: Chagos Reefs, Indian Ocean.  Ambio  31(1):40-48 

 

Sheppard CRC, Harris A, Sheppard ALS (2008) Archipelago-wide coral recovery patterns since 

1998 in the Chagos Archipelago, central Indian Ocean.  Marine Ecology Progress Series 

362:109-117. 

 

Smith LD, Gilmour JP, AJ Heyward, Rees M (2006)  Mass-bleaching, mortality and slow 

recovery of three common groups of scleractinian coral at an isolated reef.  In: Proceedings of 

the 10
th

 International Coral Reef Symposium, Okinawa.  pp. 651-656 

 

Smith LD, Gilmour JP, Heyward AJ  (2008) Resilience of coral communities on an isolated 

system of reefs following catastrophic mass-bleaching.  Coral Reefs  27:197-205 

 

Somerfield PJ, Jaap WC, Clarke KR, Callahan M, Hackett K, Porter J, Lybolt M, Tsokos C, 

Yanev G (2008)  Changes in coral reef communities among the Florida Keys,1996–2003.  Coral 

Reefs  27:951-965 

 

Steneck RS (1993)  Is herbivore loss more damaging to reefs than hurricanes?  Case studies from 

two Caribbean reef systems (1978-1988).  In: Proceedings of the Colloquium on Global Aspects 

of Coral Reefs: Health, Hazards and History. Rosenstiel School of Marine and Atmospheric 

Science, University of Miami.  pp. 220-226 

Stobart B, Teleki K, Buckley R, Downing N, Callow M (2005)  Coral recovery at Aldabra Atoll, 

Seychelles: Five years after the 1998 bleaching event.  Philosophical Transactions of the Royal 

Society of London Series A:  Physical Sciences and Engineering Vol. 363, No. 1826, pp. 251-

255 

 

Wakeford M, Done TJ, Johnson CR (2008)  Decadal trends in a coral community and evidence 

of changed disturbance regime.  Coral Reefs  27:1-13 

 

Wilson SK, Dolman AM, Cheal AJ, Emslie MJ, Pratchett MS, Sweatman HPA (2009) 

Maintenance of fish diversity on disturbed coral reefs.  Coral Reefs  28:3-14 

 

Wilkinson CR (ed.) (2004)  Status of Coral Reefs of the World: 2004.  Australian Institute of 

Marine Science, Queensland.  Volume 1, 301 pp 
 
 



Appendix D 
 

247 
 

Table D-1.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 1: 2/3/2007 for Reef 19, 2/8/2007 for Reefs 20 and 21.  
  Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE (Eels) 
    Gymnothorax flavimarginatus 
  

0.01 
 

     FISTULARIIDAE (Cornetfishes) 
    Fistularia commersonii 
  

0.01 
 

     CIRRHITIDAE (Hawkfishes) 
    Cirrhitus pinnulatus 

  
0.02 

 

     CHAETODONTIDAE (Butterflyfishes) 
    Chaetodon lunulatus 
  

0.01 
 C. miliaris 

  
0.02 

 

     POMACENTRIDAE (Damselfishes) 
    Abudefduf abdominalis 0.06 0.01 0.02 

 A. sordidus 
 

0.01 0.01 
 Dascyllus albisella 0.03 

 
0.03 

 Plectroglyphidodon imparipennis 
  

0.03 
 Stegastes fasciolatus 

  
0.02 

 

     LABRIDAE (Wrasses) 
    Coris gaimard 0.01 

   Gomphosus varius 0.01 
   Labroides phthirophagus 

  
0.01 

 Pseudocheilinus hexataenia 0.02 
   Stethojulis bandanensis 

  
0.02 

 Thalassoma duperrey 0.02 0.01 0.02 
 T. trilobatum 

  
0.01 

 

     SCARIDAE (Parrotfishes) 
    Chlorurus spilurus 

  
0.01 

 Scarus psittacus 
  

0.02 
 

     BLENNIIDAE (Blennies) 
    Cirripectes vanderbilti 0.05 

 
0.03 

 Entomacrodus mamoratus 0.02 
 

0.02 
   

    ZANCLIDAE (Moorish Idol) 
    Zanclus cornutus 0.01 

 
0.01 

 

     ACANTHURIDAE (Surgeonfishes) 
    Acanthurus nigrofuscus 
 

0.01 0.03 
 A. nigroris 

  
0.01 

 A. olivaceus 
  

0.01 
 A. triostegus 0.01 0.04 0.03 
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Ctenochaetus strigosus 0.01 0.01 
  Zebrasoma flavescens 

  
0.02 

 Z. veliferum 0.01 
   

     BALISTIDAE (Triggerfishes) 
    Rhinecanthus aculeatus 0.01 

 
0.01 

 

     TETRAODONTIDAE (Puffers) 
    Canthigaster coronata 
  

0.01 
 C. jactator 0.01 

   

     OSTRACIIDAE (Trunkfishes) 
    Ostracion meleagris 

  
0.01 

 

     DIODONTIDAE (Porcupinefishes) 
    Diodon hystrix 0.01 

   Avg. Density= 0.25 0.065 0.365 
 Total Species  = 15 6 27 
 Total Families = 8 3 13 
  

 

Table D-2.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 2: 4/21/2007 Reef 19, 4/27/2007 Reefs 20, 4/24/2007 Reef 21 
 Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 AULOSTOMIDAE (Trumpetfishes) 
    Aulostomus chinensis 
  

0.01 
 

     FISTULARIIDAE (Cornetfishes) 
    Fistularia commersonii 
 

0.01 
  

     CIRRHITIDAE (Hawkfishes) 
    Paracirrhites arcatus 
  

0.04 
 

     CARANGIDAE (Jacks) 
    Caranx melampygus 

  
0.01 

 

     CHAETODONTIDAE (Butterflyfishes) 
    Chaetodon lunulatus 
  

0.01 
 C. miliaris 

  
0.03 

 

     POMACENTRIDAE (Damselfishes) 
    Abudefduf abdominalis 0.07 

 
0.03 

 A. sordidus 
  

0.01 
 Dascyllus albisella 0.02 

 
0.02 

 Plectroglyphidodon imparipennis 0.02 0.03 0.05 
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LABRIDAE (Wrasses) 
    Coris venusta 0.02 

   Gomphosus varius 0.01 
 

0.02 
 Halichoeres ornatissimus 

 
0.03 

  Stethojulis bandanensis 
 

0.01 0.02 
 Thalassoma duperrey 0.03 0.01 

  T. lutescens 0.01 
   

     SCARIDAE (Parrotfishes) 
    Chlorurus spilurus 

  
0.05 

 Scarus psittacus 0.13 
 

0.03 
 

     BLENNIIDAE (Blennies) 
    Cirripectes vanderbilti 0.05 

 
0.05 

 Entomacrodus mamoratus 0.02 
 

0.03 
   

    ACANTHURIDAE (Surgeonfishes) 
    Acanthurus nigrofuscus 
 

0.01 0.08 
 A. nigroris 0.02 

 
0.04 

 A. triostegus 0.05 0.02 0.04 
 Ctenochaetus strigosus 0.02 

   Zebrasoma flavescens 
  

0.01 
 

     TETRAODONTIDAE (Puffers) 
    Canthigaster coronata 
  

0.01 
 C. jactator 0.01 

           
 Avg. Density= 0.43 0.10 0.54 
 Total Species  = 14 7 20 
 Total Families = 6 4 10 
  

Table D-3.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 3: 6/2/2007 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE (Eels) 
    Gymnothorax meleagris 

  
0.01 

 

     AULOSTOMIDAE (Trumpetfishes) 
    Aulostomus chinensis 0.01 

   

     CIRRHITIDAE (Hawkfishes) 
    Cirrhitus pinnulatus 
  

0.02 
 Paracirrhites arcatus 

  
0.02 

 

     CARANGIDAE (Jacks) 
    Caranx melampygus 0.01 
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CHAETODONTIDAE (Butterflyfishes) 
    Chaetodon lunulatus 0.01 

 
0.01 

 

     POMACENTRIDAE (Damselfishes) 
    Abudefduf abdominalis 0.04 0.02 0.01 

 A. sordidus 
  

0.01 
 Dascyllus albisella 0.03 

 
0.02 

 Plectroglyphidodon imparipennis 0.02 0.03 0.02 
 Stegastes fasciolatus 

 
0.02 0.03 

 

     LABRIDAE (Wrasses) 
    Gomphosus varius 0.01 

   Halichoeres ornatissimus 

 
0.02 

  Thalassoma duperrey 0.01 0.01 0.01 
 T. lutescens 

  
0.01 

 

     SCARIDAE (Parrotfishes) 
    Chlorurus spilurus 0.08 

 
0.26 

 Scarus psittacus 0.19 
 

0.02 
 S. rubroviolaceus 0.08 

   

     BLENNIIDAE (Blennies) 
    Cirripectes vanderbilti 0.05 

 
0.02 

 Entomacrodus mamoratus 0.01 
   Blennidae sp. 0.02 
     

    ACANTHURIDAE (Surgeonfishes) 
    Acanthurus nigrofuscus 
  

0.01 
 A. nigroris 0.02 0.02 

  A. triostegus 0.08 0.02 0.05 
 Ctenochaetus strigosus 

 
0.01 

  Zebrasoma flavescens 
  

0.02 
 

     TETRAODONTIDAE (Puffers) 
    Canthigaster coronata 0.01 

   C. jactator 0.01 
 

0.01 
 

     DIODONTIDAE (Porcupinefishes) 
    Diodon hystrix 
 

0.01 
  

             
 Avg. Density= 0.64 0.14 0.51 
 Total Species  = 18 9 18 
 Total Families = 9 4 9 
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Table D-4.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 4: 9/2/2007 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE  
    Gymnothorax meleagris 0.01 

   

     AULOSTOMIDAE  
    Aulostomus chinensis 
  

0.01 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.01 

 
0.01 

 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
    Paracirrhites arcatus 
  

0.02 
 

     CHAETODONTIDAE 
    Chaetodon auriga 
  

0.01 
 C. lunula 

 
0.01 

  C. lunulatus 
 

0.01 0.01 
 C. miliaris 

  
0.04 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.08 0.02 0.03 

 A. sordidus 
 

0.01 
  Dascyllus albisella 0.02 

 
0.06 

 Plectroglyphidodon imparipennis 0.02 0.02 0.05 
 Stegastes fasciolatus 

  
0.02 

 

     LABRIDAE  
    Gomphosus varius 0.01 

 
0.01 

 Halichoeres ornatissimus 
 

0.02 
  Pseudocheilinus hexataenia 0.03 

 
0.03 

 Stethojulis bandanensis 
 

0.02 
  Thalassoma duperrey 0.01 0.01 0.03 

 

     SCARIDAE  
    Chlorurus spilurus 0.21 0.04 0.28 

 Scarus psittacus 0.13 
 

0.03 
 

     BLENNIIDAE 
    Cirripectes vanderbilti 0.04 

 
0.02 

 Entomacrodus mamoratus 
  

0.01 
 Blennidae sp. 0.01 

     
    ACANTHURIDAE  
    Acanthurus nigrofuscus 
  

0.02 
 A. nigroris 0.02 0.02 0.03 
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A. olivaceus 
    A. triostegus 0.06 0.01 0.10 

 Ctenochaetus strigosus 
 

0.01 
  Zebrasoma flavescens 

  
0.01 

 Z. veliferum 
  

0.01 
 

     BALISTIDAE  
    Rhinecanthus rectangulus 0.01 

   

     DIODONTIDAE 
    Diodon hystrix 
  

0.01 
         
 Avg. Density= 0.63 0.18 0.79 
 Total Species  = 15 12 23 
 Total Families = 8 5 10 
  

Table D-5.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 5: 12/21/2007 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 FISTULARIIDAE  
    Fistularia commersonii 
 

0.01 0.01 
 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

0.01 
 Paracirrhites arcatus 

  
0.03 

 

     CARANGIDAE  
    Caranx melampygus 
  

0.01 
 

     CHAETODONTIDAE 
    Chaetodon auriga 
  

0.01 
 C. lunulatus 0.02 

 
0.01 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.03 0.02 0.03 

 A. sordidus 

 
0.01 

  Dascyllus albisella 
  

0.02 
 Plectroglyphidodon imparipennis 0.03 

   

     LABRIDAE  
    Coris gaimard 0.01 

   Gomphosus varius 
  

0.01 
 Halichoeres ornatissimus 

 
0.03 

  Pseudocheilinus hexataenia 0.02 
 

0.03 
 Stethojulis bandanensis 

 
0.02 

  Thalassoma duperrey 0.03 0.01 0.03 
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SCARIDAE  
    Chlororus spilurus 0.17 0.02 

  Scarus psittacus 0.08 
   S. rubroviolaceus 0.06 
   

     BLENNIIDAE 
    Cirripectes vanderbilti 0.03 

 
0.03 

 Entomacrodus mamoratus 0.01 
 

0.02 
 

     ZANCLIDAE  
    Zanclus cornutus 
  

0.01 
 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
  

0.01 
 A. nigroris 0.01 

   A. triostegus 0.05 0.01 0.03 
 Ctenochaetus strigosus 0.02 

   

     TETRAODONTIDAE 
    Canthigaster jactator 0.01 

   

     OSTRACIIDAE  
    Ostracion meleagris 
 

0.01 
          

 Avg. Density = 0.55 0.11 0.27 
 Total Species  = 15 9 16 
 Total Families = 7 6 9 
  

Table D-6.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 6: 3/22/2008 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE  
    Echidna nebulosa 0.01 

   

     CIRRHITIDAE  
    Paracirrhites arcatus 

  
0.02 

 

     CHAETODONTIDAE  
    Chaetodon lunula 
 

0.01 
  C. lunulatus 0.01 

   C. miliaris 
  

0.01 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.03 

 
0.13 

 A. sordidus 0.01 
 

0.01 
 Dascyllus albisella 0.03 

   Plectroglyphidodon imparipennis 0.02 
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     LABRIDAE  
    Gomphosus varius 0.01 

   Halichoeres ornatissimus 
 

0.02 
  Labroides phthirophagus 

  
0.01 

 Stethojulis bandanensis 
 

0.01 
  Thalassoma duperrey 

  
0.01 

 T. trilobatum 
  

0.01 
 

     SCARIDAE  
    Chlororus spilurus 

 
0.02 0.08 

 S. rubroviolaceus 
    

     BLENNIIDAE  
    Cirripectes vanderbilti 0.04 

 
0.03 

 Entomacrodus marmoratus 
  

0.02 
 

     ZANCLIDAE  
    Zanclus cornutus 
 

0.01 
  

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.02 0.02 0.03 

 A. nigroris 
 

0.01 0.01 
 A. olivaceus 

  
0.01 

 A. triostegus 0.05 0.02 0.02 
 Zebrasoma flavescens 

  
0.03 

 

     BALISTIDAE  
    Rhinecanthus aculeatus 
  

0.01 
 R. rectangulus 0.01 

   

     TETRAODONTIDAE  
    Canthigaster coronata 
  

0.01 
         
 Avg. Density = 0.21 0.1 0.43 
 Total Species  = 11 8 17 
 Total Families = 7 5 9 
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Table D-7.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 7: 7/2/2008 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE  
    Gymnothorax meleagris 
  

0.01 
 

     AULOSTOMIDAE  
    Aulostomus chinensis 0.01 

   

     FISTULARIIDAE  
    Fistularia commersonii 0.01 

 
0.01 

 

     CIRRHITIDAE  
    Paracirrhites arcatus 
  

0.02 
 

     CHAETODONTIDAE  
    Chaetodon lunula 
  

0.01 
 C. lunulatus 

 
0.01 0.01 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.04 

 
0.04 

 A. sordidus 
 

0.01 0.01 
 Dascyllus albisella 0.03 

   Plectroglyphidodon imparipennis 0.02 0.03 0.05 
 Stegastes fasciolatus 

  
0.04 

 

     LABRIDAE  
    Halichoeres ornatissimus 
 

0.03 
  Pseudocheilinus hexataenia 0.03 

   Stethojulis bandanensis 
 

0.02 0.01 
 Thalassoma duperrey 0.02 0.02 0.02 
 T. lutescens 

  
0.01 

 

     SCARIDAE  
    Chlorurus spilurus 0.30 0.03 0.39 

 Scarus psittacus 0.10 
 

0.07 
 S. rubroviolaceus 0.01 

   

     BLENNIIDAE  
    Cirripectes vanderbilti 0.03 

   Blennidae sp. 0.01 
   

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.02 0.02 0.02 

 A. nigroris 0.01 
   A. triostegus 0.04 0.01 

  Ctenochaetus strigosus 
 

0.01 
  Zebrasoma flavescens 

  
0.01 
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     BALISTIDAE  
    Rhinecanthus rectangulus 0.01 

   

     TETRAODONTIDAE  
    Canthigaster jactator 
 

0.01 
  

     DIODONTIDAE  
    Diodon hystrix 0.01 

           
 Avg. Density = 0.65 0.17 0.69 
 Total Species  = 17 11 16 
 Total Families = 9 6 8 
  

Table D-8.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 8: 9/4/2008 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 CIRRHITIDAE  
    Paracirrhites arcatus 
  

0.02 
 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

0.02 
 C. lunulatus 0.01 0.01 

  C. miliaris 
  

0.04 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.04 0.04 0.04 

 A. sordidus 
 

0.01 
  Dascyllus albisella 

  
0.04 

 Plectroglyphidodon imparipennis 0.02 
 

0.02 
 Stegastes fasciolatus 

  
0.02 

 

     LABRIDAE  
    Coris venusta 
  

0.01 
 Gomphosus varius 0.01 

   Halichoeres ornatissimus 

 
0.02 

  Pseudocheilinus hexataenia 0.03 
 

0.06 
 Stethojulis bandanensis 

 
0.02 0.03 

 Thalassoma duperrey 0.01 0.01 0.04 
 

     SCARIDAE  
    Chlorurus spilurus 0.18 0.10 0.29 

 Scarus psittacus 0.09 
 

0.03 
 S. rubroviolaceus 

  
0.01 
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BLENNIIDAE  

Cirripectes vanderbilti 0.03 
 

0.04 
 Entomacrodus marmoratus 0.02 

 
0.02 

 

     ZANCLIDAE  
    Zanclus cornutus 
  

0.01 
 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.01 0.01 0.02 

 A. nigroris 0.01 
 

0.04 
 A. triostegus 0.03 0.06 0.07 
 Ctenochaetus strigosus 0.01 

   Zebrasoma flavescens 

  
0.01 

 Z. veliferum 0.01 
 

0.01 
         
 Avg. Density = 0.46 0.26 0.85 
 Total Species  = 15 9 22 
 Total Families = 6 5 8 
  

Table D-9.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 9: 12/21/2008 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 FISTULARIIDAE  
    Fistularia commersonii 0.01 

   

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

0.01 
 Paracirrhites arcatus 

  
0.04 

 

     CHAETODONTIDAE  
    Chaetodon lunulatus 0.01 

   C. miliaris 
  

0.03 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.02 0.02 0.02 

 Dascyllus albisella 0.04 
   Plectroglyphidodon imparipennis 

 
0.02 

  Stegastes fasciolatus 
 

0.02 
  

     LABRIDAE  
    Gomphosus varius 
  

0.01 
 Pseudocheilinus hexataenia 0.02 

 
0.05 

 Stethojulis bandanensis 
 

0.05 
  Thalassoma duperrey 0.01 

 
0.03 

 T. lutescens 
  

0.01 
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SCARIDAE  

Chlorurus spilurus 0.03 
 

0.02 
 

     BLENNIIDAE  
    Cirripectes vanderbilti 
  

0.02 
 Entomacrodus marmoratus 

  
0.03 

 

     ACANTHURIDAE  
    Acanthurus nigroris 
 

0.02 0.04 
 A. olivaceus 

  
0.01 

 A. triostegus 0.02 0.04 0.02 
 Ctenochaetus strigosus 

  
0.01 

 Zebrasoma flavescens 

  
0.02 

 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

0.01 
  

     TETRAODONTIDAE  
    Canthigaster jactator 
 

0.01 
  

     DIODONTIDAE  
    Diodon hystrix 
  

0.01 
         
 Avg. Density = 0.14 0.16 0.345 
 Total Species  = 8 8 17 
 Total Families = 6 5 8 
  

Table D-10  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 10: 4/4/2009 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 FISTULARIIDAE  
    Fistularia commersonii 
  

0.01 
 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

0.01 
 Paracirrhites arcatus 

  
0.02 

 

     CARANGIDAE  
    Caranx melampygus 
  

0.01 
 

     CHAETODONTIDAE  
    Chaetodon lunula 
  

0.01 
 C. lunulatus 

 
0.01 

  C. miliaris 
 

0.02 
  

     POMACENTRIDAE  
    Abudefduf abdominalis 0.03 0.02 0.02 
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A. spilurus 
  

0.01 
 Dascyllus albisella 0.03 

   Plectroglyphidodon imparipennis 0.03 
   

     LABRIDAE  
    Coris venusta 0.01 

   Gomphosus varius 0.01 0.01 
  Halichoeres ornatissimus 

 
0.02 

  Pseudocheilinus hexataenia 
  

0.03 
 Stethojulis bandanensis 

 
0.01 

  Thalassoma duperrey 0.01 0.02 0.02 
 T. lutescens 0.01 

   

     SCARIDAE  
    Chlorurus spilurus 0.07 0.06 0.12 

 Scarus psittacus 0.02 
 

0.05 
 Scarus sp. 

  
0.10 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 0.06 

 
0.06 

 Entomacrodus marmoratus 0.02 
 

0.04 
 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

0.02 0.02 
 A. nigroris 0.01 0.01 0.02 
 A. olivaceus 

  
0.02 

 A. triostegus 0.08 0.03 0.08 
 Ctenochaetus strigosus 0.02 

   Zebrasoma flavescens 
  

0.02 
 

     BALISTIDAE  
    Rhinecanthus rectangulus 
  

0.01 
         
 Avg. Density = 0.37 0.21 0.64 
 Total Species  = 14 11 20 
 Total Families = 5 5 10 
  

Table D-11.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 11: 6/6/2009 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE  
    Gymnothorax meleagris 0.01 

 
0.01 

 

     AULOSTOMIDAE  
    Aulostomus chinensis 0.01 0.01 
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CIRRHITIDAE  

Paracirrhites arcatus 
 

0.01 
  

     CARANGIDAE  
    Caranx melampygus 0.01 

   

     CHAETODONTIDAE  
    Chaetodon lunula 0.01 

 
0.01 

 C. miliaris 
 

0.02 0.01 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.04 0.02 0.04 

 Dascyllus albisella 0.02 
 

0.02 
 Plectroglyphidodon imparipennis 0.02 

 
0.05 

 Stegastes fasciolatus 
  

0.04 
 

     LABRIDAE  
    Gomphosus varius 0.01 

   Halichoeres ornatissimus 
 

0.03 
  Stethojulis bandanensis 

 
0.02 

  Thalassoma duperrey 0.01 
 

0.04 
 T. lutescens 0.01 

 
0.01 

 T. trilobatum 
  

0.01 
 

     SCARIDAE  
    Chlorurus spilurus 0.13 

 
0.11 

 Scarus psittacus 0.11 
   

     BLENNIIDAE  
    Cirripectes vanderbilti 0.02 

 
0.05 

 Entomacrodus marmoratus 0.02 
 

0.02 
 Blennidae sp. 0.02 

     
    ZANCLIDAE  
    Zanclus cornutus 0.01 

   

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

0.03 0.02 
 A. olivaceus 

  
0.03 

 A. triostegus 0.06 0.01 
  

     TETRAODONTIDAE  
    Canthigaster coronata 
  

0.01 
 C. jactator 0.01 0.01 0.01 
 C. solandri 0.01 

           
 Avg. Density = 0.48 0.13 0.45 
 Total Species  = 19 9 17 
 Total Families = 11 7 8 
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Table D-12.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 12: 9/18/2009 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

0.01 
 Paracirrhites arcatus 

  
0.02 

 

     CARANGIDAE  
    Caranx melampygus 
 

0.01 
  

     LUTJANIDAE  
    Lutjanus kasmira 
  

0.05 
 

     CHAETODONTIDAE  
    Chaetodon lunula 
 

0.01 
  C. lunulatus 

  
0.02 

 C. miliaris 
 

0.02 0.06 
 C. ornatissimus 

  
0.01 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.02 

 
0.02 

 A. spilurus 
  

0.01 
 Dascyllus albisella 

 
0.02 0.02 

 Plectroglyphidodon imparipennis 0.02 
 

0.03 
 Stegastes fasciolatus 

  
0.03 

 

     LABRIDAE  
    Gomphosus varius 0.01 0.01 

  Halichoeres ornatissimus 
 

0.01 
  Pseudocheilinus hexataenia 0.04 

 
0.05 

 Stethojulis bandanensis 
 

0.05 0.01 
 Thalassoma duperrey 0.01 0.01 0.02 
 T. lutescens 0.01 

   

     SCARIDAE  
    Chlororus spilurus 0.17 0.02 0.23 

 Scarus psittacus 0.02 
 

0.04 
 Scarus sp. 

  
0.12 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 0.02 

 
0.03 

 Entomacrodus marmoratus 0.02 
 

0.02 
 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.01 0.01 0.01 

 A. nigroris 
  

0.05 
 A. triostegus 0.03 0.07 0.05 
 Ctenochaetus strigosus 0.01 
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Zebrasoma flavescens 
  

0.01 
 

     OSTRACIIDAE  
    Ostracion meleagris 
  

0.01 
         
 Avg. Density = 0.36 0.22 0.895 
 Total Species  = 13 11 24 
 Total Families = 5 6 9 
  

 

Table D-13.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 13: 12/27/2009 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 AULOSTOMIDAE  
    Aulostomus chinensis 
  

0.01 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.01 0.01 

  

     CIRRHITIDAE  
    Paracirrhites arcatus 
 

0.01 0.02 
 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

0.01 
 C. lunula 0.01 

   C. miliaris 
 

0.01 
  

     POMACENTRIDAE  
    Abudefduf abdominalis 0.03 0.02 0.01 

 A. spilurus 
 

0.02 
  Dascyllus albisella 0.02 0.01 0.02 

 Plectroglyphidodon imparipennis 
  

0.02 
 Stegastes fasciolatus 

 
0.02 

  

     LABRIDAE  
    Halichoeres ornatissimus 
 

0.02 
  Pseudocheilinus hexataenia 0.04 

 
0.03 

 Stethojulis bandanensis 
 

0.01 
  Thalassoma duperrey 0.01 0.01 
  T. lutescens 

  
0.01 

 

     SCARIDAE  
    Chlorurus spilurus 0.02 

 
0.02 

 Scarus psittacus 0.02 
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BLENNIIDAE  

Cirripectes vanderbilti 0.02 
 

0.04 
 Entomacrodus marmoratus 

  
0.01 

   
    ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

0.01 0.01 
 A. nigroris 0.01 

   A. triostegus 0.03 0.01 0.04 
 

     TETRAODONTIDAE  
    Canthigaster jactator 
  

0.01 
         
 Avg. Density = 0.20 0.13 0.23 
 Total Species  = 11 12 14 
 Total Families = 7 6 9 
  

 
Table D-14.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 14: Reef 19, 4/3/2010;  
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE  
    Gymnothorax meleagris 
  

0.01 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.01 

   

     CIRRHITIDAE  
    Paracirrhites arcatus 
  

0.02 
 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

0.01 
 C. lunula 

  
0.01 

 C. miliaris 
 

0.02 
  

     POMACENTRIDAE  
    Abudefduf abdominalis 0.04 

 
0.05 

 A. spilurus 
 

0.01 0.01 
 Dascyllus albisella 0.03 

 
0.03 

 Plectroglyphidodon imparipennis 0.02 0.03 
  

     LABRIDAE  
    Gomphosus varius 
  

0.01 
 Halichoeres ornatissimus 

 
0.02 

  Stethojulis bandanensis 
 

0.02 
  Thalassoma duperrey 0.01 0.01 0.03 

 T. lutescens 0.01 
   T. trilobatum 

  
0.01 
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SCARIDAE  
    Chlorurus spilurus 0.11 

 
0.16 

 Scarus psittacus 0.04 
 

0.03 
 S. rubroviolaceus 0.01 

   

     BLENNIIDAE  
    Cirripectes vanderbilti 0.04 

 
0.01 

 Entomacrodus marmoratus 0.02 
   

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

0.02 0.01 
 A. nigroris 

 
0.02 

  A. olivaceus 

    A. triostegus 0.02 0.04 
  Zebrasoma flavescens 

  
0.01 

 Z. veliferum 
  

0.01 
 

     TETRAODONTIDAE  
    Canthigaster coronata 
  

0.01 
 C. jactator 0.02 

 
0.01 

         
 Avg. Density = 0.36 0.16 0.40 
 Total Species  = 13 9 18 
 Total Families = 7 4 9 
  

Table D-15.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 15: 8/3/2010 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 FISTULARIIDAE  
    Fistularia commersonii 
  

0.01 
 

     CIRRHITIDAE  
    Paracirrhites arcatus 
  

0.01 
 

     CARANGIDAE  
    Caranx melampygus 

  
0.01 

 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

0.01 
 C. lunula 0.01 

   C. miliaris 
 

0.02 0.05 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.03 0.02 0.01 

 A. spilurus 
 

0.01 
  Plectroglyphidodon imparipennis 0.02 

 
0.02 

 Stegastes fasciolatus 
 

0.03 0.03 
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     LABRIDAE  
    Coris venusta 0.01 

   Gomphosus varius 0.01 0.01 0.01 
 Halichoeres ornatissimus 

 
0.01 

  Pseudocheilinus hexataenia 
  

0.07 
 Stethojulis bandanensis 

 
0.03 

  Thalassoma duperrey 0.01 0.01 0.02 
 T. lutescens 

 
0.01 0.01 

 

     SCARIDAE  
    Chlorurus spilurus 0.17 

 
0.27 

 Scarus psittacus 0.02 
 

0.09 
 

     BLENNIIDAE  
    Cirripectes vanderbilti 0.06 

 
0.01 

 Entomacrodus marmoratus 0.02 
   

     ZANCLIDAE  
    Zanclus cornutus 0.01 

   

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.02 

   A. nigroris 0.01 
 

0.01 
 A. olivaceus 

  
0.01 

 A. triostegus 0.07 0.01 0.06 
 Ctenochaetus strigosus 0.01 

   Zebrasoma flavescens 
  

0.02 
 

     TETRAODONTIDAE  
    C. coronata 
  

0.01 
 C. jactator 0.01 0.01 

          
 Avg. Density = 0.44 0.14 0.71 
 Total Species  = 16 11 20 
 Total Families = 8 5 10 
  

Table D-16.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 16: 10/10/2010 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 FISTULARIIDAE  
    Fistularia commersonii 0.01 

   

     CIRRHITIDAE  
    Cirrhitidae pinnulatus 
  

0.02 
 Paracirrhites arcatus 

  
0.02 
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CHAETODONTIDAE  
    Chaetodon auriga 
  

0.01 
 C. lunula 

 
0.01 

  C. lunulatus 0.01 
   C. miliaris 

  
0.03 

 C. ornatissimus 
  

0.01 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 
 

0.03 
  A. spilurus 0.01 0.01 0.01 

 Dascyllus albisella 0.02 
 

0.02 
 Plectroglyphidodon imparipennis 0.05 

 
0.04 

 Stegastes fasciolatus 

 
0.02 0.05 

 

     LABRIDAE  
    Gomphosus varius 0.01 0.01 

  Halichoeres ornatissimus 
 

0.03 
  Pseudocheilinus hexataenia 0.03 

   Stethojulis bandanensis 
 

0.05 
  Thalassoma duperrey 

 
0.02 0.01 

 T. lutescens 0.01 0.01 
  

     SCARIDAE  
    Chlorurus spilurus 0.08 0.05 0.06 

 Scarus psittacus 0.05 
 

0.04 
 

     BLENNIIDAE  
    Cirripectes vanderbilti 0.04 

   Blennidae sp. 0.02 
     

    ZANCLIDAE  
    Zanclus cornutus 
  

0.02 
 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.02 0.02 0.02 

 A. nigroris 0.01 0.02 
  A. olivaceus 

  
0.01 

 A. triostegus 0.07 0.01 0.08 
 Zebrasoma flavescens 

  
0.01 

 Z. veliferum 0.01 
   Avg. Density = 0.41 0.25 0.42 

 Total Species  = 16 13 17 
 Total Families = 7 5 7 
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Table D-17.  Reef fish species observed at Reefs 19, 20, and 21, Kaneohe Bay.   

Survey 17: 12/27/2010 
    Average density per m

2
 on reef flats       

 FAMILY 
 

Reef 
   Genus/Species 19 20 21 

 MURAENIDAE  
    Gymnothorax meleagris 0.01 

   

     FISTULARIIDAE  
    Fistularia commersonii 
  

0.01 
 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 

  
0.01 

 Paracirrhites arcatus 
  

0.02 
 

     CHAETODONTIDAE  
    Chaetodon lunulatus 
 

0.01 0.03 
 C. miliaris 

 
0.02 0.04 

 C. ornatissimus 
  

0.01 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.03 0.02 0.03 

 Dascyllus albisella 0.01 
 

0.02 
 Plectroglyphidodon imparipennis 0.02 

   Stegastes fasciolatus 
 

0.03 0.02 
 

     LABRIDAE  
    Gomphosus varius 
  

0.01 
 Halichoeres ornatissimus 

 
0.04 

  Pseudocheilinus hexataenia 0.02 
 

0.05 
 Stethojulis bandanensis 

 
0.03 0.02 

 Thalassoma duperrey 0.01 0.02 0.04 
 T. trilobatum 

  
0.01 

 

     SCARIDAE  
    Chlorurus spilurus 0.01 

   

     BLENNIIDAE  
    Cirripectes vanderbilti 0.03 

 
0.02 

 Entomacrodus marmoratus 0.04 
 

0.02 
 

     ZANCLIDAE  
    Zanclus cornutus 
  

0.02 
 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

0.02 0.03 
 A. olivaceus 

  
0.01 

 A. triostegus 0.01 0.01 0.02 
 Zebrasoma flavescens 

  
0.01 

 Z. veliferum 
  

0.01 
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     BALISTIDAE  
    Rhinecanthus aculeatus 
 

0.01 
          

 Avg. Density = 0.16 0.18 0.39 
 Total Species  = 10 10 22 
 Total Families = 6 5 8 
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Table E-1.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 1: 2/3/2007 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE (Eels) 
    Gymnothorax flavimarginatus 
  

89.831 29.944 

     FISTULARIIDAE (Cornetfishes) 
    Fistularia commersonii 
  

7.643 2.548 

     CIRRHITIDAE (Hawkfishes) 
    Cirrhitus pinnulatus 
  

7.394 2.465 

     CHAETODONTIDAE (Butterflyfishes) 
    Chaetodon lunulatus 
  

4.830 1.610 

C. miliaris 
  

5.581 1.860 

     POMACENTRIDAE (Damselfishes) 
    Abudefduf abdominalis 10.344 1.587 5.444 5.791 

A. sordidus 
 

0.653 3.060 1.238 

Dascyllus albisella 3.885 
 

8.444 4.110 

Plectroglyphidodon imparipennis 
  

0.877 0.292 

Stegastes fasciolatus 
  

4.503 1.501 

     LABRIDAE (Wrasses) 
    Coris gaimard 0.013 

  
0.004 

Gomphosus varius 2.881 
  

0.960 

Labroides phthirophagus 
  

0.155 0.052 

Pseudocheilinus hexataenia 0.620 
  

0.207 

Stethojulis bandanensis 
  

1.260 0.420 

Thalassoma duperrey 1.201 1.234 2.096 1.510 

T. trilobatum 
  

2.886 0.962 

     SCARIDAE (Parrotfishes) 
    Chlorurus spilurus 
  

22.544 7.515 

Scarus psittacus 
  

15.952 5.317 

     BLENNIIDAE (Blennies) 
    Cirripectes vanderbilti 2.543 

 
2.529 1.691 

Entomacrodus mamoratus 0.175 
 

2.036 0.737 

  
    ZANCLIDAE (Moorish Idol) 
    Zanclus cornutus 11.916 

 
11.916 7.944 

     ACANTHURIDAE (Surgeonfishes) 
    Acanthurus nigrofuscus 
 

1.141 8.038 3.060 

A. nigroris 
  

2.282 0.761 

A. olivaceus 
  

15.539 5.180 
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A. triostegus 1.889 15.038 8.107 8.345 

Ctenochaetus strigosus 0.841 0.254 
 

0.365 

Zebrasoma flavescens 
  

1.643 0.548 

Z. veliferum 2.030 
  

0.677 

     BALISTIDAE (Triggerfishes) 
    Rhinecanthus aculeatus 17.210 

 
10.570 9.260 

     TETRAODONTIDAE (Puffers) 
    Canthigaster coronata 
  

1.051 0.350 

C. jactator 0.767 
  

0.256 

     OSTRACIIDAE (Trunkfishes) 
    Ostracion meleagris 
  

5.629 1.876 

     DIODONTIDAE (Porcupinefishes) 
    Diodon hystrix 63.199 

  
21.066 

          

Avg. Biomass =  119.514 19.907 251.840 130.420 

Total Species  = 15 6 27 34 

Total Families = 8 3 13 14 

 
Table E-2.  Estimate of biomass for all reef fish species observed  

 at Reefs 19, 20, and 21. Kaneohe Bay.   

Survey 2: 4/21/2007 Reef 19, 4/27/2007 Reefs 20, 4/24/2007 Reef 21 
 Estimate reported in kilograms/hectare         
 FAMILY 

 
Reef 

    Genus/Species 19 20 21 Average 
 

      AULOSTOMIDAE (Trumpetfishes) 
     Aulostomus chinensis 
  

60.528 20.176 
 

      FISTULARIIDAE (Cornetfishes) 
     Fistularia commersonii 
 

5.002 
 

1.667 
 

      CIRRHITIDAE (Hawkfishes) 
     Paracirrhites arcatus 
  

12.646 4.215 
 

      CARANGIDAE (Jacks) 
     Caranx melampygus 

  
14.218 4.739 

 

      CHAETODONTIDAE (Butterflyfishes) 
     Chaetodon lunulatus 
  

4.830 1.610 
 C. miliaris 

  
8.372 2.791 

 

      POMACENTRIDAE (Damselfishes) 
     Abudefduf abdominalis 10.169 

 
8.182 6.117 

 A. sordidus 
  

1.530 0.510 
 Dascyllus albisella 3.716 

 
0.447 1.387 

 Plectroglyphidodon imparipennis 
 

3.081 2.452 1.844 
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      LABRIDAE (Wrasses) 
     Coris venusta 2.057 

  
0.686 

 Gomphosus varius 1.831 
 

5.492 2.441 
 Halichoeres ornatissimus 

 
1.952 

 
0.651 

 Stethojulis bandanensis 
 

0.840 0.229 0.357 
 Thalassoma duperrey 6.345 1.397 

 
2.581 

 T. lutescens 1.234 
  

0.411 
 

      SCARIDAE (Parrotfishes) 
     Chlorurus spilurus 
  

11.055 3.685 
 Scarus psittacus 16.682 

 
3.044 6.575 

 

      BLENNIIDAE (Blennies) 
     Cirripectes vanderbilti 3.402 

 
4.903 2.768 

 Entomacrodus mamoratus 0.735 
 

3.393 1.376 
   

     ACANTHURIDAE (Surgeonfishes) 
     Acanthurus nigrofuscus 
 

0.845 13.565 4.803 
 A. nigroris 2.535 

 
8.063 3.533 

 A. triostegus 17.595 12.237 6.975 12.269 
 Ctenochaetus strigosus 1.032 

  
0.344 

 Zebrasoma flavescens 
  

0.238 0.079 
 

      TETRAODONTIDAE (Puffers) 
     Canthigaster coronata 
  

1.051 0.350 
 C. jactator 

               
 Avg. Biomass =  67.333 25.355 171.212 87.967 
 Total Species  = 12 7 20 26 
 Total Families = 6 4 10 11 
 

       

Table E-3.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 3: 6/2/2007 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE (Eels) 
    Gymnothorax meleagris 
  

44.915 14.972 

     AULOSTOMIDAE (Trumpetfishes) 
    Aulostomus chinensis 22.434 

  
7.478 

     CIRRHITIDAE (Hawkfishes) 
    Cirrhitus pinnulatus 
  

6.614 2.205 

Paracirrhites arcatus 
  

9.133 3.044 
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CARANGIDAE (Jacks) 
    Caranx melampygus 38.883 

  
12.961 

     CHAETODONTIDAE (Butterflyfishes) 
    Chaetodon lunulatus 9.496 

 
9.496 6.331 

     POMACENTRIDAE (Damselfishes) 
    Abudefduf abdominalis 5.426 2.367 3.174 3.656 

A. sordidus 
  

0.653 0.218 

Dascyllus albisella 5.952 
 

0.484 2.145 

Plectroglyphidodon imparipennis 1.232 2.101 0.700 1.344 

Stegastes fasciolatus 
 

0.924 6.497 2.474 

     LABRIDAE (Wrasses) 
    Gomphosus varius 0.667 

  
0.222 

Halichoeres ornatissimus 
 

0.909 
 

0.303 

Thalassoma duperrey 3.174 2.468 2.475 2.706 

T. lutescens 
  

2.475 0.825 

     SCARIDAE (Parrotfishes) 
    Chlorurus spilurus 13.244 

 
79.263 30.836 

Scarus psittacus 69.705 
 

15.952 28.552 

S. rubroviolaceus 7.410 
  

2.470 

     BLENNIIDAE (Blennies) 
    Cirripectes vanderbilti 3.793 

 
1.264 1.686 

Entomacrodus mamoratus 0.846 
 

2.714 1.187 

Blennidae sp. 2.078 
  

0.693 

  
    ACANTHURIDAE (Surgeonfishes) 
    Acanthurus nigrofuscus 
  

3.837 1.279 

A. nigroris 5.756 5.756 
 

3.837 

A. triostegus 22.131 12.237 11.774 15.381 

Ctenochaetus strigosus 
 

0.436 
 

0.145 

Zebrasoma flavescens 
  

0.626 0.209 

     TETRAODONTIDAE (Puffers) 
    Canthigaster coronata 0.771 

  
0.257 

C. jactator 2.103 
 

0.771 0.958 

     DIODONTIDAE (Porcupinefishes) 
    Diodon hystrix 
 

38.559 
 

12.853 

               

Avg. Biomass =  215.102 65.757 157.903 146.254 

Total Species  = 18 9 19 29 

Total Families = 9 4 9 12 
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Table E-4.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 4: 9/2/2007 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE  
    Gymnothorax meleagris 24.299 

  
8.100 

     AULOSTOMIDAE  
    Aulostomus chinensis 
  

38.184 12.728 

     FISTULARIIDAE  
    Fistularia commersonii 10.672 

 
9.239 6.637 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
    Paracirrhites arcatus 
  

2.710 0.903 

     CHAETODONTIDAE 
    Chaetodon auriga 
  

9.968 3.323 

C. lunula 
 

6.771 
 

2.257 

C. lunulatus 
 

9.496 4.830 4.775 

C. miliaris 
  

9.767 3.256 

     POMACENTRIDAE  
    Abudefduf abdominalis 30.857 7.746 21.463 20.022 

A. sordidus 
 

0.675 
 

0.225 

Dascyllus albisella 0.248 
 

7.939 2.729 

Plectroglyphidodon imparipennis 1.050 1.848 0.876 1.258 

Stegastes fasciolatus 
  

4.503 1.501 

     LABRIDAE  
    Gomphosus varius 1.050 

 
1.050 0.700 

Halichoeres ornatissimus 
 

1.790 
 

0.597 

Pseudocheilinus hexataenia 1.033 
 

0.620 0.551 

Stethojulis bandanensis 
 

0.118 
 

0.039 

Thalassoma duperrey 0.699 1.397 5.263 2.453 

     SCARIDAE  
    Chlorurus spilurus 84.692 

 
139.571 74.754 

Scarus psittacus 21.472 
  

7.157 

     BLENNIIDAE 
    Cirripectes vanderbilti 2.830 

 
0.632 1.154 

Entomacrodus mamoratus 
  

0.679 0.226 

Blennidae sp. 1.386 
  

0.462 
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ACANTHURIDAE  
    Acanthurus nigrofuscus 
  

4.565 1.522 

A. nigroris 3.381 3.423 16.628 7.811 

A. olivaceus 
    A. triostegus 13.992 0.184 19.185 11.120 

Ctenochaetus strigosus 
 

0.436 
 

0.145 

Zebrasoma flavescens 
  

0.119 0.040 

Z. veliferum 
  

3.123 1.041 

     BALISTIDAE  
    Rhinecanthus rectangulus 4.642 

  
1.547 

     DIODONTIDAE 
    Diodon hystrix 
  

63.199 21.066 

          

Avg. Biomass =  202.303 33.886 364.115 200.101 

Total Species  = 15 11 22 31 

Total Families = 8 5 10 12 

 

Table E-5.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 5: 12/21/2007 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     FISTULARIIDAE  
    Fistularia commersonii 
 

5.002 7.643 4.215 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

8.985 2.995 

Paracirrhites arcatus 
  

2.873 0.958 

     CARANGIDAE  
    Caranx melampygus 
  

28.436 9.479 

     CHAETODONTIDAE 
    Chaetodon auriga 
  

9.968 3.323 

C. lunulatus 18.992 
 

16.500 11.831 

     POMACENTRIDAE  
    Abudefduf abdominalis 10.920 3.805 9.521 8.082 

A. sordidus 
 

0.653 
 

0.218 

Dascyllus albisella 
  

6.755 2.252 

Plectroglyphidodon imparipennis 3.081 
  

1.027 

     LABRIDAE  
    Coris gaimard 1.917 

  
0.639 

Gomphosus varius 
  

1.831 0.610 

Halichoeres ornatissimus 
 

1.952 
 

0.651 
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Pseudocheilinus hexataenia 0.827 
 

0.517 0.448 

Stethojulis bandanensis 
 

0.126 
 

0.042 

Thalassoma duperrey 3.493 2.468 7.403 4.455 

     SCARIDAE  
    Chlororus spilurus 63.141 13.650 

 
25.597 

Scarus psittacus 15.631 
  

5.210 

S. rubroviolaceus 3.049 
  

1.016 

     BLENNIIDAE 
    Cirripectes vanderbilti 2.529 

 
2.107 1.545 

Entomacrodus mamoratus 1.357 
  

0.452 

     ZANCLIDAE  
    Zanclus cornutus 
  

23.832 7.944 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
  

7.248 2.416 

A. nigroris 2.282 
  

0.761 

A. triostegus 6.595 4.079 21.402 10.692 

Ctenochaetus strigosus 1.834 
  

0.611 

     TETRAODONTIDAE 
    Canthigaster jactator 2.172 

  
0.724 

     OSTRACIIDAE  
    Ostracion meleagris 

 
1.576 

 
0.525 

               

Avg. Biomass =  137.819 33.311 155.021 108.717 

Total Species  = 15 9 15 28 

Total Families = 7 6 9 12 

 

 

Table E-6.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 6: 3/22/2008 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE  
    Echidna nebulosa 5.060 

  
1.687 

     CHAETODONTIDAE  
    Chaetodon lunula 
 

3.467 
 

1.156 

C. lunulatus 22.705 
  

7.568 

C. miliaris 
  

9.008 3.003 
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POMACENTRIDAE  
    Abudefduf abdominalis 14.441 

 
45.837 20.093 

A. sordidus 1.120 
 

1.306 0.809 

Dascyllus albisella 7.142 
  

2.381 

Plectroglyphidodon imparipennis 1.848 
  

0.616 

     LABRIDAE  
    Gomphosus varius 1.334 

  
0.445 

Halichoeres ornatissimus 
 

1.171 
 

0.390 

Labroides phthirophagus 
  

0.309 0.103 

Stethojulis bandanensis 
 

0.400 
 

0.133 

Thalassoma duperrey 
  

3.027 1.009 

T. trilobatum 

  
2.886 0.962 

     SCARIDAE  
    Chlororus spilurus 
 

4.422 17.687 7.370 

Scarus psittacus 
  

7.976 2.659 

S. rubroviolaceus 
    

     BLENNIIDAE  
    Cirripectes vanderbilti 1.363 

 
5.342 2.235 

Entomacrodus marmoratus 
  

2.714 0.905 

     ZANCLIDAE  
    Zanclus cornutus 
 

5.219 
 

1.740 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 9.641 3.423 9.179 7.415 

A. nigroris 
 

3.837 7.248 3.695 

A. olivaceus 
  

15.539 5.180 

A. triostegus 17.457 0.276 16.316 11.350 

Zebrasoma flavescens 
  

0.650 0.217 

     BALISTIDAE  
    Rhinecanthus aculeatus 
  

21.140 7.047 

R. rectangulus 10.570 
  

3.523 

     TETRAODONTIDAE  
    Canthigaster coronata 
  

2.103 0.701 

          

Avg. Biomass =  92.681 22.216 168.268 94.389 

Total Species  = 11 8 17 27 

Total Families = 7 5 9 11 

 

 

 

 



Appendix E 
 

277 
 

Table E-7.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 7: 7/2/2008 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE  
    Gymnothorax meleagris 
  

37.321 12.440 

     AULOSTOMIDAE  
    Aulostomus chinensis 38.184 

  
12.728 

     FISTULARIIDAE  
    Fistularia commersonii 18.479 

 
10.004 9.494 

     CIRRHITIDAE  
    Paracirrhites arcatus 
  

5.415 1.805 

     CHAETODONTIDAE  
    Chaetodon lunula 
  

6.771 2.257 

C. lunulatus 
 

6.155 4.830 3.662 

     POMACENTRIDAE  
    Abudefduf abdominalis 7.461 

 
13.098 6.853 

A. sordidus 
 

0.653 1.530 0.728 

Dascyllus albisella 4.731 
  

1.577 

Plectroglyphidodon imparipennis 1.050 3.081 1.576 1.902 

Stegastes fasciolatus 
  

4.481 1.494 

     LABRIDAE  
    Halichoeres ornatissimus 
 

2.930 
 

0.977 

Pseudocheilinus hexataenia 0.919 
  

0.306 

Stethojulis bandanensis 
 

0.168 0.840 0.336 

Thalassoma duperrey 7.426 2.631 7.546 5.867 

T. lutescens 
  

0.699 0.233 

     SCARIDAE  
    Chlorurus spilurus 59.102 25.799 45.960 43.620 

Scarus psittacus 31.583 
 

55.832 29.138 

S. rubroviolaceus 2.264 
  

0.755 

     BLENNIIDAE  
    Cirripectes vanderbilti 1.208 

  
0.403 

Blennidae sp. 0.900 
  

0.300 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 5.756 3.423 4.565 4.581 

A. nigroris 1.690 
  

0.563 

A. triostegus 
 

4.079 
 

1.360 

Ctenochaetus strigosus 
 

0.436 
 

0.145 
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Zebrasoma flavescens 
  

0.238 0.079 

     BALISTIDAE  
    Rhinecanthus rectangulus 10.570 

  
3.523 

     TETRAODONTIDAE  
    Canthigaster jactator 
 

1.051 
 

0.350 

     DIODONTIDAE  
    Diodon hystrix 63.199 

  
21.066 

          

Avg. Biomass =  254.523 50.407 200.704 168.545 

Total Species  = 16 11 16 29 

Total Families = 9 6 8 13 

 

Table E-8.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 8: 9/4/2008 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     CIRRHITIDAE  
    Paracirrhites arcatus 
  

4.061 1.354 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

34.426 11.475 

C. lunulatus 9.496 9.496 
 

6.331 

C. miliaris 
  

11.163 3.721 

     POMACENTRIDAE  
    Abudefduf abdominalis 5.996 4.733 6.060 5.596 

A. sordidus 
 

0.675 
 

0.225 

Dascyllus albisella 
  

2.198 0.733 

Plectroglyphidodon imparipennis 0.525 
 

0.700 0.408 

Stegastes fasciolatus 
  

4.503 1.501 

     LABRIDAE  
    Coris venusta 

  
1.231 0.410 

Gomphosus varius 1.831 
  

0.610 

Halichoeres ornatissimus 
 

1.171 
 

0.390 

Pseudocheilinus hexataenia 0.620 
 

1.539 0.720 

Stethojulis bandanensis 
 

1.382 0.210 0.531 

Thalassoma duperrey 1.234 2.468 1.607 1.770 

     SCARIDAE  
    Chlorurus spilurus 12.695 33.781 97.052 47.843 

Scarus psittacus 10.858 
 

23.928 11.595 

S. rubroviolaceus 
  

4.527 1.509 
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BLENNIIDAE  
    Cirripectes vanderbilti 2.107 

 
3.217 1.775 

Entomacrodus marmoratus 2.036 
 

2.714 1.583 

     ZANCLIDAE  
    Zanclus cornutus 
  

17.613 5.871 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 1.141 2.282 4.565 2.663 

A. nigroris 2.282 
 

15.350 5.877 

A. triostegus 15.361 6.003 1.198 7.521 

Ctenochaetus strigosus 0.254 
  

0.085 

Zebrasoma flavescens 

  
0.254 0.085 

Z. veliferum 2.030 
 

6.392 2.807 

          

Avg. Biomass =  68.466 61.992 244.508 124.989 

Total Species  = 15 9 22 27 

Total Families = 6 5 8 8 

 

Table E-9.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 9: 12/21/2008 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     FISTULARIIDAE  
    Fistularia commersonii 7.643 

  
2.548 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

4.409 1.470 

Paracirrhites arcatus 
  

9.028 3.009 

     CHAETODONTIDAE  
    Chaetodon lunulatus 22.705 

  
7.568 

C. miliaris 
  

6.174 2.058 

     POMACENTRIDAE  
    Abudefduf abdominalis 6.348 4.761 4.761 5.290 

Dascyllus albisella 1.860 
  

0.620 

Plectroglyphidodon imparipennis 
 

1.232 
 

0.411 

Stegastes fasciolatus 
 

3.248 
 

1.083 

     LABRIDAE  
    Gomphosus varius 
  

3.661 1.220 

Pseudocheilinus hexataenia 0.827 
 

0.459 0.429 

Stethojulis bandanensis 
 

1.365 
 

0.455 

Thalassoma duperrey 2.468 
 

9.350 3.939 

T. lutescens 
  

1.234 0.411 
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SCARIDAE  
    Chlorurus spilurus 5.527 

 
12.900 6.142 

     BLENNIIDAE  
    Cirripectes vanderbilti 
  

0.843 0.281 

Entomacrodus marmoratus 
  

1.696 0.565 

     ACANTHURIDAE  
    Acanthurus nigroris 
 

3.423 13.893 5.772 

A. olivaceus 
  

15.539 5.180 

A. triostegus 9.165 10.121 12.237 10.508 

Ctenochaetus strigosus 
  

0.254 0.085 

Zebrasoma flavescens 

  
0.475 0.158 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

7.820 
 

2.607 

     TETRAODONTIDAE  
    Canthigaster jactator 
 

1.051 
 

0.350 

     DIODONTIDAE  
    Diodon hystrix 
  

63.199 21.066 

          

Avg. Biomass =  56.542 33.023 160.114 83.226 

Total Species  = 8 8 17 25 

Total Families = 6 5 8 11 

 

 

Table E-10.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 10: 4/4/2009 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     FISTULARIIDAE  
    Fistularia commersonii 
  

5.002 1.667 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

2.465 0.822 

Paracirrhites arcatus 
  

3.613 1.204 

     CARANGIDAE  
    Caranx melampygus 
  

28.436 9.479 

     CHAETODONTIDAE  
    Chaetodon lunula 
  

5.505 1.835 

C. lunulatus 
 

9.496 
 

3.165 

C. miliaris 
 

2.196 
 

0.732 
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     POMACENTRIDAE  
    Abudefduf abdominalis 3.119 6.348 7.662 5.709 

A. sordidus 
  

3.060 1.020 

Dascyllus albisella 2.365 
  

0.788 

     LABRIDAE  
    Coris venusta 0.489 

  
0.163 

Gomphosus varius 1.050 0.667 
 

0.572 

Halichoeres ornatissimus 
 

1.465 
 

0.488 

Pseudocheilinus hexataenia 
  

1.103 0.368 

Stethojulis bandanensis 
 

0.594 
 

0.198 

Thalassoma duperrey 2.978 3.865 7.426 4.756 

T. lutescens 1.234 
  

0.411 

     SCARIDAE  
    Chlorurus spilurus 28.254 12.160 21.096 20.504 

Scarus psittacus 4.168 
 

16.313 6.827 

Scarus sp. 
  

1.004 0.335 

     BLENNIIDAE  
    Cirripectes vanderbilti 2.965 

 
4.013 2.326 

Entomacrodus marmoratus 2.036 
 

3.393 1.809 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

3.423 5.756 3.060 

A. nigroris 7.248 3.837 3.381 4.822 

A. olivaceus 
  

14.199 4.733 

A. triostegus 12.815 4.201 15.105 10.707 

Ctenochaetus strigosus 0.508 
  

0.169 

Zebrasoma flavescens 
  

0.356 0.119 

     BALISTIDAE  
    Rhinecanthus rectangulus 
  

13.281 4.427 

          

Avg. Biomass =  69.230 48.253 162.168 93.217 

Total Species  = 13 11 20 29 

Total Families = 5 5 10 10 
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Table E-11.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 11: 6/6/2009 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE  
    Gymnothorax meleagris 6.532 

 
61.630 22.721 

     AULOSTOMIDAE  
    Aulostomus chinensis 22.434 38.184 

 
20.206 

     CIRRHITIDAE  
    Paracirrhites arcatus 
 

1.354 
 

0.451 

     CARANGIDAE  
    Caranx melampygus 49.048 

  
16.349 

     CHAETODONTIDAE  
    Chaetodon lunula 3.467 

 
5.505 2.991 

C. miliaris 
 

3.087 4.727 2.605 

     POMACENTRIDAE  
    Abudefduf abdominalis 13.882 4.761 22.031 13.558 

Dascyllus albisella 1.015 
 

0.676 0.564 

Plectroglyphidodon imparipennis 2.465 
 

3.501 1.989 

Stegastes fasciolatus 
  

7.579 2.526 

     LABRIDAE  
    Gomphosus varius 0.667 

  
0.222 

Halichoeres ornatissimus 
 

2.539 
 

0.846 

Stethojulis bandanensis 
 

1.260 
 

0.420 

Thalassoma duperrey 1.397 
 

6.496 2.631 

T. lutescens 2.475 
 

1.397 1.291 

T. trilobatum 
  

4.960 1.653 

     SCARIDAE  
    Chlorurus spilurus 15.596 

 
19.270 11.622 

Scarus psittacus 10.078 
  

3.359 

     BLENNIIDAE  
    Cirripectes vanderbilti 1.781 

 
4.215 1.999 

Entomacrodus marmoratus 2.036 
 

2.036 1.357 

Blennidae sp. 2.771 
  

0.924 

  
    ZANCLIDAE  
    Zanclus cornutus 11.916 

  
3.972 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

4.699 0.798 1.832 
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A. olivaceus 
  

23.070 7.690 

A. triostegus 4.127 0.184 
 

1.437 

     TETRAODONTIDAE  
    Canthigaster coronata 
  

0.771 0.257 

C. jactator 2.103 1.051 1.543 1.566 

C. solandri 1.051 
  

0.350 

          

Avg. Biomass =  154.840 57.119 170.205 127.388 

Total Species  = 19 9 17 28 

Total Families = 11 7 8 12 

 

Table E-12.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 12: 9/18/2009 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

2.465 0.822 

Paracirrhites arcatus 
  

1.724 0.575 

     CARANGIDAE  
    Caranx melampygus 
 

28.436 
 

9.479 

     LUTJANIDAE  
    Lutjanus kasmira 
  

28.224 9.408 

     CHAETODONTIDAE  
    Chaetodon lunula 
 

4.408 
 

1.469 

C. lunulatus 
  

9.233 3.078 

C. miliaris 
 

5.581 11.320 5.634 

C. ornatissimus 
  

9.496 3.165 

     POMACENTRIDAE  
    Abudefduf abdominalis 3.074 

 
4.707 2.594 

A. sordidus 
  

0.675 0.225 

Dascyllus albisella 

 
5.067 0.676 1.914 

Plectroglyphidodon imparipennis 1.232 
 

1.848 1.027 

Stegastes fasciolatus 
  

5.414 1.805 

     LABRIDAE  
    Gomphosus varius 3.747 2.363 

 
2.037 

Halichoeres ornatissimus 
 

0.977 
 

0.326 

Pseudocheilinus hexataenia 1.287 
 

1.838 1.042 

Stethojulis bandanensis 
 

3.041 1.147 1.396 

Thalassoma duperrey 4.950 1.234 7.978 4.721 

T. lutescens 2.475 
  

0.825 
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SCARIDAE  
    Chlororus spilurus 52.452 8.144 80.327 46.975 

Scarus psittacus 4.168 
 

27.916 10.695 

Scarus sp. 
  

1.205 0.402 

     BLENNIIDAE  
    Cirripectes vanderbilti 3.090 

 
1.264 1.452 

Entomacrodus marmoratus 2.714 
 

0.846 1.187 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 2.282 1.690 3.837 2.603 

A. nigroris 
  

11.411 3.804 

A. triostegus 11.374 8.609 9.810 9.931 

Ctenochaetus strigosus 0.844 
  

0.281 

Zebrasoma flavescens 
  

0.767 0.256 

     OSTRACIIDAE  
    Ostracion meleagris 
  

1.128 0.376 

          

Avg. Biomass =  93.691 69.550 225.255 129.499 

Total Species  = 13 11 24 30 

Total Families = 5 6 9 10 

 

 

Table E-13.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 13: 12/27/2009 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     AULOSTOMIDAE  
    Aulostomus chinensis 
  

38.184 12.728 

     FISTULARIIDAE  
    Fistularia commersonii 7.643 5.002 

 
4.215 

     CIRRHITIDAE  
    Paracirrhites arcatus 
 

0.903 2.710 1.204 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

9.968 3.323 

C. lunula 16.049 
  

5.350 

C. miliaris 
 

2.791 
 

0.930 

     POMACENTRIDAE  
    Abudefduf abdominalis 12.616 0.780 3.819 5.738 

A. sordidus 
 

1.920 
 

0.640 

Dascyllus albisella 1.353 6.187 0.248 2.596 
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Plectroglyphidodon imparipennis 
  

3.006 1.002 

Stegastes fasciolatus 
 

3.006 
 

1.002 

     LABRIDAE  
    Halichoeres ornatissimus 
 

1.465 
 

0.488 

Pseudocheilinus hexataenia 1.446 
 

0.919 0.789 

Stethojulis bandanensis 
 

0.400 
 

0.133 

Thalassoma duperrey 2.475 2.475 
 

1.650 

T. lutescens 0.000 
 

4.951 1.650 

     SCARIDAE  
    Chlorurus spilurus 17.199 

 
12.900 10.033 

Scarus psittacus 15.952 
  

5.317 

     BLENNIIDAE  
    Cirripectes vanderbilti 1.686 

 
2.740 1.475 

Entomacrodus marmoratus 
  

1.357 0.452 

  
    ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

1.690 1.690 1.127 

A. nigroris 2.282 
  

0.761 

A. triostegus 21.177 1.889 4.581 9.216 

     TETRAODONTIDAE  
    Canthigaster jactator 
  

2.103 0.701 

          

Avg. Biomass =  99.879 28.509 89.175 72.521 

Total Species  = 12 12 14 24 

Total Families = 7 6 9 10 

 

Table E-14.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 14: 4/3/2010 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE  
    Gymnothorax meleagris 

  
0.093 0.031 

     FISTULARIIDAE  
    Fistularia commersonii 0.022 

  
0.007 

     CIRRHITIDAE  
    Paracirrhites arcatus 
  

0.004 0.001 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

0.012 0.004 

C. lunula 
  

0.005 0.002 

C. miliaris 
 

0.013 
 

0.004 
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     POMACENTRIDAE  
    Abudefduf abdominalis 0.034 

 
0.036 0.023 

A. sordidus 
  

0.007 0.003 

Dascyllus albisella 0.004 
 

0.004 0.003 

Plectroglyphidodon imparipennis 0.002 0.004 
 

0.002 

     LABRIDAE  
    Gomphosus varius 
  

0.005 0.002 

Halichoeres ornatissimus 
 

0.004 
 

0.001 

Stethojulis bandanensis 
 

0.003 
  Thalassoma duperrey 0.006 0.006 0.013 0.008 

T. lutescens 0.006 
 

0.002 0.003 

T. trilobatum 
    

     SCARIDAE  
    Chlorurus spilurus 0.090 

 
0.119 0.070 

Scarus psittacus 0.107 
 

0.048 0.052 

S. rubroviolaceus 0.002 
   

     BLENNIIDAE  
    Cirripectes vanderbilti 0.010 

  
0.004 

Entomacrodus marmoratus 0.007 
  

0.002 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

0.006 0.009 0.005 

A. nigroris 

 
0.008 

 
0.003 

A. olivaceus 
    A. triostegus 0.010 0.004 

 
0.004 

Zebrasoma flavescens 
    Z. veliferum 
  

0.013 0.004 

     TETRAODONTIDAE  
    Canthigaster coronata 
  

0.002 
 C. jactator 0.006 

 
0.004 0.003 

          

Avg. Biomass =  0.306 0.048 0.376 0.243 

Total Species  = 13 8 16 23 

Total Families = 7 4 9 10 
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Table E-15.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 15: 8/3/2010 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     FISTULARIIDAE  
    Fistularia commersonii 
  

10.004 3.335 

     CIRRHITIDAE  
    Paracirrhites arcatus 
  

1.807 0.602 

     CARANGIDAE  
    Caranx melampygus 
  

14.218 4.739 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

9.968 3.323 

C. lunula 16.049 
  

5.350 

C. miliaris 
 

7.090 11.389 6.160 

     POMACENTRIDAE  
    Abudefduf abdominalis 5.612 4.761 4.572 4.982 

A. sordidus 
 

0.393 
 

0.131 

Plectroglyphidodon imparipennis 1.050 
 

0.700 0.584 

Stegastes fasciolatus 
 

5.414 6.497 3.970 

     LABRIDAE  
    Coris venusta 0.489 

  
0.163 

Gomphosus varius 1.831 1.050 1.050 1.310 

Halichoeres ornatissimus 
 

0.781 
 

0.260 

Pseudocheilinus hexataenia 
  

2.390 0.797 

Stethojulis bandanensis 
 

1.394 
 

0.465 

Thalassoma duperrey 0.699 1.397 3.701 1.932 

T. lutescens 
 

1.234 1.397 0.877 

     SCARIDAE  
    Chlorurus spilurus 40.343 

 
126.497 55.613 

Scarus psittacus 7.622 
 

71.784 26.469 

     BLENNIIDAE  
    Cirripectes vanderbilti 5.058 

 
0.843 1.967 

Entomacrodus marmoratus 1.357 
  

0.452 

     ZANCLIDAE  
    Zanclus cornutus 11.916 

  
3.972 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 5.756 

  
1.919 

A. nigroris 2.282 
 

3.837 2.040 

A. olivaceus 
  

11.269 3.756 



Appendix E 
 

288 
 

A. triostegus 13.849 2.014 8.402 8.088 

Ctenochaetus strigosus 0.276 
  

0.092 

Zebrasoma flavescens 
  

0.356 0.119 

     TETRAODONTIDAE  
    C. coronata 
  

1.051 0.350 

C. jactator 0.771 1.051 
 

0.608 

          

Avg. Biomass =  114.960 26.579 291.734 144.424 

Total Species  = 16 11 20 30 

Total Families = 8 5 10 11 

 

 

Table E-16.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 16: 10/10/2010 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     FISTULARIIDAE  
    Fistularia commersonii 5.002 

  
1.667 

     CIRRHITIDAE  
    Cirrhitidae pinnulatus 

  
8.818 2.939 

Paracirrhites arcatus 
  

1.724 0.575 

     CHAETODONTIDAE  
    Chaetodon auriga 
  

9.968 3.323 

C. lunula 
 

4.408 
 

1.469 

C. lunulatus 22.705 
  

7.568 

C. miliaris 
  

8.372 2.791 

C. ornatissimus 
  

12.454 4.151 

     POMACENTRIDAE  
    Abudefduf abdominalis 
 

7.934 
 

2.645 

A. sordidus 1.530 1.065 0.653 1.083 

Dascyllus albisella 0.186 
 

0.507 0.231 

Plectroglyphidodon imparipennis 2.626 
 

1.401 1.342 

Stegastes fasciolatus 
 

3.248 11.000 4.749 

     LABRIDAE  
    Gomphosus varius 1.831 2.101 

 
1.310 

Halichoeres ornatissimus 
 

1.952 
 

0.651 

Pseudocheilinus hexataenia 2.206 
  

0.735 

Stethojulis bandanensis 
 

2.188 
 

0.729 

Thalassoma duperrey 
 

3.701 1.234 1.645 

T. lutescens 6.073 1.234 
 

2.436 
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SCARIDAE  
    Chlorurus spilurus 13.699 19.532 13.266 15.499 

Scarus psittacus 15.778 
 

13.338 9.705 

     BLENNIIDAE  
    Cirripectes vanderbilti 4.060 

  
1.353 

Blennidae sp. 2.078 
  

0.693 

  
    ZANCLIDAE  
    Zanclus cornutus 
  

15.656 5.219 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 3.381 3.423 7.675 4.826 

A. nigroris 2.282 3.423 
 

1.902 

A. olivaceus 
  

6.462 2.154 

A. triostegus 11.589 8.158 9.616 9.788 

Zebrasoma flavescens 
  

0.402 0.134 

Z. veliferum 4.059 
  

1.353 

          

Avg. Biomass =  99.085 62.369 122.545 94.666 

Total Species  = 16 13 17 30 

Total Families = 7 5 7 9 

 

Table E-17.  Estimate of biomass for all reef fish species observed  

at Reefs 19, 20, and 21. Kaneohe Bay.  Survey 17: 12/27/2010 
 Estimate reported in kilograms/hectare         

FAMILY 
 

Reef 
   Genus/Species 19 20 21 Average 

     MURAENIDAE  
    Gymnothorax meleagris 19.432 

  
6.477 

     FISTULARIIDAE  
    Fistularia commersonii 
  

12.467 4.156 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 
  

4.409 1.470 

Paracirrhites arcatus 

  
2.710 0.903 

     CHAETODONTIDAE  
    Chaetodon lunulatus 
 

2.780 21.053 7.944 

C. miliaris 
 

4.186 7.203 3.796 

C. ornatissimus 
  

15.183 5.061 

     POMACENTRIDAE  
    Abudefduf abdominalis 3.954 7.662 13.905 8.507 

Dascyllus albisella 3.094 
 

5.067 2.720 

Plectroglyphidodon imparipennis 0.700 
  

0.233 

Stegastes fasciolatus 
 

9.006 3.006 4.004 
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     LABRIDAE  
    Gomphosus varius 
  

2.101 0.700 

Halichoeres ornatissimus 
 

3.419 
 

1.140 

Pseudocheilinus hexataenia 0.827 
 

2.573 1.133 

Stethojulis bandanensis 
 

0.148 1.681 0.610 

Thalassoma duperrey 1.234 3.701 4.890 3.275 

T. trilobatum 
  

1.488 0.496 

     SCARIDAE  
    Chlorurus spilurus 4.300 

  
1.433 

     BLENNIIDAE  
    Cirripectes vanderbilti 2.529 

 
1.686 1.405 

Entomacrodus marmoratus 6.445 
 

2.036 2.827 

     ZANCLIDAE  
    Zanclus cornutus 
  

26.420 8.807 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

3.381 6.847 3.409 

A. olivaceus 
  

7.770 2.590 

A. triostegus 7.651 3.778 12.237 7.889 

Zebrasoma flavescens 
  

0.201 0.067 

Z. veliferum 
  

5.570 1.857 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

3.083 
 

1.028 

          

Avg. Biomass =  50.165 41.144 160.503 83.937 

Total Species  = 10 10 22 27 

Total Families = 6 5 8 11 
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Table F-1.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 1: 3/28/2008.  
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MUGILIDAE (Mullets) 

    Mugil cephalus 
 

0.015 0.0075 
 

     MULLIDAE (Goatfishes) 
    Mulloidichthys vanicolensis 
 

0.045 0.0225 
 

     CIRRHITIDAE (Hawkfishes) 
    Paracirrhites arcatus 0.01 

 
0.005 

 

     LUTJANIDAE (Snappers) 
    Lutjanus kasmira 
 

0.05 0.025 
 

     CHAETODONTIDAE (Butterflyfishes) 
    Chaetodon auriga 
 

0.01 0.005 
 Chaetodon lunula 

 
0.01 0.005 

 Chaetodon miliaris 0.03 0.02 0.025 
 Chaetodon ornatissimus 0.01 

 
0.005 

 Chaetodon quadrimaculatus 0.01 
 

0.005 
 Chaetodon unimaculatus 0.01 

 
0.005 

 Forcipiger flavissimus 0.01 
 

0.005 
 

     POMACENTRIDAE (Damselfishes) 
    Abudefduf abdominalis 0.04 0.19 0.115 

 Abudefduf sordidus 0.005 0.015 0.01 
 Dascyllus albisella 0.015 0.035 0.025 
 Plectroglyphidodon imparipennis 0.02 0.035 0.0275 
 Stegastes fasciolatus 0.03 0.02 0.025 
 

     LABRIDAE (Wrasses) 
    Bodianus bilunulatus 0.005 0.005 0.005 

 Gomphosus varius 0.01 0.01 0.01 
 Halichoeres ornatissimus 0.03 0.005 0.0175 
 Pseudocheilinus hexataenia 0.03 

 
0.015 

 Stethojulis bandanensis 
 

0.015 0.0075 
 Thalassoma duperrey 

 
0.005 0.0025 

 Thalassoma lutescens 0.005 
 

0.0025 
 Thalassoma trilobatum 0.01 

 
0.005 

 

     SCARIDAE (Parrotfishes) 
    Chlorurus spilurus 0.13 0.06 0.095 

 Scarus psittacus 0.05 0.175 0.1125 
 Scarus rubroviolaceus 0.005 

 
0.0025 

 

     BLENNIIDAE (Blennies) 
    Cirripectes vanderbilti 
 

0.03 0.015 
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Omobranchus obliquus 
 

0.035 0.0175 
 Blennidae sp. 

 
0.02 0.01 

 

     ZANCLIDAE (Moorish Idol) 
    Zanclus cornutus 0.01 0.005 0.0075 

 

     ACANTHURIDAE (Surgeonfishes) 
    Acanthurus achilles 
 

0.01 0.005 
 Acanthurus nigrofuscus 

 
0.02 0.01 

 Acanthurus nigroris 0.015 0.05 0.0325 
 Acanthurus olivaceus 0.02 0.015 0.0175 
 Acanthurus triostegus 0.045 0.155 0.1 
 Ctenochaetus strigosus 0.03 

 
0.015 

 Zebrasoma flavescens 
 

0.04 0.02 
 

     BALISTIDAE (Triggerfishes) 
    Sufflamen bursa 0.005 

 
0.0025 

 

     TETRAODONTIDAE (Puffers) 
    Canthigaster jactator 0.005 

 
0.0025 

 

     DIODONTIDAE (Porcupinefishes) 
    Diodon hystrix   0.005 0.0025 

 Avg. Density =  0.595 1.105 0.85 
 Total Species  = 27 29 41 
 Total Families = 9 11 14 
  

 

Table F-2.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 2: 5/13/2008 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MURAENIDAE  

    Gymnothorax flavimarginatus 
 

0.005 0.0025 
 

     FISTULARIIDAE  
    Fistularia commersonii 
 

0.005 0.0025 
 

     HOLOCENTRIDAE 
    Myripristis amaena 
 

0.025 0.0125 
 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 0.01 

 
0.005 

 Paracirrhites arcatus 
 

0.01 0.005 
 

     CARANGIDAE 
    Caranx ignobilis 0.015 

 
0.0075 
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     LUTJANIDAE  
    Lutjanus fulvus 
 

0.015 0.0075 
 

     POMACANTHIDAE 
    Centropyge potteri 0.005 

 
0.0025 

 

     CHAETODONTIDAE  
    Chaetodon auriga 
 

0.01 0.005 
 Chaetodon lunula 0.01 

 
0.005 

 Chaetodon lunulatus 
 

0.01 0.005 
 Chaetodon miliaris 0.03 0.035 0.0325 
 Chaetodon ornatissimus 0.01 

 
0.005 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.045 0.085 0.065 

 Abudefduf sordidus 
 

0.005 0.0025 
 Dascyllus albisella 0.01 

 
0.005 

 Plectroglyphidodon imparipennis 0.055 0.025 0.04 
 

     LABRIDAE  
    Bodianus bilunulatus 
 

0.01 0.005 
 Coris venusta 

 
0.005 0.0025 

 Gomphosus varius 0.005 0.005 0.005 
 Halichoeres hortulanus 0.005 

 
0.0025 

 Halichoeres ornatissimus 0.025 0.035 0.03 
 Labroides phthirophagus 0.005 0.01 0.0075 
 Thalassoma duperrey 0.01 

 
0.005 

 Thalassoma lutescens 0.005 
 

0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.18 0.135 0.1575 

 Scarus perspicillatus 
 

0.005 0.0025 
 Scarus psittacus 

 
0.22 0.11 

 Scarus rubroviolaceus 
 

0.005 0.0025 
 Scarus schlegeli 0.005 

 
0.0025 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 0.03 0.02 0.025 

 Omobranchus obliquus 

 
0.015 0.0075 

 Blennidae sp. 
 

0.055 0.0275 
 

     ZANCLIDAE  
    Zanclus cornutus 
 

0.025 0.0125 
 

     ACANTHURIDAE  
    Acanthurus achilles 0.005 

 
0.0025 

 Acanthurus dussumieri 0.005 
 

0.0025 
 Acanthurus nigrofuscus 

 
0.02 0.01 

 Acanthurus nigroris 
 

0.065 0.0325 
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Acanthurus triostegus 0.115 0.15 0.1325 
 Acanthurus xanthopterus 

 
0.005 0.0025 

 Ctenochaetus strigosus 0.02 0.035 0.0275 
 Zebrasoma flavescens 0.01 

 
0.005 

 Zebrasoma veliferum 0.005 0.005 0.005 
 

     TETRAODONTIDAE 
    Canthigaster jactator 
 

0.01 0.005 
 

     DIODONTIDAE  
    Diodon hystrix 0.005   0.0025 

 Avg. Density =  0.625 1.065 0.845 
 Total Species  = 25 31 45 
 Total Families = 10 13 16 
  

 

Table F-3.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 3: 9/24/2008 
   Average density per m

2
 on reef flats.     

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MURAENIDAE  

    Gymnothorax meleagris 0.005 
 

0.0025 
 

     SPHYRAENIDAE 
    Sphyraena barracuda 
 

0.005 0.0025 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.005 

 
0.0025 

 

     AULOSTOMIDAE 
    Aulostomis chinensis 
 

0.005 0.0025 
 

     MULLIDAE  
    Mulloidichthys flavolineatus 
 

0.03 0.015 
 Mulloidichthys vanicolensis 0.06 0.045 0.0525 
 

     CARANGIDAE 
    Caranx melampygus 0.005 0.01 0.0075 

 

     LUTJANIDAE  
    Lutjanus fulvus 0.015 0.02 0.0175 

 Lutjanus kasmira 0.05 0.065 0.0575 
 

     CHAETODONTIDAE  
    Chaetodon auriga 0.01 

 
0.005 

 Chaetodon ephippium 
 

0.01 0.005 
 Chaetodon lunulatus 0.01 

 
0.005 
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Chaetodon ornatissimus 0.015 0.01 0.0125 
 Chaetodon quadrimaculatus 0.01 

 
0.005 

 Chaetodon trifasciatus 0.01 
 

0.005 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.125 0.15 0.1375 

 Abudefduf sordidus 0.02 
 

0.01 
 Dascyllus albisella 0.01 0.015 0.0125 
 Plectroglyphidodon imparipennis 

 
0.03 0.015 

 Stegastes fasciolatus 0.03 0.045 0.0375 
 

     LABRIDAE  
    Halichoeres hortulanus 0.005 

 
0.0025 

 Halichoeres ornatissimus 
 

0.025 0.0125 
 Pseudocheilinus hexataenia 0.03 

 
0.015 

 Stethojulis bandanensis 0.03 0.035 0.0325 
 Thalassoma duperrey 0.02 0.02 0.02 
 Thalassoma lutescens 0.005 

 
0.0025 

 Thalassoma trilobatum 0.005 
 

0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.35 0.175 0.2625 

 Scarus perspicillatus 
 

0.005 0.0025 
 Scarus psittacus 0.09 0.295 0.1925 
 Scarus rubroviolaceus 

 
0.005 0.0025 

 Scarus sp. 0.1 
 

0.05 
 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

0.015 0.0075 
 Blennidae sp. 

 
0.105 0.0525 

 

     ZANCLIDAE  
    Zanclus cornutus 
 

0.005 0.0025 
 

     ACANTHURIDAE  
    Acanthurus blochii 
 

0.005 0.0025 
 Acanthurus nigrofuscus 0.055 

 
0.0275 

 Acanthurus nigroris 0.04 0.08 0.06 
 Acanthurus olivaceus 0.015 0.015 0.015 
 Acanthurus triostegus 0.165 0.175 0.17 
 Ctenochaetus strigosus 0.04 0.035 0.0375 
 Naso lituratus 

 
0.01 0.005 

 Zebrasoma flavescens 
 

0.03 0.015 
 Zebrasoma veliferum 

 
0.01 0.005 

 

     TETRAODONTIDAE 
    Canthigaster coronata 
 

0.005 0.0025 
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DIODONTIDAE  
    Diodon hystrix   0.005 0.0025 

 Avg. Density =  1.33 1.495 1.4125 
 Total Species  = 29 33 46 
 Total Families = 10 14 16 
  

 

Table F-4.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 4: 12/18/2008 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MULLIDAE  

    Mulloidichthys flavolineatus 
 

0.025 0.0125 
 Parupeneus multifasciatus 

 
0.01 0.005 

 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.015 0.005 0.01 

 

     SERRANIDAE 
    Cephalophalis argus 0.005 

 
0.0025 

 

     LUTJANIDAE  
    Lutjanus fulvus 
 

0.005 0.0025 
 

     POMACANTHIDAE 
    Centropyge potteri 0.005 

 
0.0025 

 

     CHAETODONTIDAE  
    Chaetodon auriga 0.02 

 
0.01 

 Chaetodon miliaris 
 

0.015 0.0075 
 Chaetodon quadrimaculatus 0.01 

 
0.005 

 Chaetodon trifasciatus 
 

0.01 0.005 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.06 0.065 0.0625 

 Abudefduf sordidus 0.015 
 

0.0075 
 Dascyllus albisella 0.02 0.025 0.0225 
 Plectroglyphidodon imparipennis 0.03 

 
0.015 

 Stegastes fasciolatus 
 

0.02 0.01 
 

     LABRIDAE  
    Bodianus bilunulatus 0.005 

 
0.0025 

 Gomphosus varius 0.015 0.01 0.0125 
 Halichoeres hortulanus 

 
0.01 0.005 

 Halichoeres ornatissimus 0.025 
 

0.0125 
 Labroides phthirophagus 0.01 0.005 0.0075 
 Pseudocheilinus hexataenia 0.02 

 
0.01 
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Stethojulis bandanensis 
 

0.01 0.005 
 Thalassoma lutescens 0.005 

 
0.0025 

 Thalassoma trilobatum 
 

0.005 0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.075 0.05 0.0625 

 Scarus psittacus 0.02 0.05 0.035 
 Scarus schlegeli 

 
0.005 0.0025 

 

     BLENNIIDAE  
    Blenniella chrysospilos 
 

0.05 0.025 
 Cirripectes vanderbilti 

 
0.02 0.01 

 

     ZANCLIDAE  
    Zanclus cornutus 0.015 0.005 0.01 

 

     ACANTHURIDAE  
    Acanthurus achilles 
 

0.01 0.005 
 Acanthurus nigrofuscus 

 
0.03 0.015 

 Acanthurus nigroris 0.025 
 

0.0125 
 Acanthurus olivaceus 0.01 0.01 0.01 
 Acanthurus triostegus 0.08 0.03 0.055 
 Acanthurus xanthopterus 0.005 

 
0.0025 

 Ctenochaetus strigosus 0.03 0.025 0.0275 
 Zebrasoma flavescens 

 
0.035 0.0175 

 Zebrasoma veliferum 
 

0.005 0.0025 
 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

0.005 0.0025 
 

     TETRAODONTIDAE 
    Canthigaster jactator 0.005   0.0025 

 Avg. Density =  0.525 0.55 0.5375 
 Total Species  = 24 28 41 
 Total Families = 10 11 14 
  

 

Table F-5.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 5: 3/24/2009 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 FISTULARIIDAE  

    Fistularia commersonii 
 

0.005 0.0025 
 

     AULOSTOMIDAE 
    Aulostomis chinensis 0.005 

 
0.0025 
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CIRRHITIDAE  
    Paracirrhites arcatus 0.025 

 
0.0125 

 

     CHAETODONTIDAE  
    Chaetodon lunula 0.01 0.01 0.01 

 Chaetodon miliaris 0.025 0.055 0.04 
 Chaetodon ornatissimus 

 
0.01 0.005 

 Chaetodon unimaculatus 0.01 
 

0.005 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.05 0.075 0.0625 

 Abudefduf sordidus 0.01 0.04 0.025 
 Dascyllus albisella 0.02 0.015 0.0175 
 Plectroglyphidodon imparipennis 0.035 0.03 0.0325 
 

     LABRIDAE  
    Bodianus bilunulatus 0.005 0.005 0.005 

 Coris venusta 0.005 
 

0.0025 
 Gomphosus varius 0.01 0.01 0.01 
 Halichoeres hortulanus 0.005 

 
0.0025 

 Halichoeres ornatissimus 0.03 0.02 0.025 
 Pseudocheilinus hexataenia 0.02 

 
0.01 

 Stethojulis bandanensis 
 

0.03 0.015 
 Thalassoma lutescens 0.005 

 
0.0025 

 Thalassoma trilobatum 0.005 
 

0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.14 0.085 0.1125 

 Scarus perspicillatus 0.005 
 

0.0025 
 Scarus psittacus 0.04 0.13 0.085 
 Scarus rubroviolaceus 0.005 

 
0.0025 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 0.015 

 
0.0075 

 Blennidae sp. 0.05 0.06 0.055 
 

     ZANCLIDAE  
    Zanclus cornutus 0.01 

 
0.005 

 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.07 0.04 0.055 

 Acanthurus nigroris 0.02 0.035 0.0275 
 Acanthurus olivaceus 

 
0.02 0.01 

 Acanthurus triostegus 0.11 0.22 0.165 
 Ctenochaetus strigosus 0.03 

 
0.015 

 Zebrasoma flavescens 
 

0.03 0.015 
 

     TETRAODONTIDAE 
    Arothron hispidus 0.005 

 
0.0025 
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DIODONTIDAE  
    Diodon hystrix 0.005 0.005 0.005 

 Avg. Density =  0.78 0.93 0.855 
 Total Species  = 30 21 35 
 Total Families = 11 8 12 
  

 

 

Table F-6.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 6: 5/26/2009 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MURAENIDAE  

    Gymnothorax flavimarginatus 
 

0.005 0.0025 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.005 

 
0.0025 

 

     MULLIDAE  
    Mulloidichthys flavolineatus 0.06 0.03 0.045 

 Mulloidichthys vanicolensis 0.05 0.04 0.045 
 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.015 0.01 0.0125 

 

     LUTJANIDAE  
    Lutjanus fulvus 0.01 0.01 0.01 

 

     CHAETODONTIDAE  
    Chaetodon lunulatus 
 

0.01 0.005 
 Chaetodon miliaris 0.015 

 
0.0075 

 Chaetodon unimaculatus 0.01 
 

0.005 
 Chaetodon trifasciatus 

 
0.01 0.005 

 Forcipiger flavissimus 0.005 
 

0.0025 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.02 0.03 0.025 

 Abudefduf sordidus 0.01 0.015 0.0125 
 Dascyllus albisella 0.03 

 
0.015 

 Plectroglyphidodon imparipennis 0.03 0.04 0.035 
 Stegastes fasciolatus 0.025 

 
0.0125 

 

     LABRIDAE  
    Gomphosus varius 0.005 

 
0.0025 

 Halichoeres ornatissimus 0.015 0.015 0.015 
 Labroides phthirophagus 

 
0.01 0.005 
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Pseudocheilinus hexataenia 0.03 
 

0.015 
 Stethojulis bandanensis 0.03 

 
0.015 

 Thalassoma duperrey 
 

0.005 0.0025 
 Thalassoma lutescens 0.005 

 
0.0025 

 Thalassoma trilobatum 0.005 
 

0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.205 0.25 0.2275 

 Scarus perspicillatus 
 

0.005 0.0025 
 Scarus psittacus 0.11 0.145 0.1275 
 Scarus rubroviolaceus 0.005 

 
0.0025 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

0.04 0.02 
 Blennidae sp. 

 
0.05 0.025 

 

     ZANCLIDAE  
    Zanclus cornutus 0.005 0.015 0.01 

 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

0.075 0.0375 
 Acanthurus nigroris 0.035 0.1 0.0675 
 Acanthurus olivaceus 0.025 

 
0.0125 

 Acanthurus triostegus 0.045 0.12 0.0825 
 Acanthurus xanthopterus 

 
0.005 0.0025 

 Ctenochaetus strigosus 0.03 0.045 0.0375 
 Naso lituratus 0.01 

 
0.005 

 Zebrasoma flavescens 
 

0.005 0.0025 
 

     BALISTIDAE  
    Sufflamen bursa 0.005 

 
0.0025 

 

     TETRAODONTIDAE 
    Canthigaster jactator 0.005 

 
0.0025 

 

     DIODONTIDAE  
    Diodon hystrix 0.005 0.005 0.005 

 Avg. Density =  0.86 1.09 0.975 
 Total Species  = 31 26 42 
 Total Families = 13 12 15 
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Table F-7.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 7: 9/6/2009 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MURAENIDAE  

    Gymnothorax meleagris 0.005 
 

0.0025 
 

     FISTULARIIDAE  
    Fistularia commersonii 
 

0.005 0.0025 
 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 0.015 

 
0.0075 

 Paracirrhites arcatus 
 

0.01 0.005 
 

     CARANGIDAE 
    Caranx melampygus 
 

0.01 0.005 
 

     LUTJANIDAE  
    Lutjanus fulvus 0.005 0.005 0.005 

 

     CHAETODONTIDAE  
    Chaetodon auriga 0.01 0.01 0.01 

 Chaetodon lunulatus 0.01 
 

0.005 
 Chaetodon ornatissimus 

 
0.01 0.005 

 Chaetodon quadrimaculatus 0.01 
 

0.005 
 Chaetodon trifasciatus 0.01 0.01 0.01 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.07 0.015 0.0425 

 Abudefduf sordidus 0.025 0.01 0.0175 
 Dascyllus albisella 0.015 0.015 0.015 
 Plectroglyphidodon imparipennis 0.03 0.03 0.03 
 Stegastes fasciolatus 0.055 0.045 0.05 
 

     LABRIDAE  
    Bodianus bilunulatus 
 

0.005 0.0025 
 Gomphosus varius 

 
0.005 0.0025 

 Halichoeres hortulanus 0.01 
 

0.005 
 Labroides phthirophagus 

 
0.005 0.0025 

 Pseudocheilinus hexataenia 0.03 
 

0.015 
 Stethojulis bandanensis 0.035 0.02 0.0275 
 Thalassoma duperrey 0.03 0.005 0.0175 
 Thalassoma lutescens 0.01 0.005 0.0075 
 

     SCARIDAE  
    Chlorurus spilurus 0.375 0.33 0.3525 

 Scarus altipinnis 
 

0.005 0.0025 
 Scarus psittacus 0.035 0.1 0.0675 
 Scarus rubroviolaceus 0.005 0.01 0.0075 
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     BLENNIIDAE  
    Cirripectes vanderbilti 
 

0.04 0.02 
 Omobranchus obliquus 

 
0.025 0.0125 

 Blennidae sp. 0.06 0.075 0.0675 
 

     ZANCLIDAE  
    Zanclus cornutus 0.015 0.01 0.0125 

 

     ACANTHURIDAE  
    Acanthurus blochii 
 

0.005 0.0025 
 Acanthurus nigrofuscus 0.05 0.04 0.045 
 Acanthurus nigroris 0.04 

 
0.02 

 Acanthurus olivaceus 0.03 0.005 0.0175 
 Acanthurus triostegus 0.07 0.25 0.16 
 Ctenochaetus strigosus 0.045 

 
0.0225 

 Naso lituratus 
 

0.005 0.0025 
 Zebrasoma flavescens 

 
0.015 0.0075 

 Zebrasoma veliferum 
 

0.005 0.0025 
 

     TETRAODONTIDAE 
    Arothron hispidus 
 

0.005 0.0025 
 Canthigaster jactator 0.01 

 
0.005 

 

     DIODONTIDAE  
    Diodon hystrix   0.005 0.0025 

 Avg. Density =  1.11 1.15 1.13 
 Total Species  = 28 35 44 
 Total Families = 11 13 14 
  

Table F-8.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 8: 12/16/2009 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 CIRRHITIDAE  

    Paracirrhites arcatus 0.01 0.01 0.01 
 

     CHAETODONTIDAE  
    Chaetodon auriga 0.01 

 
0.005 

 Chaetodon lunula 
 

0.01 0.005 
 Chaetodon miliaris 

 
0.05 0.025 

 Chaetodon quadrimaculatus 0.01 
 

0.005 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.09 0.045 0.0675 

 Abudefduf sordidus 0.02 0.015 0.0175 
 Dascyllus albisella 0.02 0.01 0.015 
 Plectroglyphidodon imparipennis 0.035 0.02 0.0275 
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     LABRIDAE  
    Bodianus bilunulatus 0.005 

 
0.0025 

 Gomphosus varius 0.005 
 

0.0025 
 Halichoeres hortulanus 

 
0.005 0.0025 

 Halichoeres ornatissimus 0.03 
 

0.015 
 Labroides phthirophagus 0.005 0.005 0.005 
 Pseudocheilinus hexataenia 0.03 

 
0.015 

 Stethojulis bandanensis 
 

0.03 0.015 
 Thalassoma lutescens 0.005 

 
0.0025 

 Thalassoma trilobatum 
 

0.005 0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.12 0.12 0.12 

 Scarus psittacus 0.08 0.02 0.05 
 Scarus rubroviolaceus 

 
0.005 0.0025 

 Scarus sp. 
 

0.1 0.05 
 

     ZANCLIDAE  
    Zanclus cornutus 0.015 0.005 0.01 

 

     ACANTHURIDAE  
    Acanthurus blochii 
 

0.01 0.005 
 Acanthurus dussumieri 

 
0.005 0.0025 

 Acanthurus nigrofuscus 0.015 0.03 0.0225 
 Acanthurus nigroris 

 
0.02 0.01 

 Acanthurus triostegus 0.11 0.05 0.08 
 Acanthurus xanthopterus 0.005 

 
0.0025 

 Ctenochaetus strigosus 
 

0.04 0.02 
 Zebrasoma flavescens 

 
0.02 0.01 

 

     TETRAODONTIDAE 
    Arothron hispidus 
 

0.005 0.0025 
 

     DIODONTIDAE  
    Diodon hystrix   0.005 0.0025 

 Avg. Density =  0.62 0.64 0.63 
 Total Species  = 19 25 33 
 Total Families = 7 9 9 
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Table F-9.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 9: 3/14/2010 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MURAENIDAE  

    Gymnothorax flavimarginatus 
 

0.01 0.005 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.01 

 
0.005 

 

     MULLIDAE  
    Mulloidichthys flavolineatus 

 
0.045 0.0225 

 

     CARANGIDAE 
    Caranx ignobilis 0.005 

 
0.0025 

 

     LUTJANIDAE  
    Lutjanus fulvus 0.005 

 
0.0025 

 Lutjanus kasmira 
 

0.065 0.0325 
 

     CHAETODONTIDAE  
    Chaetodon lunula 0.01 

 
0.005 

 Chaetodon miliaris 0.05 0.015 0.0325 
 Chaetodon ornatissimus 0.01 

 
0.005 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.025 0.03 0.0275 

 Abudefduf sordidus 0.01 0.01 0.01 
 Dascyllus albisella 0.015 0.02 0.0175 
 Plectroglyphidodon imparipennis 0.02 0.06 0.04 
 Stegastes fasciolatus 

 
0.03 0.015 

 

     LABRIDAE  
    Bodianus bilunulatus 
 

0.005 0.0025 
 Gomphosus varius 0.01 

 
0.005 

 Halichoeres ornatissimus 0.03 0.035 0.0325 
 Labroides phthirophagus 

 
0.01 0.005 

 Stethojulis bandanensis 0.035 0.035 0.035 
 Thalassoma duperrey 

 
0.01 0.005 

 Thalassoma lutescens 
 

0.005 0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.225 0.1 0.1625 

 Scarus psittacus 0.1 0.03 0.065 
 Scarus rubroviolaceus 

 
0.005 0.0025 

 Scarus schlegeli 
 

0.005 0.0025 
 

     BLENNIIDAE  
    Blennidae sp. 0.03 0.06 0.045 
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     ZANCLIDAE  
    Zanclus cornutus 
 

0.005 0.0025 
 

     ACANTHURIDAE  
    Acanthurus achilles 
 

0.005 0.0025 
 Acanthurus nigrofuscus 0.035 0.015 0.025 
 Acanthurus nigroris 0.03 0.03 0.03 
 Acanthurus triostegus 0.12 0.05 0.085 
 Ctenochaetus strigosus 

 
0.05 0.025 

 Zebrasoma flavescens 0.03 
 

0.015 
 Zebrasoma veliferum 0.015 0.015 0.015 
 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

0.005 0.0025 
 

     DIODONTIDAE  
    Diodon hystrix 0.005 0.005 0.005 

 Avg. Density =  0.825 0.765 0.795 
 Total Species  = 22 29 36 
 Total Families = 10 12 14 
  

 

Table F-10.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 10: 5/23/2010 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 SPHYRAENIDAE 

    Sphyraena barracuda 
 

0.01 0.005 
 

     FISTULARIIDAE  
    Fistularia commersonii 
 

0.005 0.0025 
 

     AULOSTOMIDAE 
    Aulostomis chinensis 0.005 

 
0.0025 

 

     MULLIDAE  
    Mulloidichthys vanicolensis 0.03 

 
0.015 

 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.01 

 
0.005 

 

     CARANGIDAE 
    Caranx melampygus 
 

0.005 0.0025 
 

     LUTJANIDAE  
    Lutjanus fulvus 
 

0.005 0.0025 
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     CHAETODONTIDAE  
    Chaetodon miliaris 0.015 

 
0.0075 

 Chaetodon ornatissimus 0.01 
 

0.005 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.065 0.105 0.085 

 Abudefduf sordidus 0.005 0.02 0.0125 
 Plectroglyphidodon imparipennis 0.035 

 
0.0175 

 Stegastes fasciolatus 0.025 0.06 0.0425 
 

     LABRIDAE  
    Coris venusta 

 
0.005 0.0025 

 Gomphosus varius 0.01 0.01 0.01 
 Halichoeres hortulanus 

 
0.02 0.01 

 Halichoeres ornatissimus 0.03 0.03 0.03 
 Labroides phthirophagus 

 
0.015 0.0075 

 Pseudocheilinus hexataenia 0.03 
 

0.015 
 Stethojulis bandanensis 0.03 

 
0.015 

 Thalassoma duperrey 0.01 0.005 0.0075 
 Thalassoma lutescens 0.005 

 
0.0025 

 Thalassoma trilobatum 0.005 
 

0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.265 0.13 0.1975 

 Scarus psittacus 0.03 0.145 0.0875 
 Scarus rubroviolaceus 0.005 

 
0.0025 

 

     ACANTHURIDAE  
    Acanthurus achilles 0.005 

 
0.0025 

 Acanthurus dussumieri 0.005 
 

0.0025 
 Acanthurus nigroris 0.03 0.075 0.0525 
 Acanthurus olivaceus 0.01 

 
0.005 

 Acanthurus triostegus 0.095 0.08 0.0875 
 Acanthurus xanthopterus 

 
0.005 0.0025 

 Ctenochaetus strigosus 0.065 0.02 0.0425 
 Naso lituratus 

 
0.01 0.005 

 Zebrasoma flavescens 
 

0.02 0.01 
 Zebrasoma veliferum 

 
0.01 0.005 

 

     TETRAODONTIDAE 
    Canthigaster jactator 
 

0.01 0.005 
 

     DIODONTIDAE  
    Diodon hystrix   0.005 0.0025 

 Avg. Density =  0.83 0.805 0.8175 
 Total Species  = 25 24 38 
 Total Families = 8 10 14 
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Table F-11.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 11: 9/12/2010 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MURAENIDAE  

    Gymnothorax flavimarginatus 0.005 0.005 0.005 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.005 0.005 0.005 

 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 

    Paracirrhites arcatus 0.01 
 

0.005 
 

     LUTJANIDAE  
    Lutjanus fulvus 
 

0.01 0.005 
 

     CHAETODONTIDAE  
    Chaetodon auriga 0.01 0.01 0.01 

 Chaetodon ephippium 0.005 0.01 0.0075 
 Chaetodon ornatissimus 

 
0.01 0.005 

 Chaetodon trifasciatus 
 

0.01 0.005 
 Forcipiger flavissimus 0.01 

 
0.005 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.18 0.1 0.14 

 Abudefduf sordidus 0.025 0.005 0.015 
 Plectroglyphidodon imparipennis 0.035 0.035 0.035 
 Stegastes fasciolatus 0.03 0.01 0.02 
 

     LABRIDAE  
    Bodianus bilunulatus 0.005 0.005 0.005 

 Gomphosus varius 0.005 
 

0.0025 
 Halichoeres hortulanus 0.005 

 
0.0025 

 Halichoeres ornatissimus 0.02 0.02 0.02 
 Labroides phthirophagus 

 
0.005 0.0025 

 Stethojulis bandanensis 0.025 0.045 0.035 
 Thalassoma duperrey 0.03 0.015 0.0225 
 Thalassoma lutescens 

 
0.005 0.0025 

 Thalassoma trilobatum 0.01 
 

0.005 
 

     SCARIDAE  
    Chlorurus spilurus 0.475 0.375 0.425 

 Scarus perspicillatus 
 

0.005 0.0025 
 Scarus psittacus 0.08 0.12 0.1 
 Scarus sp. 

 
0.1 0.05 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

0.04 0.02 
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Blennidae sp. 
 

0.035 0.0175 
 

     ZANCLIDAE  
    Zanclus cornutus 0.025 0.01 0.0175 

 

     ACANTHURIDAE  
    Acanthurus dussumieri 
 

0.005 0.0025 
 Acanthurus nigrofuscus 0.055 0.05 0.0525 
 Acanthurus nigroris 

 
0.03 0.015 

 Acanthurus olivaceus 
 

0.015 0.0075 
 Acanthurus triostegus 0.135 0.165 0.15 
 Ctenochaetus strigosus 0.055 0.04 0.0475 
 Zebrasoma flavescens 0.015 0.015 0.015 
 Zebrasoma veliferum 

 
0.01 0.005 

 

     BALISTIDAE  
    Sufflamen bursa 0.005 

 
0.0025 

 

     TETRAODONTIDAE 
    Canthigaster jactator 0.005 0.005 0.005 

 

     DIODONTIDAE  
    Diodon hystrix   0.005 0.0025 

 Avg. Density =  1.265 1.33 1.2975 
 Total Species  = 26 34 40 
 Total Families = 11 12 14 
  

 

Table F-12.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 12: 12/16/2010 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MUGILIDAE  

    Mugil cephalus 
 

0.01 0.005 
 

     MULLIDAE  
    Mulloidichthys vanicolensis 
 

0.03 0.015 
 

     CARANGIDAE 
    Caranx melampygus 
 

0.005 0.0025 
 

     LUTJANIDAE  
    Lutjanus fulvus 0.005 

 
0.0025 

 

     POMACANTHIDAE 
    Centropyge potteri 0.005 

 
0.0025 
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CHAETODONTIDAE  
    Chaetodon auriga 
 

0.01 0.005 
 Chaetodon miliaris 

 
0.05 0.025 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.045 0.06 0.0525 

 Abudefduf sordidus 0.01 0.025 0.0175 
 Dascyllus albisella 0.03 0.02 0.025 
 Plectroglyphidodon imparipennis 0.02 0.03 0.025 
 

     LABRIDAE  
    Gomphosus varius 0.01 0.01 0.01 

 Halichoeres ornatissimus 0.02 0.015 0.0175 
 Pseudocheilinus hexataenia 0.03 

 
0.015 

 Stethojulis bandanensis 0.02 
 

0.01 
 Thalassoma duperrey 

 
0.005 0.0025 

 Thalassoma lutescens 0.005 
 

0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.11 0.025 0.0675 

 Scarus perspicillatus 
 

0.005 0.0025 
 Scarus psittacus 0.025 

 
0.0125 

 Scarus rubroviolaceus 
 

0.01 0.005 
 

     ZANCLIDAE  
    Zanclus cornutus 0.01 0.015 0.0125 

 

     ACANTHURIDAE  
    Acanthurus achilles 
 

0.005 0.0025 
 Acanthurus dussumieri 

 
0.01 0.005 

 Acanthurus nigrofuscus 0.06 
 

0.03 
 Acanthurus nigroris 0.035 

 
0.0175 

 Acanthurus olivaceus 0.01 
 

0.005 
 Acanthurus triostegus 0.055 0.05 0.0525 
 Acanthurus xanthopterus 

 
0.005 0.0025 

 Ctenochaetus strigosus 0.02 0.03 0.025 
 Zebrasoma flavescens 0.015 0.03 0.0225 
 Zebrasoma veliferum 0.015 

 
0.0075 

 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

0.005 0.0025 
 

     OSTRACIIDAE  
    Ostracion meleagris 
 

0.005 0.0025 
 

     DIODONTIDAE  
    Diodon hystrix 0.005 0.005 0.005 

 Avg. Density =  0.56 0.47 0.515 
 Total Species  = 22 25 35 
 Total Families = 8 12 14 
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Table F-13.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 13: 3/11/2011 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 FISTULARIIDAE  

    Fistularia commersonii 
 

0.005 0.0025 
 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.015 0.01 0.0125 

 

     SERRANIDAE 
    Cephalophalis argus 0.005 

 
0.0025 

 

     LUTJANIDAE  
    Lutjanus fulvus 
 

0.01 0.005 
 Lutjanus kasmira 

 
0.035 0.0175 

 

     CHAETODONTIDAE  
    Chaetodon auriga 
 

0.02 0.01 
 Chaetodon miliaris 0.03 0.05 0.04 
 Chaetodon ornatissimus 0.01 

 
0.005 

 Chaetodon unimaculatus 0.01 
 

0.005 
 Chaetodon trifasciatus 

 
0.01 0.005 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 
 

0.09 0.045 
 Abudefduf sordidus 0.015 0.005 0.01 
 Plectroglyphidodon imparipennis 0.045 

 
0.0225 

 Stegastes fasciolatus 0.02 
 

0.01 
 

   
0 

 LABRIDAE  
  

0 
 Bodianus bilunulatus 0.01 0.01 0.01 
 Coris venusta 0.005 

 
0.0025 

 Halichoeres hortulanus 
 

0.005 0.0025 
 Halichoeres ornatissimus 0.04 0.01 0.025 
 Labroides phthirophagus 

 
0.01 0.005 

 Pseudocheilinus hexataenia 0.02 
 

0.01 
 Stethojulis bandanensis 

 
0.03 0.015 

 Thalassoma lutescens 0.01 0.005 0.0075 
 

     SCARIDAE  
    Chlorurus spilurus 0.175 0.1 0.1375 

 Scarus perspicillatus 0.005 
 

0.0025 
 Scarus psittacus 0.02 0.06 0.04 
 

     ACANTHURIDAE  
    Acanthurus achilles 0.005 0.01 0.0075 

 Acanthurus dussumieri 
 

0.005 0.0025 
 Acanthurus nigrofuscus 

 
0.02 0.01 
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Acanthurus nigroris 
 

0.05 0.025 
 Acanthurus olivaceus 

 
0.005 0.0025 

 Acanthurus triostegus 0.05 0.02 0.035 
 Ctenochaetus strigosus 0.02 0.02 0.02 
 Zebrasoma flavescens 

 
0.025 0.0125 

 

     BALISTIDAE  
    Sufflamen bursa 0.005 

 
0.0025 

 

     TETRAODONTIDAE 
    Canthigaster jactator 0.005 0.005 0.005 

 Avg. Density =  0.52 0.625 0.5725 
 Total Species  = 21 26 37 
 Total Families = 9 9 11 
  

Table F-14.  Reef fish density by species observed at windward reef flat of HIMB.   

Belt transects. Survey 14: 5/1/2011 
    Average density per m

2
 on reef flats.       

 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 MURAENIDAE  

    Gymnothorax meleagris 
 

0.005 0.0025 
 

     FISTULARIIDAE  
    Fistularia commersonii 0.005 

 
0.0025 

 

     MULLIDAE 
    Mulloidichthys vanicolensis 0.03 

 
0.015 

 

     CARANGIDAE 
    Caranx melampygus 
 

0.02 0.01 
 

     LUTJANIDAE  
    Lutjanus fulvus 0.005 

 
0.0025 

 

     CHAETODONTIDAE  
    Chaetodon auriga 0.01 

 
0.005 

 Chaetodon lunulatus 

 
0.01 0.005 

 Chaetodon miliaris 0.02 0.02 0.02 
 Chaetodon ornatissimus 0.01 0.01 0.01 
 Chaetodon quadrimaculatus 0.01 

 
0.005 

 Chaetodon unimaculatus 0.01 
 

0.005 
 Chaetodon trifasciatus 0.01 

 
0.005 

 Forcipiger flavissimus 0.005 
 

0.0025 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 0.04 0.085 0.0625 

 Abudefduf sordidus 0.02 0.02 0.02 
 Dascyllus albisella 0.015 

 
0.0075 
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Plectroglyphidodon imparipennis 0.035 
 

0.0175 
 Stegastes fasciolatus 0.035 0.05 0.0425 
 

     LABRIDAE  
    Coris venusta 
 

0.005 0.0025 
 Gomphosus varius 0.005 0.005 0.005 
 Halichoeres ornatissimus 0.02 0.005 0.0125 
 Labroides phthirophagus 

 
0.005 0.0025 

 Stethojulis bandanensis 0.04 0.035 0.0375 
 Thalassoma lutescens 0.005 

 
0.0025 

 Thalassoma trilobatum 0.005 
 

0.0025 
 

     SCARIDAE  
    Chlorurus spilurus 0.095 0.255 0.175 

 Scarus psittacus 0.05 0.08 0.065 
 Scarus rubroviolaceus 

 
0.005 0.0025 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

0.03 0.015 
 Omobranchus obliquus 

 
0.015 0.0075 

 Blennidae sp. 0.03 
 

0.015 
 

     ZANCLIDAE  
    Zanclus cornutus 0.01 0.01 0.01 

 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 0.03 0.03 0.03 

 Acanthurus triostegus 0.05 0.12 0.085 
 Acanthurus xanthopterus 

 
0.005 0.0025 

 Ctenochaetus strigosus 0.02 0.015 0.0175 
 Naso lituratus 0.005 

 
0.0025 

 Zebrasoma flavescens 0.015 0.01 0.0125 
 Zebrasoma veliferum 0.01 0.01 0.01 
 

     BALISTIDAE  
    Sufflamen bursa 0.005 

 
0.0025 

 

     TETRAODONTIDAE 
    Canthigaster jactator 0.005 0.005 0.005 

 

     DIODONTIDAE  
    Diodon hystrix 0.005 0.005 0.005 

 Avg. Density =  0.665 0.87 0.7675 
 Total Species  = 33 27 42 
 Total Families = 13 11 15 
  



Appendix G 
 

313 
 

Table G-1.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 1: 3/28/2008 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MUGILIDAE (Mullets) 
    Mugil cephalus 
 

47.884 23.942 
 

     MULLIDAE (Goatfishes) 
    Mulloidichthys vanicolensis 
 

41.248 20.624 
 

     CIRRHITIDAE (Hawkfishes) 
    Paracirrhites arcatus 1.377 

 
0.688 

 

     LUTJANIDAE (Snappers) 
    Lutjanus kasmira 
 

28.224 14.112 
 

     CHAETODONTIDAE (Butterflyfishes) 
    Chaetodon auriga 
 

2.813 1.407 
 Chaetodon lunula 

 
3.467 1.733 

 Chaetodon miliaris 4.393 4.116 4.255 
 Chaetodon ornatissimus 10.077 

 
5.038 

 Chaetodon quadrimaculatus 9.694 
 

4.847 
 Chaetodon unimaculatus 5.732 

 
2.866 

 Forcipiger flavissimus 2.296 
 

1.148 
 

     POMACENTRIDAE (Damselfishes) 
    Abudefduf abdominalis 4.403 18.972 11.687 

 Abudefduf sordidus 6.530 1.328 3.929 
 Dascyllus albisella 3.571 12.841 8.206 
 Plectroglyphidodon imparipennis 0.700 0.252 0.476 
 Stegastes fasciolatus 4.509 4.331 4.420 
 

     LABRIDAE (Wrasses) 
    Bodianus bilunulatus 7.790 7.790 7.790 

 Gomphosus varius 2.101 2.101 2.101 
 Halichoeres ornatissimus 2.343 0.303 1.323 
 Pseudocheilinus hexataenia 2.206 

 
1.103 

 Stethojulis bandanensis 
 

0.601 0.300 
 Thalassoma duperrey 

 
0.699 0.349 

 Thalassoma lutescens 1.234 
 

0.617 
 Thalassoma trilobatum 1.731 

 
0.866 

 

     SCARIDAE (Parrotfishes) 
    Chlorurus spilurus 14.868 52.141 33.504 

 Scarus psittacus 10.421 15.221 12.821 
 Scarus rubroviolaceus 2.264 

 
1.132 
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BLENNIIDAE (Blennies) 
    Cirripectes vanderbilti 
 

1.716 0.858 
 Omobranchus obliquus 

 
4.850 2.425 

 Blennidae sp. 
 

2.771 1.386 
 

     ZANCLIDAE (Moorish Idol) 
    Zanclus cornutus 10.437 2.751 6.594 

 

     ACANTHURIDAE (Surgeonfishes) 
    Acanthurus achilles 
 

5.949 2.975 
 Acanthurus nigrofuscus 

 
4.565 2.282 

 Acanthurus nigroris 1.812 7.770 4.791 
 Acanthurus olivaceus 3.753 9.693 6.723 
 Acanthurus triostegus 2.653 16.628 9.640 
 Ctenochaetus strigosus 5.583 

 
2.791 

 Zebrasoma flavescens 
 

0.857 0.428 
 

     BALISTIDAE (Triggerfishes) 
    Sufflamen bursa 1.456 

 
0.728 

 

     TETRAODONTIDAE (Puffers) 
    Canthigaster jactator 0.771 

 
0.386 

 

     DIODONTIDAE (Porcupinefishes) 
    Diodon hystrix 
 

95.970 47.985 
         
 Avg. Biomass = 124.704 397.848 261.276 
 Total Species  = 27 29 41 
 Total Families = 9 11 14 
  

Table G-2.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 2: 5/13/2008 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MURAENIDAE  
    Gymnothorax flavimarginatus 

 
6.144 3.072 

 

     FISTULARIIDAE  
    Fistularia commersonii 
 

3.030 1.515 
 

     HOLOCENTRIDAE 
    Myripristis amaena 
 

5.800 2.900 
 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 4.930 

 
2.465 

 Paracirrhites arcatus 
 

1.807 0.903 
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CARANGIDAE 
    Caranx ignobilis 46.389 

 
23.194 

 

     LUTJANIDAE  
    Lutjanus fulvus 
 

16.657 8.329 
 

     POMACANTHIDAE 
    Centropyge potteri 2.229 

 
1.114 

 

     CHAETODONTIDAE  
    Chaetodon auriga 
 

4.969 2.484 
 Chaetodon lunula 2.006 

 
1.003 

 Chaetodon lunulatus 

 
2.780 1.390 

 Chaetodon miliaris 8.372 7.203 7.788 
 Chaetodon ornatissimus 6.278 

 
3.139 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 6.320 6.027 6.174 

 Abudefduf sordidus 
 

0.653 0.327 
 Dascyllus albisella 2.381 

 
1.190 

 Plectroglyphidodon imparipennis 1.926 1.540 1.733 
 

     LABRIDAE  
    Bodianus bilunulatus 
 

6.386 3.193 
 Coris venusta 

 
0.489 0.244 

 Gomphosus varius 1.050 0.667 0.859 
 Halichoeres hortulanus 0.844 

 
0.422 

 Halichoeres ornatissimus 1.952 2.733 2.343 
 Labroides phthirophagus 0.155 0.440 0.297 
 Thalassoma duperrey 1.397 

 
0.699 

 Thalassoma lutescens 1.234 
 

0.617 
 

     SCARIDAE  
    Chlorurus spilurus 27.921 32.306 30.113 

 Scarus perspicillatus 
 

10.335 5.167 
 Scarus psittacus 

 
45.737 22.868 

 Scarus rubroviolaceus 
 

1.164 0.582 
 Scarus schlegeli 21.631 

 
10.816 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 2.529 1.144 1.836 

 Omobranchus obliquus 
 

1.350 0.675 
 Blennidae sp. 

 
4.951 2.475 

 

     ZANCLIDAE  
    Zanclus cornutus 
 

13.753 6.876 
 

     ACANTHURIDAE  
    Acanthurus achilles 1.763 

 
0.881 

 Acanthurus dussumieri 1.657 
 

0.828 
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Acanthurus nigrofuscus 
 

3.381 1.690 
 Acanthurus nigroris 

 
13.059 6.529 

 Acanthurus triostegus 12.071 14.344 13.207 
 Acanthurus xanthopterus 

 
1.550 0.775 

 Ctenochaetus strigosus 5.084 0.788 2.936 
 Zebrasoma flavescens 2.375 

 
1.188 

 Zebrasoma veliferum 1.561 3.196 2.379 
 

     BALISTIDAE 
    Rhinecanthus rectangulus 4.642 

 
3.774 

 

     TETRAODONTIDAE 
    Canthigaster jactator 

 
1.543 0.771 

 

     DIODONTIDAE  
    Diodon hystrix 38.559 

 
19.280 

         
 Avg. Biomass = 207.255 215.924 213.043 
 Total Species  = 26 31 46 
 Total Families = 11 13 16 
  

Table G-3.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 3: 9/24/2008 

Estimate reported in kilograms/hectare      
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MURAENIDAE  
    Gymnothorax meleagris 6.532 

 
3.266 

 

     SPHYRAENIDAE 
    Sphyraena barracuda 
 

63.320 31.660 
 

     FISTULARIIDAE  
    Fistularia commersonii 1.640 

 
0.820 

 

     AULOSTOMIDAE 
    Aulostomis chinensis 

 
11.960 5.980 

 

     MULLIDAE  
    Mulloidichthys flavolineatus 
 

34.194 17.097 
 Mulloidichthys vanicolensis 77.049 57.787 67.418 
 

     CARANGIDAE 
    Caranx melampygus 14.218 28.436 21.327 

 

     LUTJANIDAE  
    Lutjanus fulvus 12.515 14.275 13.395 

 Lutjanus kasmira 28.224 28.681 28.452 
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     CHAETODONTIDAE  
    Chaetodon auriga 2.813 

 
1.407 

 Chaetodon ephippium 
 

4.196 2.098 
 Chaetodon lunulatus 4.830 

 
2.415 

 Chaetodon ornatissimus 9.416 6.278 7.847 
 Chaetodon quadrimaculatus 5.956 

 
2.978 

 Chaetodon trifasciatus 2.208 
 

1.104 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 20.427 12.001 16.214 

 Abudefduf sordidus 6.545 6.530 6.538 
 Dascyllus albisella 2.381 3.571 2.976 
 Plectroglyphidodon imparipennis 

 
3.697 1.848 

 Stegastes fasciolatus 6.497 9.745 8.121 
 

     LABRIDAE  
    Halichoeres hortulanus 0.844 

 
0.422 

 Halichoeres ornatissimus 
 

3.030 1.515 
 Pseudocheilinus hexataenia 1.795 

 
0.898 

 Stethojulis bandanensis 1.781 2.941 2.361 
 Thalassoma duperrey 2.794 2.794 2.794 
 Thalassoma lutescens 1.234 

 
0.617 

 Thalassoma trilobatum 1.488 
 

0.744 
 

     SCARIDAE  
    Chlorurus spilurus 57.456 23.276 40.366 

 Scarus perspicillatus 
 

10.335 5.167 
 Scarus psittacus 25.664 56.020 40.842 
 Scarus rubroviolaceus 

 
1.164 0.582 

 Scarus sp. 1.004 
 

0.502 
 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

0.858 0.429 
 Blennidae sp. 

 
9.452 4.726 

 

     ZANCLIDAE  
    Zanclus cornutus 
 

2.751 1.375 
 

     ACANTHURIDAE  
    Acanthurus blochii 
 

3.927 1.963 
 Acanthurus nigrofuscus 7.988 

 
3.994 

 Acanthurus nigroris 6.761 13.522 10.142 
 Acanthurus olivaceus 6.503 6.520 6.511 
 Acanthurus triostegus 37.825 13.723 25.774 
 Ctenochaetus strigosus 1.017 2.989 2.003 
 Naso lituratus 

 
6.594 3.297 

 Zebrasoma flavescens 
 

0.713 0.356 
 Zebrasoma veliferum 

 
2.599 1.299 

 

     



Appendix G 
 

318 
 

TETRAODONTIDAE 
    Canthigaster coronata 
 

0.543 0.271 
 

     DIODONTIDAE  
    Diodon hystrix 
 

63.199 31.600 
         
 Avg. Biomass = 355.404 511.617 433.510 
 Total Species  = 29 34 46 
 Total Families = 10 14 16 
  

 

 

Table G-4.  Estimate of biomass for all reef fish species observed within 
belt transects at windward side of HIMB, Kaneohe Bay.  Survey 4: 
12/18/2008 

Estimate reported in kilograms/hectare        

FAMILY Site A Site C Average 

 Genus/Species 300 m 100 m   

    MULLIDAE  
   Mulloidichthys flavolineatus 
 

10.165 5.082 

Parupeneus multifasciatus 
 

5.337 2.668 

    CIRRHITIDAE  
   Paracirrhites arcatus 0.571 1.354 0.962 

    SERRANIDAE 
   Cephalophalis argus 6.898 

 
3.449 

    LUTJANIDAE  
   Lutjanus fulvus 
 

8.148 4.074 

    POMACANTHIDAE 
   Centropyge potteri 1.519 

 
0.760 

    CHAETODONTIDAE  
   Chaetodon auriga 7.782 

 
3.891 

Chaetodon miliaris 
 

1.129 0.565 

Chaetodon quadrimaculatus 3.348 
 

1.674 

Chaetodon trifasciatus 
 

0.821 0.410 

    POMACENTRIDAE  
   Abudefduf abdominalis 22.191 4.092 13.141 

Abudefduf sordidus 9.410 
 

4.705 

Dascyllus albisella 4.761 0.586 2.674 

Plectroglyphidodon imparipennis 5.962 
 

2.981 

Stegastes fasciolatus 
 

1.987 0.994 
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    LABRIDAE  
   Bodianus bilunulatus 7.790 

 
3.895 

Gomphosus varius 5.492 2.564 4.028 

Halichoeres hortulanus 
 

0.781 0.390 

Halichoeres ornatissimus 1.515 
 

0.757 

Labroides phthirophagus 0.309 0.163 0.236 

Pseudocheilinus hexataenia 2.393 
 

1.197 

Stethojulis bandanensis 
 

1.519 0.759 

Thalassoma lutescens 1.234 
 

0.617 

Thalassoma trilobatum 
 

1.488 0.744 

    SCARIDAE  
   Chlorurus spilurus 11.651 2.168 6.909 

Scarus psittacus 7.622 1.921 4.771 

Scarus schlegeli 
 

65.881 32.940 

    BLENNIIDAE  
   Blenniella chrysospilos 
 

0.738 0.369 

Cirripectes vanderbilti 
 

0.365 0.183 

    ZANCLIDAE  
   Zanclus cornutus 15.656 1.630 8.643 

    ACANTHURIDAE  
   Acanthurus achilles 
 

4.634 2.317 

Acanthurus nigrofuscus 

 
2.478 1.239 

Acanthurus nigroris 5.706 
 

2.853 

Acanthurus olivaceus 3.272 2.809 3.041 

Acanthurus triostegus 30.223 1.670 15.946 

Acanthurus xanthopterus 4.518 
 

2.259 

Ctenochaetus strigosus 0.763 0.842 0.802 

Zebrasoma flavescens 
 

4.864 2.432 

Zebrasoma veliferum 
 

0.723 0.361 

    BALISTIDAE  
   Rhinecanthus aculeatus 
 

2.452 1.226 

    TETRAODONTIDAE 
   Canthigaster jactator 0.771 

 
0.386 

        

Avg. Biomass = 161.356 133.310 147.333 

Total Species  = 24 28 41 

Total Families = 10 11 14 
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Table G-5.  Estimate of biomass for all reef fish species observed within 
belt transects at windward side of HIMB, Kaneohe Bay.  Survey 5: 
3/24/2009 

 Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     FISTULARIIDAE  
    Fistularia commersonii 
 

3.030 1.515 
 

     AULOSTOMIDAE 
    Aulostomis chinensis 22.434 

 
11.217 

 

     CIRRHITIDAE  
    Paracirrhites arcatus 1.565 

 
0.782 

 

     CHAETODONTIDAE  
    Chaetodon lunula 3.467 3.467 3.467 

 Chaetodon miliaris 6.977 11.320 9.148 
 Chaetodon ornatissimus 

 
6.278 3.139 

 Chaetodon unimaculatus 5.732 
 

2.866 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 10.501 4.438 7.470 

 Abudefduf sordidus 1.306 2.699 2.002 
 Dascyllus albisella 0.065 2.415 1.240 
 Plectroglyphidodon imparipennis 2.156 1.848 2.002 
 

     LABRIDAE  
    Bodianus bilunulatus 3.193 15.558 9.375 

 Coris venusta 0.489 
 

0.244 
 Gomphosus varius 1.334 0.765 1.050 
 Halichoeres hortulanus 0.844 

 
0.422 

 Halichoeres ornatissimus 2.343 0.904 1.623 
 Pseudocheilinus hexataenia 1.197 

 
0.598 

 Stethojulis bandanensis 
 

1.201 0.601 
 Thalassoma lutescens 0.699 

 
0.349 

 Thalassoma trilobatum 1.488 
 

0.744 
 

     SCARIDAE  
    Chlorurus spilurus 14.475 28.959 21.717 

 Scarus perspicillatus 21.631 
 

10.816 
 Scarus psittacus 15.243 9.674 12.459 
 Scarus rubroviolaceus 2.264 

 
1.132 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 0.858 

 
0.429 

 Blennidae sp. 2.736 5.401 4.068 
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ZANCLIDAE  
    Zanclus cornutus 10.437 

 
5.219 

 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 10.145 0.670 5.408 

 Acanthurus nigroris 4.565 4.229 4.397 
 Acanthurus olivaceus 

 
4.402 2.201 

 Acanthurus triostegus 22.200 19.158 20.679 
 Ctenochaetus strigosus 7.626 

 
3.813 

 Zebrasoma flavescens 
 

3.919 1.960 
 

     TETRAODONTIDAE 
    Arothron hispidus 7.386 

 
3.693 

 

     DIODONTIDAE  
    Diodon hystrix 21.062 63.199 42.131 

         
 Avg. Biomass = 206.415 193.534 199.975 
 Total Species  = 30 21 35 
 Total Families = 11 8 12 
  

 

Table G-6.  Estimate of biomass for all reef fish species observed within 
belt transects at windward side of HIMB, Kaneohe Bay.  Survey 6: 
5/26/2009 

 Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MURAENIDAE  
    Gymnothorax flavimarginatus 
 

11.657 5.828 
 

     FISTULARIIDAE  
    Fistularia commersonii 1.640 

 
0.820 

 

     MULLIDAE  
    Mulloidichthys flavolineatus 29.779 17.006 23.392 

 Mulloidichthys vanicolensis 45.831 20.458 33.145 
 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.571 2.299 1.435 

 

     LUTJANIDAE  
    Lutjanus fulvus 8.343 8.343 8.343 

 

     CHAETODONTIDAE  
    Chaetodon lunulatus 
 

4.830 2.415 
 Chaetodon miliaris 4.186 

 
2.093 
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Chaetodon unimaculatus 5.732 
 

2.866 
 Chaetodon trifasciatus 

 
1.891 0.945 

 Forcipiger flavissimus 1.148 
 

0.574 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 6.348 7.232 6.790 

 Abudefduf sordidus 1.306 1.012 1.159 
 Dascyllus albisella 7.142 

 
3.571 

 Plectroglyphidodon imparipennis 1.050 0.701 0.876 
 Stegastes fasciolatus 5.414 

 
2.707 

 

     LABRIDAE  
    Gomphosus varius 2.882 

 
1.441 

 Halichoeres ornatissimus 0.909 0.909 0.909 
 Labroides phthirophagus 

 
0.207 0.104 

 Pseudocheilinus hexataenia 1.103 
 

0.551 
 Stethojulis bandanensis 1.781 

 
0.890 

 Thalassoma duperrey 
 

1.234 0.617 
 Thalassoma lutescens 2.475 

 
1.238 

 Thalassoma trilobatum 4.960 
 

2.480 
 

     SCARIDAE  
    Chlorurus spilurus 34.337 27.503 30.920 

 Scarus perspicillatus 
 

21.631 10.816 
 Scarus psittacus 33.285 40.871 37.078 
 Scarus rubroviolaceus 2.264 

 
1.132 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

2.287 1.144 
 Blennidae sp. 

 
6.928 3.464 

 

     ZANCLIDAE  
    Zanclus cornutus 5.219 15.656 10.437 

 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 
 

17.117 8.559 
 Acanthurus nigroris 5.916 12.083 9.000 
 Acanthurus olivaceus 8.180 

 
4.090 

 Acanthurus triostegus 6.318 16.803 11.561 
 Acanthurus xanthopterus 

 
8.825 4.412 

 Ctenochaetus strigosus 
 

1.042 0.521 
 Naso lituratus 16.087 

 
8.044 

 Zebrasoma flavescens 
 

1.188 0.594 
 

     BALISTIDAE  
    Sufflamen bursa 2.452 

 
1.226 

 

     TETRAODONTIDAE 
    Canthigaster jactator 1.051 

 
0.526 
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DIODONTIDAE  
    Diodon hystrix 38.559 63.199 50.879 

         
 Avg. Biomass = 286.270 312.911 299.591 
 Total Species  = 30 26 42 
 Total Families = 13 12 15 
  

 

Table G-7.  Estimate of biomass for all reef fish species observed within 
belt transects at windward side of HIMB, Kaneohe Bay.  Survey 7: 
9/6/2009 

 Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MURAENIDAE  
    Gymnothorax meleagris 6.532 

 
3.266 

 

     FISTULARIIDAE  
    Fistularia commersonii 
 

3.280 1.640 
 

     CIRRHITIDAE  
    Cirrhitus pinnulatus 2.642 

 
1.321 

 Paracirrhites arcatus 

 
1.377 0.688 

 

     CARANGIDAE 
    Caranx melampygus 
 

28.436 14.218 
 

     LUTJANIDAE  
    Lutjanus fulvus 4.172 1.760 2.966 

 

     CHAETODONTIDAE  
    Chaetodon auriga 4.969 4.969 4.969 

 Chaetodon lunulatus 4.830 
 

2.415 
 Chaetodon ornatissimus 

 
6.278 3.139 

 Chaetodon quadrimaculatus 5.956 
 

2.978 
 Chaetodon trifasciatus 2.208 3.261 2.735 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 18.044 3.036 10.540 

 Abudefduf sordidus 4.579 8.497 6.538 
 Dascyllus albisella 

 
2.415 1.208 

 Plectroglyphidodon imparipennis 1.050 1.050 1.050 
 Stegastes fasciolatus 4.331 6.764 5.548 
 

     LABRIDAE  
    Bodianus bilunulatus 
 

3.193 1.597 
 Gomphosus varius 

 
1.050 0.525 
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Halichoeres hortulanus 1.687 
 

0.844 
 Labroides phthirophagus 

 
0.155 0.077 

 Pseudocheilinus hexataenia 1.103 
 

0.551 
 Stethojulis bandanensis 2.183 1.187 1.685 
 Thalassoma duperrey 4.479 1.234 2.856 
 Thalassoma lutescens 3.709 0.699 2.204 
 

     SCARIDAE  
    Chlorurus spilurus 29.434 22.664 26.049 

 Scarus altipinnis 
 

39.552 19.776 
 Scarus psittacus 13.338 22.254 17.796 
 Scarus rubroviolaceus 2.264 6.161 4.212 
 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

2.287 1.144 
 Omobranchus obliquus 

 
2.250 1.125 

 Blennidae sp. 2.701 8.450 5.575 
 

     ZANCLIDAE  
    Zanclus cornutus 15.656 5.501 10.579 

 

     ACANTHURIDAE  
    Acanthurus blochii 
 

8.482 4.241 
 Acanthurus nigrofuscus 9.339 6.761 8.050 
 Acanthurus nigroris 6.761 

 
3.381 

 Acanthurus olivaceus 16.196 1.636 8.916 
 Acanthurus triostegus 19.258 26.087 22.673 
 Ctenochaetus strigosus 9.396 

 
4.698 

 Naso lituratus 
 

1.651 0.825 
 Zebrasoma flavescens 

 
3.563 1.782 

 Zebrasoma veliferum 
 

3.196 1.598 
 

     TETRAODONTIDAE 
    Arothron hispidus 
 

10.131 5.066 
 Canthigaster jactator 1.543 

 
0.771 

 

     DIODONTIDAE  
    Diodon hystrix 
 

63.199 31.600 
         
 Avg. Biomass = 198.358 312.466 255.412 
 Total Species  = 27 35 44 
 Total Families = 11 13 14 
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Table G-8.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 8: 12/16/2009 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.381 0.762 0.571 

 

     CHAETODONTIDAE  
    Chaetodon auriga 4.969 

 
2.484 

 Chaetodon lunula 
 

4.012 2.006 
 Chaetodon miliaris 

 
10.291 5.145 

 Chaetodon quadrimaculatus 5.956 
 

2.978 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 40.168 4.487 22.328 

 Abudefduf sordidus 4.393 4.319 4.356 
 Dascyllus albisella 3.220 1.034 2.127 
 Plectroglyphidodon imparipennis 4.313 1.400 2.857 
 

     LABRIDAE  
    Bodianus bilunulatus 7.790 

 
3.895 

 Gomphosus varius 1.050 
 

0.525 
 Halichoeres hortulanus 

 
0.844 0.422 

 Halichoeres ornatissimus 1.741 
 

0.870 
 Labroides phthirophagus 0.104 0.104 0.104 
 Pseudocheilinus hexataenia 2.206 

 
1.103 

 Stethojulis bandanensis 
 

1.201 0.601 
 Thalassoma lutescens 1.234 

 
0.617 

 Thalassoma trilobatum 
 

0.866 0.433 
 

     SCARIDAE  
    Chlorurus spilurus 37.699 31.501 34.600 

 Scarus psittacus 47.147 15.952 31.550 
 Scarus rubroviolaceus 

 
2.264 1.132 

 Scarus sp. 
 

1.004 0.502 
 

     ZANCLIDAE  
    Zanclus cornutus 10.720 2.751 6.735 

 

     ACANTHURIDAE  
    Acanthurus blochii 
 

0.982 0.491 
 Acanthurus dussumieri 

 
1.657 0.828 

 Acanthurus nigrofuscus 
 

5.071 2.535 
 Acanthurus nigroris 

 
3.381 1.690 

 Acanthurus triostegus 24.602 11.757 18.180 
 Acanthurus xanthopterus 4.518 

 
2.259 

 Ctenochaetus strigosus 
 

11.968 5.984 
 Zebrasoma flavescens 

 
4.751 2.375 
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     TETRAODONTIDAE 
    Arothron hispidus 
 

19.788 9.894 
 

     DIODONTIDAE  
    Diodon hystrix 
 

63.199 31.600 
         
 Avg. Biomass = 202.211 205.342 203.776 
 Total Species  = 18 25 33 
 Total Families = 7 9 9 
  

Table G-9.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 9: 3/14/2010 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MURAENIDAE  
    Gymnothorax flavimarginatus 
 

2.691 1.345 
 

     FISTULARIIDAE  
    Fistularia commersonii 2.268 

 
1.134 

 

     MULLIDAE  
    Mulloidichthys flavolineatus 

 
11.719 5.860 

 

     CARANGIDAE 
    Caranx ignobilis 15.463 

 
7.732 

 

     LUTJANIDAE  
    Lutjanus fulvus 4.172 

 
2.086 

 Lutjanus kasmira 
 

16.542 8.271 
 

     CHAETODONTIDAE  
    Chaetodon lunula 3.467 

 
1.733 

 Chaetodon miliaris 12.488 4.186 8.337 
 Chaetodon ornatissimus 6.278 

 
3.139 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 12.770 7.232 10.001 

 Abudefduf sordidus 3.933 0.675 2.304 
 Dascyllus albisella 3.571 1.239 2.405 
 Plectroglyphidodon imparipennis 0.700 2.101 1.400 
 Stegastes fasciolatus 

 
6.497 3.248 

 

     LABRIDAE  
    Bodianus bilunulatus 
 

2.578 1.289 
 Gomphosus varius 2.101 

 
1.050 

 Halichoeres ornatissimus 1.818 2.121 1.969 
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Labroides phthirophagus 
 

0.207 0.104 
 Stethojulis bandanensis 2.183 2.941 2.562 
 Thalassoma duperrey 

 
1.397 0.699 

 Thalassoma lutescens 
 

1.234 0.617 
 

     SCARIDAE  
    Chlorurus spilurus 28.451 21.910 25.181 

 Scarus psittacus 21.840 6.252 14.046 
 Scarus rubroviolaceus 

 
2.264 1.132 

 Scarus schlegeli 
 

21.631 10.816 
 

     BLENNIIDAE  
    Blennidae sp. 2.078 5.401 3.740 

 

     ZANCLIDAE  
    Zanclus cornutus 
 

2.751 1.375 
 

     ACANTHURIDAE  
    Acanthurus achilles 
 

1.763 0.881 
 Acanthurus nigrofuscus 5.916 3.423 4.670 
 Acanthurus nigroris 5.071 6.847 5.959 
 Acanthurus triostegus 27.367 8.051 17.709 
 Ctenochaetus strigosus 

 
11.689 5.844 

 Zebrasoma flavescens 12.070 
 

6.035 
 Zebrasoma veliferum 4.684 4.684 4.684 
 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

2.452 1.226 
 

     DIODONTIDAE  
    Diodon hystrix 38.559 63.199 50.879 

         
 Avg. Biomass = 217.246 225.676 221.461 
 Total Species  = 22 29 36 
 Total Families = 10 12 14 
  

 

Table G-10.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 10: 5/23/2010 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     SPHYRAENIDAE 
    Sphyraena barracuda 
 

242.967 121.484 
 

     FISTULARIIDAE  
    Fistularia commersonii 
 

1.640 0.820 
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     AULOSTOMIDAE 
    Aulostomis chinensis 11.960 

 
5.980 

 

     MULLIDAE  
    Mulloidichthys vanicolensis 15.344 

 
7.672 

 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.688 

 
0.344 

 

     CARANGIDAE 
    Caranx melampygus 
 

7.296 3.648 
 

     LUTJANIDAE  
    Lutjanus fulvus 
 

4.172 2.086 
 

     CHAETODONTIDAE  
    Chaetodon miliaris 4.186 

 
2.093 

 Chaetodon ornatissimus 6.278 
 

3.139 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 25.110 10.549 17.829 

 Abudefduf sordidus 3.374 2.612 2.993 
 Plectroglyphidodon imparipennis 1.225 

 
0.613 

 Stegastes fasciolatus 5.414 12.993 9.204 
 

     LABRIDAE  
    Coris venusta 
 

0.686 0.343 
 Gomphosus varius 2.101 2.101 2.101 
 Halichoeres hortulanus 

 
1.752 0.876 

 Halichoeres ornatissimus 1.818 1.818 1.818 
 Labroides phthirophagus 

 
0.464 0.232 

 Pseudocheilinus hexataenia 1.103 
 

0.551 
 Stethojulis bandanensis 1.781 

 
0.890 

 Thalassoma duperrey 2.468 0.699 1.583 
 Thalassoma lutescens 0.699 

 
0.349 

 Thalassoma trilobatum 0.866 
 

0.433 
 

     SCARIDAE  
    Chlorurus spilurus 53.271 7.135 30.203 

 Scarus psittacus 11.432 20.069 15.750 
 Scarus rubroviolaceus 2.264 

 
1.132 

 

     ACANTHURIDAE  
    Acanthurus achilles 2.975 

 
1.487 

 Acanthurus dussumieri 3.927 
 

1.963 
 Acanthurus nigroris 5.071 14.749 9.910 
 Acanthurus olivaceus 3.272 

 
1.636 

 Acanthurus triostegus 14.045 4.628 9.336 
 Acanthurus xanthopterus 

 
3.294 1.647 
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Ctenochaetus strigosus 9.660 5.084 7.372 
 Naso lituratus 

 
6.594 3.297 

 Zebrasoma flavescens 
 

0.475 0.238 
 Zebrasoma veliferum 

 
3.123 1.561 

 

     TETRAODONTIDAE 
    Canthigaster jactator 
 

1.543 0.771 
 

     DIODONTIDAE  
    Diodon hystrix 
 

38.559 19.280 
         
 Avg. Biomass = 190.328 395.000 292.664 
 Total Species  = 25 24 38 
 Total Families = 8 10 14 
  

 

 

Table G-11.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 11: 9/12/2010 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MURAENIDAE  
    Gymnothorax flavimarginatus 6.144 2.691 4.417 

 

     FISTULARIIDAE  
    Fistularia commersonii 2.268 1.640 1.954 

 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.381 

 
0.190 

 

     LUTJANIDAE  
    Lutjanus fulvus 
 

6.082 3.041 
 

     CHAETODONTIDAE  
    Chaetodon auriga 4.969 2.813 3.891 

 Chaetodon ephippium 2.098 3.440 2.769 
 Chaetodon ornatissimus 

 
6.278 3.139 

 Chaetodon trifasciatus 
 

1.891 0.945 
 Forcipiger flavissimus 2.296 

 
1.148 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 28.547 3.917 16.232 

 Abudefduf sordidus 13.651 6.530 10.091 
 Plectroglyphidodon imparipennis 1.225 2.451 1.838 
 Stegastes fasciolatus 4.331 5.283 4.807 
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     LABRIDAE  
    Bodianus bilunulatus 7.790 7.790 7.790 

 Gomphosus varius 1.050 
 

0.525 
 Halichoeres ornatissimus 1.212 1.212 1.212 
 Labroides phthirophagus 

 
0.104 0.052 

 Stethojulis bandanensis 3.801 1.143 2.472 
 Thalassoma duperrey 4.191 3.701 3.946 
 Thalassoma lutescens 

 
1.234 0.617 

 

     SCARIDAE  
    Chlorurus spilurus 43.727 32.651 38.189 

 Scarus perspicillatus 

 
21.631 10.815 

 Scarus psittacus 28.543 17.314 22.929 
 Scarus sp. 

 
1.004 0.502 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

1.462 0.731 
 Blennidae sp. 

 
3.151 1.575 

 

     ZANCLIDAE  
    Zanclus cornutus 22.504 5.501 14.002 

 

     ACANTHURIDAE  
    Acanthurus dussumieri 
 

2.863 1.431 
 Acanthurus nigrofuscus 9.297 11.411 10.354 
 Acanthurus nigroris 

 
5.071 2.535 

 Acanthurus olivaceus 
 

4.908 2.454 
 Acanthurus triostegus 26.817 32.774 29.796 
 Ctenochaetus strigosus 16.270 0.744 8.507 
 Zebrasoma flavescens 3.563 3.563 3.563 
 Zebrasoma veliferum 

 
1.670 0.835 

 

     BALISTIDAE  
    Sufflamen bursa 1.456 

 
0.728 

 

     TETRAODONTIDAE 
    Canthigaster jactator 0.771 0.543 0.657 

 

     DIODONTIDAE  
    Diodon hystrix 
 

38.559 19.280 
         
 Avg. Biomass = 236.901 243.020 239.961 
 Total Species  = 24 34 38 
 Total Families = 11 12 14 
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Table G-12.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 12: 12/26/2010 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MUGILIDAE  
    Mugil cephalus 
 

31.923 15.961 
 

     MULLIDAE  
    Mulloidichthys vanicolensis 
 

15.344 7.672 
 

     CARANGIDAE 
    Caranx melampygus 
 

14.218 7.109 
 

     LUTJANIDAE  
    Lutjanus fulvus 8.148 

 
4.074 

 

     POMACANTHIDAE 
    Centropyge potteri 1.519 

 
0.760 

 

     CHAETODONTIDAE  
    Chaetodon auriga 
 

4.969 2.484 
 Chaetodon miliaris 

 
10.291 5.145 

 

     POMACENTRIDAE  
    Abudefduf abdominalis 12.980 19.043 16.011 

 Abudefduf sordidus 10.464 7.120 8.792 
 Dascyllus albisella 7.142 4.761 5.952 
 Plectroglyphidodon imparipennis 0.700 1.848 1.274 
 

     LABRIDAE  
    Gomphosus varius 1.334 1.334 1.334 

 Halichoeres ornatissimus 1.212 0.909 1.060 
 Pseudocheilinus hexataenia 1.103 

 
0.551 

 Stethojulis bandanensis 1.187 
 

0.594 
 Thalassoma duperrey 

 
1.234 0.617 

 Thalassoma lutescens 1.234 
 

0.617 
 

     SCARIDAE  
    Chlorurus spilurus 27.780 21.499 24.640 

 Scarus perspicillatus 
 

21.631 10.816 
 Scarus psittacus 9.527 

 
4.763 

 Scarus rubroviolaceus 
 

2.328 1.164 
 

     ZANCLIDAE  
    Zanclus cornutus 10.437 8.252 9.345 
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ACANTHURIDAE  
    Acanthurus achilles 
 

2.975 1.487 
 Acanthurus dussumieri 

 
1.696 0.848 

 Acanthurus nigrofuscus 23.024 
 

11.512 
 Acanthurus nigroris 5.916 

 
2.958 

 Acanthurus olivaceus 6.462 
 

3.231 
 Acanthurus triostegus 15.088 10.568 12.828 
 Acanthurus xanthopterus 

 
1.906 0.953 

 Ctenochaetus strigosus 3.722 5.583 4.652 
 Zebrasoma flavescens 6.035 5.256 5.645 
 Zebrasoma veliferum 4.684 

 
2.342 

 

     BALISTIDAE  
    Rhinecanthus aculeatus 
 

4.642 2.321 
 

     OSTRACIIDAE  
    Ostracion meleagris 
 

1.128 0.564 
 

     DIODONTIDAE  
    Diodon hystrix 38.559 38.559 38.559 

         
 Avg. Biomass = 198.257 239.016 218.637 
 Total Species  = 22 25 35 
 Total Families = 8 12 14 
  

 

Table G-13.  Estimate of biomass for all reef fish species observed within 

belt transects at windward side of HIMB, Kaneohe Bay.  Survey 13: 3/11/2011 

Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     FISTULARIIDAE  
    Fistularia commersonii 
 

1.640 0.820 
 

     CIRRHITIDAE  
    Paracirrhites arcatus 0.6 0.381 0.476 

 

     SERRANIDAE 
    Cephalophalis argus 13.519 

 
6.759 

 

     LUTJANIDAE  
    Lutjanus fulvus 
 

1.564 0.782 
 Lutjanus kasmira 

 
4.646 2.323 

 

     CHAETODONTIDAE  
    Chaetodon auriga 
 

12.781 6.391 
 Chaetodon miliaris 8.843 13.953 11.398 
 



Appendix G 
 

333 
 

Chaetodon ornatissimus 6.277 
 

3.139 
 Chaetodon unimaculatus 3.222 

 
1.611 

 Chaetodon trifasciatus 
 

3.261 1.630 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 
 

5.773 2.887 
 Abudefduf sordidus 5.900 6.530 2.548 
 Plectroglyphidodon imparipennis 1.576 

 
0.788 

 Stegastes fasciolatus 6.004 
 

3.002 
 

     LABRIDAE  
    Bodianus bilunulatus 1.817 15.579 8.698 

 Coris venusta 1.231 
 

0.616 
 Halichoeres hortulanus 

 
0.597 0.298 

 Halichoeres ornatissimus 2.424 0.606 1.515 
 Labroides phthirophagus 0.000 0.207 0.104 
 Pseudocheilinus hexataenia 0.735 

 
0.368 

 Stethojulis bandanensis 
 

1.201 0.601 
 Thalassoma lutescens 2.468 1.234 1.851 
 

     SCARIDAE  
    Chlorurus spilurus 42.174 6.693 24.434 

 Scarus perspicillatus 21.631 
 

10.815 
 Scarus psittacus 15.952 12.505 14.228 
 

     ACANTHURIDAE  
    Acanthurus achilles 2.975 5.949 4.462 

 Acanthurus dussumieri 
 

1.657 0.828 
 Acanthurus nigrofuscus 

 
3.381 1.690 

 Acanthurus nigroris 
 

8.451 4.226 
 Acanthurus olivaceus 

 
5.634 2.817 

 Acanthurus triostegus 8.945 4.028 6.486 
 Ctenochaetus strigosus 1.526 3.722 3.722 
 Zebrasoma flavescens 

 
5.938 2.969 

 

     BALISTIDAE  
    Sufflamen bursa 2.452 

 
1.226 

 

     TETRAODONTIDAE 
    Canthigaster jactator 0.771 0.771 0.771 

         
 Avg. Biomass = 151.011 128.684 137.279 
 Total Species  = 22 26 35 
 Total Families = 9 9 11 
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Table G-14.  Estimate of biomass for all reef fish species observed within 
belt transects at windward side of HIMB, Kaneohe Bay.  Survey 14: 
5/1/2011 

 Estimate reported in kilograms/hectare        
 FAMILY Site A Site C Average 
  Genus/Species 300 m 100 m   
 

     MURAENIDAE  
    Gymnothorax meleagris 
 

1.248 0.624 
 

     FISTULARIIDAE  
    Fistularia commersonii 2.268 

 
1.134 

 

     MULLIDAE 
    Mulloidichthys vanicolensis 15.344 

 
7.672 

 

     CARANGIDAE 
    Caranx melampygus 
 

56.872 28.436 
 

     LUTJANIDAE  
    Lutjanus fulvus 4.172 

 
2.086 

 

     CHAETODONTIDAE  
    Chaetodon auriga 4.969 

 
2.484 

 Chaetodon lunulatus 
 

4.830 2.415 
 Chaetodon miliaris 9.453 2.929 6.191 
 Chaetodon ornatissimus 6.278 3.587 4.932 
 Chaetodon quadrimaculatus 3.348 

 
1.674 

 Chaetodon unimaculatus 11.602 
 

5.801 
 Chaetodon trifasciatus 2.208 

 
1.104 

 Forcipiger flavissimus 1.148 
 

0.574 
 

     POMACENTRIDAE  
    Abudefduf abdominalis 16.563 13.670 15.117 

 Abudefduf sordidus 11.121 14.395 12.758 
 Dascyllus albisella 3.571 

 
1.786 

 Plectroglyphidodon imparipennis 1.225 
 

0.613 
 Stegastes fasciolatus 7.579 10.828 9.204 
 

     LABRIDAE  
    Coris venusta 
 

0.489 0.244 
 Gomphosus varius 0.667 0.667 0.667 
 Halichoeres ornatissimus 1.212 0.844 1.028 
 Labroides phthirophagus 

 
0.104 0.052 

 Stethojulis bandanensis 1.309 2.763 2.036 
 Thalassoma lutescens 1.234 

 
0.617 

 Thalassoma trilobatum 1.488 
 

0.744 
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SCARIDAE  
    Chlorurus spilurus 25.051 57.874 41.463 

 Scarus psittacus 39.880 13.605 26.743 
 Scarus rubroviolaceus 

 
2.264 1.132 

 

     BLENNIIDAE  
    Cirripectes vanderbilti 
 

1.716 0.858 
 Omobranchus obliquus 

 
1.350 0.675 

 Blennidae sp. 2.701 
 

1.350 
 

     ZANCLIDAE  
    Zanclus cornutus 10.437 7.969 9.203 

 

     ACANTHURIDAE  
    Acanthurus nigrofuscus 6.847 5.071 5.959 

 Acanthurus triostegus 12.137 18.971 15.554 
 Acanthurus xanthopterus 

 
0.976 0.488 

 Ctenochaetus strigosus 5.674 3.813 4.744 
 Naso lituratus 5.802 

 
2.901 

 Zebrasoma flavescens 6.035 2.375 4.205 
 Zebrasoma veliferum 4.059 3.123 3.591 
 

     BALISTIDAE  
    Sufflamen bursa 1.456 

 
0.728 

 

     TETRAODONTIDAE 
    Canthigaster jactator 0.771 0.543 0.657 

 

     DIODONTIDAE  
    Diodon hystrix 21.062 38.560 29.811 

         
 Avg. Biomass = 248.671 271.434 260.052 
 Total Species  = 33 27 42 
 Total Families = 13 11 15 
  

 

 



Appendix H 

336 
 

Table H-1. Reefs 19, 20, and 21.  Survey 14: April 2010.  Total number of reef fish observed by size class and species.  Size classes 

are centimeters Total Length (cm TL).  Six 25 x 4 m transects on reef flats. 

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Gymnothorax meleagris 

         

1 1 

  

         

  

 Paracirrhites arcatus 

  

3 

      

  3 

  

         

  

 Fistularia commersonii 

         

1 1 

  

         

  

 Abudefduf abdominalis 

 

4 4 9 

     

  17 

Abudefduf sordidus 

   

1 2 

    

  3 

Dascyllus albisella 

 

5 5 1 

     

  11 

Plectroglyphidodon 

imparipennis 

  

9 

      

  9 

  

         

  

 Gomphosus varius 

   

2 

     

  2 

Halichoeres ornatissimus 

  

4 

      

  4 

Stethojulis bandanensis 

  

6 

      

  6 

Thalassoma duperrey 

  

3 7 

     

  10 

Thalassoma lutescens 

   

1 

     

  1 

Thalassoma trilobatum 

   

1 

     

  1 

  

         

  

 Chlororus spilurus 

  

26 27 

     

  53 

Scarus psittacus 

   

11 2 

    

  13 

  

         

  

 Chaetodon auriga 

   

2 

     

  2 

Chaetodon lunula  

   

2 

     

  2 

Chaetodon miliaris 

   

4 

     

  4 

  

         

  

 Acanthurus nigrofuscus 

  

3 2 

     

  5 
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Acanthurus nigroris 

   

3 

     

  3 

Acanthurus triostegus 

  

6 5 

     

  11 

Zebrasoma flavescens 

   

2 

     

  2 

Zebrasoma veliferum 

   

1 

     

  1 

  

         

  

 Canthigaster coronata 

  

1 

      

  1 

Canthigaster jactator 

  

5 

      

  5 

  

         

  

 Cirrepectes vanderbilti 

  

10 

      

  10 

Entomacrodus marmoratus     3               3 

Total by size class 0 9 88 81 4 0 0 0 0 2 184 

 

 

Table H-2. Reefs 19, 20, and 21.  Survey 15: August 2010.  Total number of reef fish observed by size class and species.  Size classes 

are centimeters Total Length (cm TL).  Six 25 x 4 m transects on reef flats. 

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Paracirrhites arcatus 

  

2 

      

  2 

  

         

  

 Caranx melampygus 

    

1 

    

  1 

  

         

  

 Fistularia commersonii 

        

2   2 

  

         

  

 Abudefduf abdominalis 

  

4 5 

     

  9 

Abudefduf sordidus 

   

2 

     

  2 

Plectroglyphidodon 

imparipennis 

  

7 

      

  7 

Stegastes fasciolatus 

  

11 

      

  11 

  

         

  

 Coris venusta 

  

1 

      

  1 
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Gomphosus varius 

   

3 

     

  3 

Halichoeres ornatissimus 

  

2 

      

  2 

Pseudocheilinus hexataenia 

  

13 

      

  13 

Stethojulis bandanensis 

  

6 

      

  6 

Thalassoma duperrey 

   

3 

     

  3 

Thalassoma lutescens 

   

6 

     

  6 

  

         

  

 Chlororus spilurus 

  

43 45 

     

  88 

Scarus psittacus 

   

22 

     

  22 

  

         

  

 Chaetodon auriga 

   

2 

     

  2 

Chaetodon lunula  

    

2 

    

  2 

Chaetodon miliaris 

  

7 6 

     

  13 

  

         

  

 Acanthurus nigrofuscus 

   

3 

     

  3 

Acanthurus nigroris 

   

4 

     

  4 

Acanthurus olivaceus 

   

2 

     

  2 

Acanthurus triostegus 

  

21 5 1 

    

  27 

Ctenochaetus strigosus 

   

1 

     

  1 

Zebrasoma flavescens 

   

3 

     

  3 

  

         

  

 Zanclus cornutus 

    

1 

    

  1 

  

         

  

 Canthigaster coronata 

  

1 

      

  1 

Canthigaster jactator 

  

2 

      

  2 

  

         

  

 Cirrepectes vanderbilti 

  

14 

      

  14 

Entomacrodus marmoratus 

  

4 

      

  4 

                      

 Total by size class 0 0 138 112 5 0 0 0 2 0 257 
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Table H-3. Reefs 19, 20, and 21.  Survey 16: October 2010.  Total number of reef fish observed by size class and species.  Size classes 

are centimeters Total Length (cm TL).  Six 25 x 4 m transects on reef flats. 

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Cirrhitus pinnulatus 

   

4 

     

  4 

Paracirrhites arcatus 

  

3 

      

  3 

  

         

  

 Fistularia commersonii 

        

1   1 

  

         

  

 Abudefduf abdominalis 

   

5 

     

  5 

Abudefduf sordidus 

   

3 1 

    

  4 

Dascyllus albisella 

 

3 3 

      

  6 

Plectroglyphidodon 

imparipennis 

  

18 

      

  18 

Stegastes fasciolatus 

  

9 3 

     

  12 

  

         

  

 Gomphosus varius 

   

3 

     

  3 

Halichoeres ornatissimus 

  

5 

      

  5 

Pseudocheilinus hexataenia 

  

6 

      

  6 

Stethojulis bandanensis 

  

9 

      

  9 

Thalassoma duperrey 

   

4 

     

  4 

Thalassoma lutescens 

   

1 1 

    

  2 

  

         

  

 Chlororus spilurus 

  

4 33 

     

  37 

Scarus psittacus 

   

16 

     

  16 

  

         

  

 Chaetodon auriga 

   

2 

     

  2 

Chaetodon lunula  

   

2 

     

  2 

Chaetodon lunulatus 

    

2 

    

  2 

Chaetodon miliaris 

   

6 

     

  6 

Chaetodon ornatissimus 

   

2 

     

  2 
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 Acanthurus nigrofuscus 

  

4 7 

     

  11 

Acanthurus nigroris 

   

5 

     

  5 

Acanthurus olivaceus 

   

2 

     

  2 

Acanthurus triostegus 

  

11 19 

     

  30 

Zebrasoma flavescens 

   

2 

     

  2 

Zebrasoma veliferum 

   

2 

     

  2 

  

         

  

 Zanclus cornutus 

   

3 

     

  3 

  

         

  

 Cirrepectes vanderbilti 

  

8 

      

  8 

Blennidae sp. 

  

3 

      

  3 

                      

 Total by size class 0 3 83 124 4 0 0 0 1 0 215 

 

 

Table H-4. Reefs 19, 20, and 21.  Survey 17: December 2010.  Total number of reef fish observed by size class and species.  Size 

classes are centimeters Total Length (cm TL).  Six 25 x 4 m transects on reef flats. 

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Gymnothorax meleagris 

         

1 1 

  

         

  

 Cirrhitus pinnulatus 

   

1 

     

  1 

Paracirrhites arcatus 

  

3 

      

  3 

  

         

  

 Fistularia commersonii 

        

1   1 

  

         

  

 Abudefduf abdominalis 

  

3 10 

     

  13 

Dascyllus albisella 

   

4 

     

  4 
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Plectroglyphidodon 

imparipennis 

  

4 

      

  4 

Stegastes fasciolatus 

  

4 6 

     

  10 

  

         

  

 Gomphosus varius 

   

2 

     

  2 

Halichoeres ornatissimus 

  

7 

      

  7 

Pseudocheilinus hexataenia 

  

10 

      

  10 

Stethojulis bandanensis 

  

9 

      

  9 

Thalassoma duperrey 

   

11 

     

  11 

Thalassoma trilobatum 

   

1 

     

  1 

  

         

  

 Chlororus spilurus 

   

1 

     

  1 

  

         

  

 Chaetodon lunulatus 

   

7 

     

  7 

Chaetodon miliaris 

  

7 3 

     

  10 

Chaetodon ornatissimus 

   

2 

     

  

   

         

  

 Acanthurus nigrofuscus 

  

4 6 

     

  10 

Acanthurus olivaceus 

    

1 

    

  1 

Acanthurus triostegus 

   

6 

     

  6 

Zebrasoma flavescens 

   

1 

     

  1 

Zebrasoma veliferum 

   

1 

     

  1 

  

         

  

 Zanclus cornutus 

   

3 

     

  3 

  

         

  

 Rhinecanthus aculeatus 

   

1 

     

  1 

  

         

  

 Cirrepectes vanderbilti 

  

10 

      

  10 

Entomacrodus marmoratus 

  

10 

      

  10 

                      

 Total by size class 0 0 71 66 1 0 0 0 1 1 140 
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Table H-5. HIMB, Sites A and C.  Survey 11: September 2010.  Number of reef fish observed by size class and species.  Size classes 

are centimeters Total Length (cm TL).  Four 25 x 4 m transects.   

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Gymnothorax flavimarginatus 

     

1 1 

  

  2 

  

         

  0 

Paracirrhites arcatus 

  

2 

      

  2 

  

         

  0 

Lutjanus fulvus 

   

2 

     

  2 

  

         

  0 

Fistularia commersonii 

      

2 

  

  2 

  

         

  0 

Abudefduf abdominalis 12 26 8 10 

     

  56 

Abudefduf sordidus 

   

6 

     

  6 

Plectroglyphidodon 

imparipennis 

 

7 7 

      

  14 

Stegastes fasciolatus 

  

6 2 

     

  8 

  

         

  0 

Bodianus bilunulatus 

    

2 

    

  2 

Gomphosus varius 

   

1 

     

  1 

Halichoeres hortulanus 

  

4 1 

     

  5 

Halichoeres ornatissimus 

  

4 

      

  4 

Labroides phthirophagus 

  

1 

      

  1 

Stethojulis bandanensis 

  

14 

      

  14 

Thalassoma duperrey 

   

9 

     

  9 

Thalassoma lutescens 

   

1 

     

  1 

Thalassoma trilobatum 

   

2 

     

  2 

  

         

  0 

Chlororus spilurus 

  

130 40 

     

  170 

Scarus perspicillatus 

    

1 

    

  1 

Scarus psittacus 

  

15 25 

     

  40 
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Scarus sp. 

 

20 

       

  20 

  

         

  0 

Chaetodon auriga 

   

4 

     

  4 

Chaetodon ephippium 

   

3 

     

  3 

Chaetodon ornatissimus 

   

2 

     

  2 

Chaetodon ovalis 

   

2 

     

  2 

Forcipiger flavissimus 

   

2 

     

  2 

  

         

  0 

Acanthurus dussumieri 

   

1 

     

  1 

Acanthurus nigrofuscus 

  

11 10 

     

  21 

Acanthurus nigroris 

  

6 

      

  6 

Acanthurus olivaceus 

   

3 

     

  3 

Acanthurus triostegus 

  

34 26 

     

  60 

Ctenochaetus strigosus 

  

13 6 

     

  19 

Zebrasoma flavescens 

   

6 

     

  6 

Zebrasoma veliferum 

  

2 

      

  2 

  

         

  0 

Zanclus cornutus 

   

7 

     

  7 

  

         

  0 

Sufflamen bursa 

   

1 

     

  1 

  

         

  0 

Cirripectes vanderbilti 

  

8 

      

  8 

Blennidae sp. 

  

7 

      

  7 

   

        

  0 

Canthigaster jactator   

 

2 

       

2 

   

         

0 

Diodon hystrix         1           1 

Total by size class 12 53 274 172 4 1 3 0 0 0 519 
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Table H-6. HIMB, Sites A and C.  Survey 12: December 2010.  Number of reef fish observed by size class and species.  Size classes 

are centimeters Total Length (cm TL).  Four 25 x 4 m transects.   

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Mulloidichthys vanicolensis 

   

6 

     

  6 

  

         

  

 Caranx melampygus 

    

1 

    

  1 

  

         

  

 Mugil cephalus 

    

2 

    

  2 

  

         

  

 Lutjanis fulvus 

    

1 

    

  1 

  

         

  

 Centropyge potteri 

  

1 

      

  1 

  

         

  

 Abudefduf abdominalis 

  

6 15 

     

  21 

Abudefduf sordidus 

   

7 

     

  7 

Dascyllus albisella 

  

10 

      

  10 

Plectroglyphidodon 

imparipennis 

  

10 

      

  10 

  

         

  

 Gomphosus varius 

   

4 

     

  4 

Halichoeres ornatissimus 

  

7 

      

  7 

Pseudocheilinus hexataenia 

  

6 

      

  6 

Stethojulis bandanensis 

  

4 

      

  4 

Thalassoma duperrey 

   

1 

     

  1 

Thalassoma lutescens 

   

1 

     

  1 

  

         

  

 Chlororus spilurus 

  

10 17 

     

  27 

Scarus perspicillatus 

    

1 

    

  1 

Scarus psittacus 

   

5 

     

  5 

Scarus rubroviolaceus 

    

2 

    

  2 
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 Chaetodon auriga 

   

2 

     

  2 

Chaetodon miliaris 

  

10 

      

  10 

  

         

  

 Acanthurus achilles 

   

1 

     

  1 

Acanthurus dussumieri 

   

2 

     

  2 

Acanthurus nigrofuscus 

   

12 

     

  12 

Acanthurus nigroris 

  

7 

      

  7 

Acanthurus olivaceus 

   

2 

     

  2 

Acanthurus triostegus 

  

11 10 

     

  21 

Acanthurus xanthopterus 

   

1 

     

  1 

Ctenochaetus strigosus 

  

15 

      

  15 

Zebrasoma flavescens 

  

6 3 

     

  9 

Zebrasoma veliferum 

  

3 

      

  3 

  

         

  

 Zanclus cornutus 

   

5 

     

  5 

  

         

  

 Rhinecanthus aculeatus 

   

1 

     

  1 

  

         

  

 Ostracion meleagris 

  

1 

      

  1 

  

         

  

 Diodon hystrix         2           2 

Total by size class 0 0 107 95 9 0 0 0 0 0 211 
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Table H-7. HIMB, Sites A and C.  Survey 13: March 2011.  Number of reef fish observed by size class and species.  Size classes are 

centimeters Total Length (cm TL).  Four 25 x 4 m transects.   

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Paracirrhites arcatus 

  

5 

      

  5 

  

         

  

 Lutjanus fulvus 

   

3 

     

  3 

Lutjanus kasmira 

   

7 

     

  7 

  

         

  

 Fistularia commersoni 

      

1 

  

  1 

  

         

  

 Cephalophalis argus 

    

1 

    

  1 

  

         

  

 Abudefduf abdominalis 

  

16 2 

     

  18 

Abudefduf sordidus 

   

4 

     

  4 

Plectroglyphidodon 

imparipennis 

  

9 

      

  9 

Stegastes fasciolatus 

   

4 

     

  4 

  

         

  

 Bodianus bilunulatus 

   

2 2 

    

  4 

Coris venusta 

   

1 

     

  1 

Halichoeres hortulanus 

   

1 

     

  1 

Halichoeres ornatissimus 

  

10 

      

  10 

Labroides phthirophagus 

  

2 

      

  2 

Pseudocheilinus hexataenia 

  

4 

      

  4 

Stethojulis bandanensis 

  

6 

      

  6 

Thalassoma lutescens 

   

3 

     

  3 

  

         

  

 Chlororus spilurus 

  

45 10 

     

  55 

Scarus perspicillatus 

    

1 

    

  1 

Scarus psittacus 

   

16 

     

  16 
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 Chaetodon auriga 

   

4 

     

  4 

Chaetodon miliaris 

  

4 12 

     

  16 

Chaetodon ornatissimus 

   

2 

     

  2 

Chaetodon ovalis 

   

2 

     

  2 

Chaetodon unimaculatus 

   

2 

     

  2 

  

         

  

 Acanthurus achilles 

   

3 

     

  3 

Acanthurus dussumieri 

   

1 

     

  1 

Acanthurus nigrofuscus 

  

4 

      

  4 

Acanthurus nigroris 

  

10 

      

  10 

Acanthurus olivaceus 

   

1 

     

  1 

Acanthurus triostegus 

  

7 7 

     

  14 

Ctenochaetus strigosus 

  

8 

      

  8 

Zebrasoma flavescens 

   

5 

     

  5 

  

         

  

 Sufflamen bursa 

   

1 

     

  1 

  

         

  

 Canthigaster jactator     2               2 

Total by size class 0 0 132 93 4 0 1 0 0 0 230 
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Table H-8. HIMB, Sites A and C.  Survey 14: May 2011.  Number of reef fish observed by size class and species.  Size classes are 

centimeters Total Length (cm TL).  Four 25 x 4 m transects.   

SPECIES 0 < 2  2 < 5  5 < 10  10 < 20  20 < 30 30<40 40 < 50 50 < 60 60 <70 70+ Total by Species 

Gymnothorax meleagris 

     

1 

   

  1 

  

         

  

 Caranx melampygus 

    

4 

    

  4 

  

         

  

 Fistularia commersonii 

      

1 

  

  1 

  

         

  

 Mulloidichthys vanicolensis 

   

6 

     

  6 

  

         

  

 Lutjanis fulvus 

    

1 

    

  1 

  

         

  

 Abudefduf abdominalis 

 

6 11 8 

     

  25 

Abudefduf sordidus 

  

2 3 3 

    

  8 

Dascyllus albisella 

  

3 

      

  3 

Plectroglyphidodon imparipennis 

  

7 

      

  7 

Stegastes fasciolatus 

  

17 

      

  17 

  

         

  

 Coris venusta 

  

1 

      

  1 

Gomphosus varius 

   

2 

     

  2 

Halichoeres ornatissimus 

  

4 1 

     

  5 

Labroides phthirophagus 

  

1 

      

  1 

Stethojulis bandanensis 

  

14 1 

     

  15 

Thalassoma lutescens 

   

1 

     

  1 

Thalassoma trilobatum 

   

1 

     

  1 

  

         

  

 Chlororus spilurus 

  

50 20 

     

  70 

Scarus psittacus 

  

10 16 

     

  26 

Scarus rubroviolaceus 

    

1 

    

  1 
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 Chaetodon auriga 

   

2 

     

  2 

Chaetodon lunulatus 

   

2 

     

  2 

Chaetodon miliaris 

  

4 4 

     

  8 

Chaetodon ornatissimus 

   

4 

     

  4 

Chaetodon ovalis 

   

2 

     

  2 

Chaetodon quadrimaculatus 

   

2 

     

  2 

Chaetodon unimaculatus 

   

2 

     

  2 

Forcipiger flavissimus 

   

1 

     

  1 

  

         

  

 Acanthurus nigrofuscus 

  

6 6 

     

  12 

Acanthurus triostegus 

  

15 23 

     

  38 

Acanthurus xanthopterus 

   

1 

     

  1 

Ctenochaetus strigosus 

  

2 5 

     

  7 

Naso lituratus 

   

1 

     

  1 

Zebrasoma flavescens 

   

5 

     

  5 

Zebrasoma veliferum 

  

2 2 

     

  4 

  

         

  

 Zanclus cornutus 

   

4 

     

  4 

  

         

  

 Sufflamen bursa 

   

1 

     

  1 

  

         

  

 Canthigaster jactator 

  

2 

      

  2 

  

         

  

 Cirripectes vanderbilti 

  

6 

      

  6 

Omnobranchus obliquus 

  

3 

      

  3 

Blennidae sp. 

  

6 

      

  6 

  

         

  

 Diodon hystrix         2           2 

Total by size class 0 6 166 126 11 1 1 0 0 0 311 
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Table I-1. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 19. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transects.  July 21, 2009 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0 0 0 0 0 0 

Montipora capitata 32 23 2.75  ± 0.64 1.39 ± 0.96 1.00 ± 0.42 0.30 ± 0.03 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
7 6   0.65 ± 0.07    0.32 ± 0.34  0 0.06 ± 0.03  

Pocillopora 

meandrina 
2 1  0.15 ± 0.07  0.18 ± 0.08  0.10 ± 0.14 0 

Porites compressa 

 
51 52 5.15 ± 0.07  4.59 ± 0.73 1.30 ± 0.28  0.50 ± 0.03  

 

Total 
92 82 8.70 ± 0.71 6.48 ± 1.27 2.40 ± 0.85 0.86 ± 0.08 

 

 

 

Table I-2. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 19. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transects.  May 24, 2010 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0 0 0 0 0 0 

Montipora capitata 23 32  2.75 ± 0.64 2.04 ± 1.05   0.70 ± 0.14 0.20 ± 0 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
15 11 1.30 ± 0.28  0.58 ± 0.47 0 0.08 ± 0.11 

Pocillopora 

meandrina 
1 2 0.15 ± 0.07 0.18 ± 0.08  0  0 

Porites compressa 

 
57 60 5.85 ± 0.21  8.18 ± 1.72 1.10 ± 0.71 0.40 ± 0 

 

Total 
96 105 10.05 ± 0.64  10.99 ± 2.21 1.80 ± 0.85 0.68 ± 0.11 
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Table I-3. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 19. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transects.  June 15, 2011 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0 0 0 0 0 0 

Montipora capitata 33 41 3.70 ± 0.57  3.11 ± 0.36  0.90 ± 0.28 0.32 ± 0.11 

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
12 12 1.2 ± 0    0.26 ± 0.28 0 0.30 ± 0.08 

Pocillopora 

meandrina 
0 1 0.05 ± 0.07   0.12 ± 0.17  0  0 

Porites compressa 

 
56 58 5.70 ± 0.14   9.75 ± 3.83 1.20 ± 0 0.44 ± 0.11 

 

Total 
101 112  10.65 ± 0.78   13.24 ± 3.74 2.10 ± 0.28 1.06 ± 0.31 

 

 

Table I-4. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 20. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transects.  July 21, 2009 

 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
3 2 0.25 ± 0.07 0.074 ± 0.062 0 0.02 ± 0.03 

Montipora capitata 15 11 1.30  ± 0.28 0.276 ± 0.03 0.65 ± 0.07 0.20 ± 0.06 

Pavona varians 

 
0 3 0.15 ± 0.21 0.12 ± 0.17 0 0 

Pocillopora 

damicornis 
2 7 0.45 ± 0.35 0.089 ± 0.085 0.15 ± 0.07 0.02 ± 0.03 

Pocillopora 

meandrina 
2 0 0.10 ± 0.14 0.10 ± 0.02 0 0 

Porites compressa 

 
44 30 3.70 ± 0.99 3.37 ± 1.22 1.05 ± 0.21 0.28 ± 0.06 

 

Total 
66 53 5.95 ± 0.92 4.03 ± 1.59 1.85 ± 0.35 0.86 ± 0.09 
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Table I-5. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 20. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transect.  May 24, 2010 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
4 7 0.55 ± 0.21 0.14 ± 0.14 0  0.04 ± 0.06 

Montipora capitata 17 13 1.50 ± 0.28 0.88 ± 0.55 0.55 ± 0.07 0.14 ± 0.08 

Pavona varians 

 
2 7 0.35 ± 0.49 0.34 ± 0.48 0 0 

Pocillopora 

damicornis 
2 12 0.70 ± 0.71 0.13 ± 0.15 0.10 ± 0.14 0.08 ± 0.11 

Pocillopora 

meandrina 
2 0 0.10 ± 0.14 0.15 ± 0.21 0 0 

Porites compressa 

 
51 55 5.30  ± 0.28 6.57 ± 2.13 1.05 ± 0.49 0.22 ± 0.03 

 

Total 
76 94 8.50 ± 1.27 8.21 ± 2.14 1.70 ± 0.71 0.48 ± 0.28 

 

 

Table I-6. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 20. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transect.  June 15, 2011 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
8 4 0.60 ± 0.28  0.14 ± 0.01  0 0.04 ± 0.06 

Montipora capitata 20 23 2.15 ± 0.21  0.98 ± 0.04  0.50 ± 0  0.36 ± 0.17 

Pavona varians 

 
0 5 0.25 ± 0.35  0.05 ± 0.07  0 0.04 ± 0.06 

Pocillopora 

damicornis 
6 5 0.65  ± 0.07   0.10 ± 0.07   0  0.12 ± 0 

Pocillopora 

meandrina 
2 0 0.10 ± 0.14  0.06 ± 0.08  0 0 

Porites compressa 

 
48 53 5.05 ± 0.35  8.03 ± 2.16  0.65 ± 0.07  0.40 ± 0 

 

Total 
84 92  8.80 ± 0.57  18.72 ± 4.53  1.15 ± 0.07 0.96 ± 0.28 
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Table I-7. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 21. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transect.  July 21, 2009 

 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
9 3 0.60 ± 0.42  0.19 ± 0.10  0  0.02 ± 0.03 

Montipora capitata 20 12   1.60 ± 0.57  0.53 ± 0.35  0.35 ± 0.21  0.32 ± 0.06  

Pavona varians 

 
0 5 0.25 ± 0.35   0.19 ± 0.27  0 0 

Pocillopora 

damicornis 
9 3 0.60 ± 0.42  0.04 ± 0.04  0.20 ± 0.28  0.14 ± 0.08  

Pocillopora 

meandrina 
1 1 0.10 ± 0  0.06 ± 0  0 0 

Porites compressa 

 
45 44  4.45 ± 0.07  4.80 ± 0.80  1.15 ± 0.07  0.26 ± 0.08  

 

Total 
84 68 7.60 ± 1.13  5.81 ± 0.95  1.70 ± 0.57  0.74 ± 0.25  

 

 
 

Table I-8. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 21. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transects.  May 24, 2010 

 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
7 7    0.70 ±  0 0.24 ± 0.06   0  0 

Montipora capitata 27 17 2.20 ± 0.71 0.93 ± 0.85  0.65 ± 0.07   0.26 ± 0.08  

Pavona varians 

 
0 1  0.05 ± 0.07  0.03 ± 0.04  0 0 

Pocillopora 

damicornis 
9 5 0.70 ± 0.28 0.07 ± 0.03  0.20 ± 0.28   0.10 ± 0.03  

Pocillopora 

meandrina 
2 1 0.15 ± 0.07   0.09 ± 0.04  0 0 

Porites compressa 

 
48 37 4.25 ± 0.78  5.03 ± 1.30  0.80 ± 0.14  0.30 ± 0.03  

 

Total 
93 68 8.05 ± 1.77    6.38 ± 2.05  1.65 ± 0.49  0.66 ± 0.14  
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Table I-9. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef flat at Reef 21. Transects are North (N) and South (S).  Transect distances were 0-10 m 

along the permanent fish transects.    June 15, 2011 

 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
9 6 0.75 ± 0.21 0.22 ± 0.07   0  0.02 ± 0.03 

Montipora capitata 20 14 1.70 ± 0.42  0.54 ± 0.39   0.35 ± 0.21    0.32 ± 0.06   

Pavona varians 

 
0 6   0.30 ± 0.42   0.20 ± 0.28  0 0 

Pocillopora 

damicornis 
9 5 0.70 ± 0.28   0.06 ± 0.03   0.20 ± 0.28    0.12 ± 0   

Pocillopora 

meandrina 
1 1 0.10 ± 0.00   0.06  ± 0 0 0 

Porites compressa 

 
48 44 4.60 ± 0.28  6.08 ± 0.01    0.70 ± 0   0.48 ± 0   

 

Total 
87 76 8.15 ± 0.78    7.16  ± 0.17 1.25 ± 0.49    0.94 ± 0.08  

 

 

 

Table I-10. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef flat at HIMB.  “Low” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 21, 2009 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
    0    4 0 0.13  ± 0.23  0.02  ± 0.03  0 0 

Montipora capitata    36  22 30   2.93 ± 0.70  3.37 ± 1.43  0.50 ± 0.35     0.33 ± 0.10  

Pavona varians 

 
    0    0 0 0 0  0 0 

Pocillopora 

damicornis 
    8    2 10  0.67 ± 0.42  0.09 ± 0.06   0   0.13 ± 0.08  

Pocillopora 

meandrina 
    0    0    0 0 0 0 0 

Porites compressa 

 
   43  35 45  4.10 ± 0.53     13.06 ± 4.77     0.60 ± 0.10   0.52 ± 0.11  

 

Total 
   87  63   85 7.83 ± 1.33     16.54 ± 6.01   1.10 ± 0.36  0.99 ± 0.28  
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Table I-11. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef flat at HIMB.  “Low” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 26, 2010 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
   0     2 0 0.07 ± 0.12  0.01 ± 0.02  0 0 

Montipora capitata    45  28 29   3.23 ± 0.67  3.38 ± 1.37    0.53 ± 0.31    0.44 ± 0.16  

Pavona varians 

 
   0     0   0 0 0  0 0 

Pocillopora 

damicornis 
   8     2     8   0.60 ± 0.35   0.08 ± 0.05   0  0.13 ± 0.08  

Pocillopora 

meandrina 
   0     0 0 0 0 0 0 

Porites compressa 

 
  40   36 45 4.20 ± 0.52     13.25 ± 4.53     0.67 ± 0.21    0.48 ± 0.14  

 

Total 
  93   68  82  8.10 ± 1.25     16.74 ± 5.74    1.20 ± 0.10  1.05 ± 0.34  

 

 

 

Table I-12. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef flat at HIMB.  “Low” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 30, 2011 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
  0      4 0 0.13 ± 0.23  0.20  ± 0.03  0 0 

Montipora capitata   35   19 27  2.70 ± 0.80   3.59 ± 1.24      0.33 ± 0.06     0.31 ± 0.12  

Pavona varians 

 
  0      0 0 0 0  0 0 

Pocillopora 

damicornis 
  8      2 7  0.57 ± 0.32  0.08 ± 0.06   0  0.09 ± 0.09  

Pocillopora 

meandrina 
  0      0 0 0 0 0 0 

Porites compressa 

 
  41   30 43  3.80 ± 0.70     11.85 ± 4.30      0.77 ± 0.40    0.35 ± 0.10  

 

Total 
  84   55    77  7.20 ± 1.51    15.55 ± 5.58    1.03 ± 0.35  0.75 ± 0.29  
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Table I-13. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef flat at HIMB.  “High” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 21, 2009 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0        0 0 0 0 0  0  

Montipora capitata 25     27 28 2.67 ± 0.15   5.68 ± 6.28    0.33  ± 0.23        0.35 ± 0.14   

Pavona varians 

 
0        0 0 0  0 0 0 

Pocillopora 

damicornis 
7        3 4 0.47 ± 0.21  0.05 ± 0.02   0 0.12 ± 0.04  

Pocillopora 

meandrina 
0        0 0 0  0 0 0 

Porites compressa 

 
63     55 40 5.27 ± 1.17  12.04 ± 4.68   0.70 ± 0.20   0.67 ± 0.19  

 

Total 
95     85 72   8.40 ± 1.15   17.77 ± 5.18  1.03 ± 0.42  1.13 ± 0.31  

 

 

Table I-14. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef flat at HIMB.  “High” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 26, 2010 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
   0     0 0 0 0 0 0 

Montipora capitata   32   28 25 2.83 ± 0.35      3.23 ± 2.02   0.50 ± 0.17    0.33 ± 0.02   

Pavona varians 

 
  0     0 0 0 0 0 0 

Pocillopora 

damicornis 
  5     8 6 0.63 ± 0.15    0.04 ± 0.01  0.10 ± 0.17   0.12 ± 0.04  

Pocillopora 

meandrina 
  0     0 0 0 0 0 0 

Porites compressa 

 
 65   48 31 4.80 ± 1.70  12.75 ± 2.92   0.70 ± 0.10   0.55 ± 0.33  

 

Total 
102   84 62    8.27 ± 2.00 16.03 ± 3.81  1.30 ± 0.26   1.00 ± 0.33  
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Table I-15. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef flat at HIMB.  “High” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 30, 2011 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
  0     0 3 0.10 ± 0.17 0.002 ± 0.004 0 0.04 ± 0.07 

Montipora capitata   29   19 24 2.40 ± 0.50  3.30 ± 1.78     0.47 ± 0.15     0.24 ± 0.12   

Pavona varians 

 
  0     0 0 0 0 0 0 

Pocillopora 

damicornis 
  7     2 4 0.43 ± 0.25  0.02 ± 0.01   0.10 ± 0.17  0.11 ± 0.02  

Pocillopora 

meandrina 
  0     0 0 0 0 0 0 

Porites compressa 

 
49   44 37 4.33 ± 0.60  15.85 ± 7.54    0.57 ± 0.25   0.44 ± 0.18  

 

Total 
 85   65 68   7.27 ± 1.08   19.17 ± 9.29  1.13 ± 0.49  0.83 ± 0.26  

 

 

Table I-16. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 19. Transects are North (N) and South (S).  Transect distances were 0 to -10 m.  

July 21, 2009 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0 0 0 0 0 0 

Montipora capitata 13 19  1.60 ± 0.42    2.58 ± 0.86    0.35 ± 0.35  0.14 ± 0.08  

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
1 10 0.55 ± 0.64  0.08 ± 0.09    0 0.08 ± 0.11  

Pocillopora 

meandrina 
2 0 0.10 ± 0.14  0.06 ± 0.08    0 0 

Porites compressa 

 
32 23 2.75 ± 0.64   8.02 ± 0.32    0.35 ± 0.07   0.14 ± 0.08 

 

Total 
48 52 5.00 ± 0.28    9.27 ± 3.90    0.70 ± 0.42    0.36 ± 0.28   
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Table I-17. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 19. Transects are North (N) and South (S).  Transect distances were 0 to -10 m.  

May 24, 2010 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0 3 0.15 ± 0.21 0.02 ± 0.03 0 0 

Montipora capitata 15 16 1.55 ± 0.07   1.85 ± 1.83    0.65 ± 0.07  0.10 ± 0.14  

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
3 9 0.60 ± 0.42  0.22 ± 0.25   0.30 ± 0.14 0  

Pocillopora 

meandrina 
2 0  0.10 ± 0.14  0.06 ± 0.08    0 0 

Porites compressa 

 
32 37 3.45 ± 0.35   10.68 ± 1.56  1.01 ± 0.26 0.14 ± 0.20 

 

Total 
52 65 5.85 ± 0.92   12.83 ± 3.60    1.96 ± 0.48   0.24 ± 0.34   

 

 

Table I-18. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 19. Transects are North (N) and South (S).  Transect distances were 0 to -10 m.  

June 15, 2011 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0 2 0.10 ± 0.14 0.02 ± 0.02 0 0 

Montipora capitata 10 29 1.95 ± 1.34    3.69 ± 2.44   0.45 ± 0.64  0.10 ± 0.14  

Pavona varians 

 
0 0 0 0 0 0 

Pocillopora 

damicornis 
3 9  0.60 ± 0.42  0.13 ± 0.13    0 0  

Pocillopora 

meandrina 
1 0  0.05 ± 0.07  0.03 ± 0.04    0 0 

Porites compressa 

 
38 43  4.05 ± 0.35   10.08 ± 1.72    0.65 ± 0.21    0.26 ± 0.03  

 

Total 
52 83 6.75 ± 2.19    13.95 ± 0.82    1.10 ± 0.85    0.36 ± 0.17   
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Table I-19. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 20. Transects are North (N) and South (S).  Transect distances were 0 to -10 m. 

July 21, 2009 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
1 3 0.20 ± 0.14 0.03 ± 0.02 0   0 

Montipora capitata 12 14   1.30 ± 0.14  2.28 ± 1.51     0.35 ± 0.07    0.12 ± 0 

Pavona varians 

 
0 4 0.20 ± 0.28 0.07 ± 0.10 0   0   

Pocillopora 

damicornis 
3 8 0.55 ± 0.35    0.07 ± 0.05     0 0.12 ± 0.11 

Pocillopora 

meandrina 
2 0  0.10 ± 0.14  0.15 ± 0.21 0     0   

Porites compressa 

 
18 22 2.00 ± 0.28   5.87 ± 2.15   0.40 ± 0.14   0.12 ± 0.06  

 

Total 
36 51 4.35 ± 1.06   8.47 ± 3.62   0.75 ± 0.21  0.36 ± 0.17   

 

 

 

Table I-20. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 20. Transects are North (N) and South (S).  Transect distances were 0 to -10 m. 

May 24, 2010 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
3 1 0.20 ± 0.14 0.03 ± 0.04 0   0.06 ± 0.08 

Montipora capitata 8 12   1.00  ± 0.28 1.91 ± 1.99    0.22 ± 0.11    0.12 ± 0.06   

Pavona varians 

 
0 5 0.25 ± 0.35 0.08 ± 0.11 0   0   

Pocillopora 

damicornis 
5 6 0.55 ± 0.07    0.05 ± 0.06     0.15 ± 0.07 0.10 ± 0.08 

Pocillopora 

meandrina 
2 0  0.10 ± 0.14  0.15 ± 0.21   0     0   

Porites compressa 

 
19 24 2.15 ± 0.35   5.18 ± 2.71   0.80 ± 0   0.14 ± 0.14  

 

Total 
37 48 4.25 ± 0.78   7.41 ± 4.71   1.17 ± 0.18    0.42 ± 0.37   
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Table I-21. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 20. Transects are North (N) and South (S).  Transect distances were 0 to -10 m. 

June 15, 2011 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
5 4  0.45 ± 0.07 0.08 ± 0.04 0   0.04 ± 0.06 

Montipora capitata 13 12   1.25 ± 0.07  2.26 ± 0.43    0.30 ± 0   0.04 ± 0   

Pavona varians 

 
0 4 0.20 ± 0.28 0.07 ± 0.10 0   0   

Pocillopora 

damicornis 
3 8 0.55 ± 0.35   0.06 ± 0.08     0 0.14 ± 0.03 

Pocillopora 

meandrina 
2 0  0.10 ± 0.14  0.15 ± 0.21 0     0   

Porites compressa 

 
25 33 2.90 ± 0.57  8.46 ± 2.00   0.45 ± 0.21   0.24 ± 0.06  

 

Total 
48 61 5.45 ± 0.92   11.08 ± 2.44 0.75 ± 0.21    0.46 ± 0.14   

 

 

 

Table I-22. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 21. Transects are North (N) and South (S).  Transect distances were 0 to -10 m. 

July 21, 2009 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
6 2  0.40 ± 0.28   0.09 ± 0.04  0 0.04 ± 0.06  

Montipora capitata 17 7  1.20 ± 0.71 2.44 ± 1.64     0.10 ± 0.14    0.16 ± 0.11    

Pavona varians 

 
0 4 0.20 ± 0.28 0.07 ± 0.10  0 0 

Pocillopora 

damicornis 
12 7 0.95 ± 0.35   0.21 ± 0.07     0  0.12 ± 0.06  

Pocillopora 

meandrina 
0 0 0  0   0    0 

Porites compressa 

 
31   20  2.55 ± 0.78     6.23 ± 4.97    0.30 ± 0.42     0.32 ± 0   

 

Total 
66 40 5.30 ± 1.84    9.05 ± 6.54    0.40 ± 0.57    0.64 ± 0.23    
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Table I-23. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 21. Transects are North (N) and South (S).  Transect distances were 0 to -10 m. 

June 24, 2010 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
8 3  0.55 ± 0.35   0.09 ± 0.04  0  0.10 ± 0.08  

Montipora capitata 17 14  1.55 ± 0.21  6.17 ± 3.00     0.38 ± 0.32    0.18 ± 0.08    

Pavona varians 

 
0 3 0.15 ± 0.21 0.07 ± 0.09  0 0 

Pocillopora 

damicornis 
13 7 1.00 ± 0.42    0.21 ± 0.04     0.30 ± 0.14  0.10 ± 0.03  

Pocillopora 

meandrina 
0 1 0.05 ± 0.07  0.03 ± 0.04   0    0 

Porites compressa 

 
41   23 3.20 ± 1.27     7.80 ± 5.27    1.02 ± 0.20    0.16 ± 0.17   

 

Total 
79 51 6.50 ± 1.98    14.37 ± 8.13   1.70 ± 0.66   0.54 ± 0.37    

 

 

 

Table I-24. Species parameters (means ± S.D.) measured for two parallel 10 m
2
 transects on the 

reef slope at Reef 21. Transects are North (N) and South (S).  Transect distances were 0 to -10 m. 

June 15, 2011 

Species 

Total no. 

colonies 

 
  N         S 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
6 3  0.45 ± 0.21   0.90 ± 0.04  0 0.06 ± 0.03  

Montipora capitata 17 19 1.80 ± 0.14 2.48 ± 1.58     0.15 ± 0.07    0.20 ± 0.06    

Pavona varians 

 
0 4 0.20 ± 0.28 0.05 ± 0.07  0 0 

Pocillopora 

damicornis 
11 6 0.85 ± 0.35     0.15 ± 0.05     0.25 ± 0.21  0.10 ± 0.03  

Pocillopora 

meandrina 
0 1 0.05 ± 0.07  0.03 ± 0.04   0    0 

Porites compressa 

 
44   27 3.55 ± 1.20     8.10 ± 5.60    0.55 ± 0.35    0.38 ± 0.03   

 

Total 
78 60 6.90 ± 1.27    10.90 ± 6.98   0.95 ± 0.64    0.74 ± 0.14    
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Table I-25. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef slope at HIMB.  “Low” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 21, 2009 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0      0 0  0 0  0 0 

Montipora capitata 14    17   24  1.83 ± 0.51  7.54 ± 1.79    0.20 ± 0.26    0.17 ± 0.06   

Pavona varians 

 
0       0 0 0 0 0 0 

Pocillopora 

damicornis 
8       1 8 0.57 ± 0.40   0.06 ± 0.05 0.23 ± 0.32    0.04 ± 0.07  

Pocillopora 

meandrina 
0       0 1 0.03 ± 0.06 0.01 ± 0.01 0 0 

Porites compressa 

 
20     37 39 3.20 ± 1.04     35.80 ± 21.28    0.27 ± 0.25    0.21 ± 0.02   

 

Total 
42     55 72   5.63 ± 1.50      43.40 ± 22.84  0.70 ± 0.17   0.43 ± 0.15   

 

 

 

Table I-26. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef slope at HIMB.  “Low” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 26, 2010 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
  0      0 2 0.07 ± 0.12 0.01 ± 0.02  0 0 

Montipora capitata 12     16   22  1.67 ± 0.50  7.45 ± 2.49    0.37 ± 0.29     0.11 ± 0.15   

Pavona varians 

 
  0      0 0 0 0  0 0 

Pocillopora 

damicornis 
  7      1 11   0.63 ± 0.50   0.16 ± 0.16   0    0.12 ± 0.12  

Pocillopora 

meandrina 
  0      0 1 0.03 ± 0.06 0.005 ± 0.009 0 0 

Porites compressa 

 
22    36 44  3.40 ± 1.11     37.31 ± 22.93    0.30 ± 0.10     0.23 ± 0.08    

 

Total 
 41    53 80  5.80 ± 2.00      44.93 ± 24.45    0.67 ± 0.31   0.45 ± 0.35   
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Table I-27. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef slope at HIMB.  “Low” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 30, 2011 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
 0      0 3 0.10 ± 0.17 0.03 ± 0.05  0 0 

Montipora capitata  15    17   22 1.80 ± 0.36  7.23 ± 2.07    0.13 ± 0.12    0.19 ± 0.08   

Pavona varians 

 
0      0 0 0 0 0 0 

Pocillopora 

damicornis 
7      1 3 0.37 ± 0.31   0.15 ± 0.17   0    0.04 ± 0.07  

Pocillopora 

meandrina 
0      0 1 0.03 ± 0.06 0.01 ± 0.01 0 0 

Porites compressa 

 
24    36 50  3.67 ± 1.30     31.73 ± 19.55   0.30 ± 0.10    0.27 ± 0.15   

 

Total 
46     54 79   5.97 ± 1.72      39.14 ± 20.75     0.43 ± 0.21   0.49 ± 0.21   

 

 

 

Table I-28. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef slope at HIMB.  “High” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 21, 2009 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
  0      0 0 0   0    0   0   

Montipora capitata   17   16   13  1.53 ± 0.21   9.66 ± 3.69    0     0.17 ± 0.06  

Pavona varians 

 
  0      0 0 0    0  0   0  

Pocillopora 

damicornis 
 4       2 1 0.23 ± 0.15   0.05 ± 0.05 0     0   

Pocillopora 

meandrina 
0      2   0 0.07 ± 0.12   0.04 ± 0.07  0 0  

Porites compressa 

 
28    38 22 2.93 ± 0.81       31.17 ± 3.15    0.10 ± 0.17    0.20 ± 0.07     

 

Total 
 49  58 36  4.77 ± 1.11        40.92 ± 6.42    0.10 ± 0.17       0.37 ± 0.05    
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Table I-29. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef slope at HIMB.  “High” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 26, 2010 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
  0      0 0   0 0    0   0   

Montipora capitata 14     18   13  1.50 ± 0.26    8.07 ± 2.11    0.30 ± 0.36     0.11 ± 0.09   

Pavona varians 

 
  0      0 0  0  0   0   0  

Pocillopora 

damicornis 
  6      3 5 0.47 ± 0.15    0.13 ± 0.17   0.10 ± 0.10    0.07 ± 0.06   

Pocillopora 

meandrina 
  0      2 0 0.07 ± 0.12  0.04 ± 0.07  0  0   

Porites compressa 

 
26    43 45  3.13 ± 1.01      31.04 ± 4.06     0.23 ± 0.21   0.24 ± 0.14     

 

Total 
 46    66 43   5.17 ± 1.25       39.27 ± 6.19    0.63 ± 0.59    0.41 ± 0.02    

 

 

Table I-30. Species parameters (means ± S.D.) measured for three parallel 10 m
2
 transects on the 

reef slope at HIMB.  “High” site. Transects are Left (L), Center(C), Right (R) facing the reef flat 

from the reef slope.  September 30, 2011 

 

Species 

Total no. 

colonies 

 
  L    C     R 

No. colonies 
m

-2 % cover  m
-2 

No. 

fragments  
m

-2 

No. “recent” 
(1 to > 5 cm) 

visible sexual 

recruits m
-2 

Fungia scutaria 

 
0       0 0 0   0    0   0   

Montipora capitata 20     16   20 1.87 ± 0.23   7.75 ± 1.38    0.13 ± 0.15     0.15 ± 0.06  

Pavona varians 

 
0       0 0 0    0  0   0 

Pocillopora 

damicornis 
6       3 4 0.43 ± 0.15   0.04 ± 0.01   0.17 ± 0.15    0.01 ± 0.02    

Pocillopora 

meandrina 
0       0 0 0   0 0 0  

Porites compressa 

 
29    38 22 2.97 ± 0.80       23.74 ± 5.60    0.23 ± 0.21    0.23 ± 0.19     

 

Total 
55    57 46   5.27 ± 0.59       31.53 ± 6.98    0.53 ± 0.15    0.39 ± 0.14    
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