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Abstract
This study assembles and analyzes published and unpublished data on inorganic nutrient 
concentrations in the waters of Kāne‘ohe Bay, Oʻahu, Hawaiʻi over the past 48 years, but 
particularly over the 34-year period since the elimination of the major point-source of input of 
nutrients in 1977.   As reported in a previous study, in the one and a half year period immediately
following the termination of the point-source input of nutrients (1978-1979), the concentrations 
of PO4

2- ,NO3
-+NO2

- and NH4
-  in the water column declined in  all three basins of the Bay, 

followed by improvement in the state of the benthos and planktonic communities.  Since 1979, 
nutrient concentrations have remained low (PO4

2- < 0.15uM, NO3
-+NO2

- <0.30um, NH4
- 

<0.15uM) despite continued growth of the human population in the Bay’s watershed.    The 
increase in nutrient levels in the Bay in the 1960s probably contributed to a phase shift from 
corals to the macroalga Dictyosphaeria cavernosa in the 1960s.  The decline in nutrient 
concentrations beginning in 1977, may have ultimately contributed to the drastic decline in this 
alga which occurred in 2006.  A protracted rainfall which occurred in the spring of 2006 
produced elevated average nutrient concentrations for the year, but nutrient concentrations fell 
back to pre-2006 concentrations within one to two months.  The record also contains evidence of
a decrease of nutrient concentrations in the Bay in response to a 4-year period (1998-2001) of 
lower-than-normal rainfall.  The response to the elimination of the point-source input of 
nutrients, and the responses to a season of exceptional rainfall and years of drought, indicate that 
conditions in the Bay’s water column are dependent on both natural events in the Bay’s 
watershed and human activity.  Kāne‘ohe Bay is one of a number of marine and aquatic systems 
whose degradation has been reversed by terminating nutrient addition caused by sewage 
disposal.

*E-mail: jstimson@hawaii.edu
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INTRODUCTION

Governmental/scientific intervention has helped restore a number of aquatic and marine 

ecosystems (Hillsborough Bay Florida, Johansson and Lewis 1992: Lake Washington, 

Edmondson 1991; and Lake Maggiore, DeBernardi et al. 1996).  In the Hawaiian Islands, a 

similar intervention, the termination of point-source release of domestic sewage into Kāneʻohe 

Bay in 1977, has resulted in improved ecological conditions in the Bay’s ecosystem (Smith et al 

1981, Laws 1993).  Among the improved ecological conditions were a reduction in nutrient 

concentrations and reduced chlorophyll α levels in the water column.  Both of these changes 

became apparent during the year and a half following termination of sewage release (Smith et al. 

1981, Laws 1993).  By 1983 there was a decline in the cover of an invasive species of green alga,

Dictyosphaeria cavernosa (Evans et al. 1986, Hunter and Evans 1995), which had first been 

noted as a problem in the Bay in the late 1960s because of its high cover on reef flats and reef 

slopes (Soegiarto 1972, Smith et al 1973).  This alga was responsible for a phase shift in the Bay 

(Done 1992).  By the late 1980s it was shown that phytoplankton size had diminished markedly, 

a sign of lower nutrient concentrations in the water column (Laws and Allen 1996).

While there was a decline in nutrient concentrations in the one and a half years immediately 

after the diversion (Smith et al. 1981) and as of 1989-92 (Laws and Allen 1996), the subsequent 

trajectory of nutrient concentrations in the Bay has not been comprehensively examined since 

1992, even though there have been intermittent assays of nutrient concentrations associated with 

particular sites or phenomena.   Since 1978-79 there have been 4 studies (published and 

unpublished) which measured the concentration of nitrogen and phosphorus in their four 

inorganic forms (NH4
-, NO3

-+NO2
- and PO4

2-) in all 3 basins of the Bay over at least a year: Laws

and Allen (1996), the 1998-2001 CISNet study (Table 1), the 2005-07 study of Yeo et al. (2013) 
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and the 2010-2011 Nu‘upia study (Table 1).  Other studies measured nutrient concentrations in 

the south basin over at least a year: Taguchi and Laws (1987), the 1993-97 Dictyosphaeria study 

(Table. 1), a 1995 study by Te (2001), and Ringuet and Mackenzie (2005). 

The results of these studies have been assembled here and used to examine the history of 

nutrient concentrations in the Bay over the last 48 years.  All these studies have data on at least 

one of the major inorganic forms of nitrogen and phosphorus (NH4
-, NO3

-+NO2
- and PO4

2-  

(soluble reactive phosphorus)), and all these studies have used one or more of the same 3 

sampling stations, which represent the 3 basins of the Bay.  As a final rationale for synthesizing 

these studies, all samples, except those of one study (Laws and Allen 1996) collected over the 

period of 1976 to 2000, the time interval of particular concern here, were analyzed by the same 

individual using the same technique.  

The synthesis of these data makes it possible to determine if there has been any trend of 

increase or decrease in nutrient concentrations over the years since the diversion of sewage from 

the Bay in 1977/1978, a period of continuing population increase in the Bay’s watershed, but 

also increased environmental awareness and stewardship.  The synthesis of the data also makes it

possible to compare the history of nutrient concentrations with the previously reported history of 

the invasive green alga D. cavernosa in the Bay (Maragos 1972, Banner and Bailey 1970, Smith 

et al 1981, Hunter and Evans 1995, Stimson and Conklin 2008) and examine evidence for a link 

between nutrients and the phase shift involving this alga.   The development of a high percent 

cover of this alga was first commented on in the late 1960s (Soegiarto  1972, Smith et al 1973), it

continued to dominate large areas of the habit normally occupied by corals in the Bay until 2006 

when the alga underwent a precipitous decline in abundance (Stimson and Conklin 2008).
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The Bay and nutrient input to the Bay

Kāne‘ohe Bay is 13 km long, 4 km wide, 46 km2 in area (Laws 1993) (Fig. 1) and has a 

volume of  266 106m3.  Its watershed is 97 km2 (Smith et al. 1981) and contains steep 

mountainous slopes drained by fast running streams.  The circulation in the Bay is driven by the 

force of NE trade winds on the surface waters (Bathen 1968).  Ocean waves drive waters across 

the barrier reef into the Bay.  Currents in the Bay have the effect of moving the waters out of the 

south basin into the central basin toward the NW into the north basin and out of the Bay through 

the Ship Channel at the north end of the Bay (Bathen 1968). 

The Bay is lagoon-like, with restricted exchange of water with the ocean due to the barrier 

reef across most of the mouth of the Bay and a sill in the Sampan Channel which connects the 

southern basin of the Bay and the ocean (Fig. 1).  The residence time of water in the South basin 

is 13 days (Smith et al. 1981) and daily flushing of the Bay is 10% of its volume (Smith et al. 

1981) so there is the potential for elevation of nutrient levels to values higher than in the adjacent

ocean.  The Bay characteristically receives pulses of fresh water and nutrients from occasionally 

heavy rainfall.  Some rainfall events have been heavy enough (Jokiel et al. 1993, Banner 1968) 

to create freshwater lenses that kill reef organisms to a depth of 1 to 2 m;  the runoff and the 

deaths of reef biota have both contributed to the nutrient load for periods of time.   The Bay’s 

nutrient concentrations, particularly nitrate, are partly a function of stream inputs (Cox et al. 

2006).  The average discharge rate of streams into the Bay is ~227.103m3d-1 (Smith et al. 1981).  

The stream flow rates, nutrient concentrations, and diffusion of these nutrients once in the Bay 

have been studied by Ringuet and Mackenzie (2005), Tanaka and Mackenzie (2005), Cox et al. 

(2006), and De Carlo et al. (2007).  Finally, it was argued that the addition of particulate organic 

matter into the Bay in the course of agricultural development of its watershed and then the point-
4
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source release of 19.4 . 103 m3d-1 of domestic sewage had enriched the Bay’s sediments and 

created a nutrient reservoir (Smith et al. 1981).

The watershed was used for western agriculture for 100 years and then in the middle of the 

last century underwent extensive suburban development, particularly in its southern half.  As a 

result of this development there is a history of point-source sewage discharge into the Bay, as 

reviewed by Smith et al. (1981) and Laws (1993).  In the early 1950s the point source discharge 

into the Bay was 1. 103 m3d-1, and at the same time non-point source sewage disposal was 

estimated at 3 . 103 m3d-1 (Smith et al. 1981).  In 1963 a municipal wastewater treatment plant was

constructed; once operational the point source discharge into the South Basin from this plant was

~8 . 103 m3d-1 with an additional 6 . 103 m3d-1 of non-point source disposal (Smith et al. 1981).  

By 1977 the discharge rate from the municipal plant into the Bay had reached 19.4 . 103 m3d-1.  In

1977, a new municipal treatment facility replaced the 1963 facility, and the effluent it produced 

was diverted from the Bay to a site in deeper off-shore water.  In May 1978 the 4,800 m3d-1 from 

a second outfall in the eastern corner of the South Basin was also diverted from the Bay.   In 

1986 the effluent (0.5 . 103 m3d-1) from the last small treatment plant was diverted from the Bay 

(Hunter and Evans 1995).  By 1990, 85% of the population in the area was served by a municipal

sewage system (Hunter and Evans 1995).  Population growth in the Bay’s watershed has grown 

exponentially in the last century (Fig. 2). 

METHODS

The data on water column nutrient concentrations reported here are compiled from 

published studies in which the author was not involved and  from 3 data sets  which the  author 
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was involved in collecting (the Dictyosphaeria,  CISNet, and Nu‘upia data sets; Table 1).  Parts 

of the Dictyosphaeria and CISNet data sets have been used in publications, none of the Nu‘upia 

data set has been used in publications.  The studies and data sets reported on here are generally at

least a year in length with the exception of:  Quan (1969), Caperon et al. 1971), and Young et al. 

(1973).  Seasonality in nutrient concentrations in the Bay has been reported by Taguchi and 

Laws (1987).  The data of the study published in Smith et al. (1981) includes values collected 

both before (1976-77) and after (1978-79) the diversion of domestic sewage from the Bay.  

These two parts of the Smith et al. (1981) data set are treated here as “Smith” and “Smith after”. 

The CISNet data set is available on-line (www.hawaii.edu/cisnet) and the preponderance of these

data have been reported in Tanaka and Mackenzie 2005, Cox et al. (2006) and Hoover et al. 

(2006).  Data from studies in which the author was not involved sometimes had to be 

interpolated from figures in publications; such interpolation is indicated in the summary of 

studies in Appendix 1.  The methods for the analysis of nutrient concentrations are listed in 

Appendix 1.  Analytical facilities reported the concentrations of NO3
- and NO2

-  as a single 

combined value.  In those instances where standards were mentioned in the text of a publication 

they are cited in Appendix 1.  Available estimates of the limits of detection are also given in 

Appendix 1.  The laboratory analysis of samples  collected  in the period from 1976 to 2000 was 

performed by one person, Ted Walsh in the Analytical Services group at the University of 

Hawaii.  Statistical comparisons of nutrient concentrations at different locations and among 

times were performed using factorial ANOVA (GLM) from the Minitab package, followed by 

Tukey a-posteriori tests where necessary.  Tests of whether nutrient concentrations increased or 

decreased over multi-year periods were performed with linear regression.  Both these analyses 

were performed on concentration values which were natural log transformed. 
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The principal sampling sites used in this study to characterize the Bay’s nutrient 

concentrations have been restricted to a set which are common to the studies analyzed.  These 

studies used sites near the center of each of the Bay’s 3 basins: the South Basin (SB), Central 

Basin (CB) and North Basin (NB).  The approximate positions of these sites are shown in Fig. 1; 

the geographic coordinates of sites used since 1993 are given in the caption of the figure.  An 

Ocean site was used to obtain nutrient concentration values for comparison with those collected 

in the Bay.  The intake site, located at the HIMB seawater intake (~3 m windward of the reef 

crest and 1 m below the surface), is a second South Basin site down-wind and down- current 

from SB.  The data used in this analysis came from samples referred to in the publications as 

“surface” or that came from the upper 1 m of the water column.  The sites “Bay bottom” and 

“reef flat” are two sets of samples from the South Basin, located respectively 100 to 200 m to 

windward of Moku o Loe at a depth of 12 m, and on its windward reef flat at a depth of less than 

1 m, these were used to obtain nutrient values approximately 10 cm above the substratum in 

these two habitats.

RESULTS

Long- term record 

The values of nutrient concentrations from the late 1960s and early 1970s are variable, but 

give the impression that levels of the three nutrients were generally equivalent to or lower than 

the values in the period immediately preceding diversion 1976-77, and higher than they have 

been in the last 20 years (Fig. 3 a, b, c).  Some of the average values of the late 1960s and early 

1970s are high, but these are generally associated with high variances suggesting methodological
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or analytical problems.  In one case, Quan (1969) (Table 1), the high value comes from a study 

which had less than one year of sampling.

The concentrations of the forms of dissolved inorganic nitrogen in the Bay’s waters 

decreased between the pre-diversion period (1976-77) and the post diversion period (1978-79) as

shown by Smith et al. (1981).   To make their before versus after comparison, Smith et al (1981) 

began the after-period in May of 1978, when both the largest (75% of outfall volume) and the 

second largest outfalls (25% of volume) in the South Basin were diverted from the Bay, however

in the present study, the after-period was begun in January of 1978 after only the larger (75% of 

volume) outfall was diverted.  This difference evidently accounts for the fact that 3 of the 6 

inorganic N concentrations did not decrease between the before and after diversion periods in the

present analysis (Fig. 3 b, c).  Although Smith et al. (1981) did not test the significance of the 

change in inorganic PO4
2- between the before- and after-diversion periods, there is a significant 

decrease in concentration of this nutrient in all three basins after sewage diversion (Jan. 1978) by

a factorial ANOVA (Table 2, Fig. 3a).

Further decrease in the concentrations of DIN and PO4
2- occurred in all three basins of the 

Bay in the period from the post-diversion surveys (Jan. 1978- July 1979) to the period of the 

CISNet data set (1998-2001) (factorial ANOVA,  Tukeys single degree of freedom tests, Fig.  3, 

Table 3).   Several surveys conducted in the interval between the post-diversion survey and the 

CISNet survey were omitted from the ANOVA analyses for the following reasons:  1) data from 

all three basins were not available (Taguchi and Laws (1987), Dictyosphaeria data set, Te 

(2001)),  2)  the unavailability of the original data  (Laws and Allen (1996)).  The CISNet data 

set was the first study after the 1978-79 post diversion period which satisfied these conditions.    

The factorial ANOVAs for PO4
2- and NO3

-+NO2
-
 had significant interaction terms, so Tukeys 
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single degree of freedom tests were used to compare time periods.  Phosphate concentration 

decreased significantly in all basins between the 1978-79 post-diversion values and the values of 

the 1998-2001 CISNet data set (Table 3).  NO3
-
 +NO2

- concentration decreased significantly in all

basins in the interval from 1978-79 to 1998-01, though apparently at different rates in the 

different basins.  NH4
- concentrations also decreased significantly over the 1978-79 to 1998-01 

period in all basins, but since there was no significant interaction term in this analysis the rate of 

decline in concentrations was similar among basins.  Concentrations of all three nutrients in all 

three basins remained low in the interval from  1998-2011, except in the 2005-2007 period (Yeo 

et al. 2013), when NO3
- +NO2

- concentrations were elevated in the spring in all basins by the 

exceptional  rains of the spring of 2006, and NH4
- concentrations were elevated in the North 

Basin (Fig. 3).  While the annual values for NH4
- and NO3

-+NO2
-  in 2006 as plotted in Fig. 3 are 

high, if one examines in more detail the data collected by Yeo et al (2013), it can be seen that by 

May of 2006 concentrations had fallen to the levels observed in the years just prior to 2006. 

The concentrations of NO3
-+NO-

2 and PO4
2- differed significantly among basins in the two 

post-diversion studies considered above (Smith et al after and CISNet) as determined by the 

factorial ANOVA (Table 3).  For PO4
2-, single degree of freedom tests show that the South Basin

has higher concentrations than the other two basins.  For NO3
-+NO2

-, the concentration in the 

North Basin was significantly greater than in the other two basins (Table 3, Fig. 4).   This 

significant difference among basins for NO3
- +NO2

- is presumably the result of the large 

freshwater input into the North Basin (Smith et al. 1981).  There were no significant differences 

in the concentration of NH4
- among basins.

Habitat comparisons
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The 1998-2001 CISNet data set contains samples which allow comparisons to be made of 

the nutrient concentrations in different habitats.  The Bay-bottom samples, collected in the South 

Basin in the same time interval as the near-surface water-column samples, have significantly 

higher concentrations than near-surface samples considered in the previous analyses for all 

nutrients except SiO4
4-

 (Table 4).  Although not for the same period, and therefore not tested 

statistically, South  Basin reef flat concentrations measured in 1993-1996, 1998 and 2011 appear 

higher than water-column values and more similar to Bay-bottom values.  Water samples taken 

outside the Bay and barrier reef, and thus indicative of oceanic values, appear to have lower 

concentrations than the in-Bay samples.  Again this comparison was not tested because of the 

differences in the time periods during which data were collected.

Effect of a multi-year low rainfall period on nutrient concentrations

A four year dry period occurred over the years 1998-2001 (Fig. 4) coinciding with the 

collection of the CISNet samples.  The concentrations of nutrients over the course of this dry 

period were examined by regression to determine whether the dry period was associated with a 

decrease in nutrient concentrations in the Bay.  Linear regression analysis shows that phosphate 

concentrations decreased significantly in all three basins of the Bay over this period, and also 

decreased at a second South Basin site, the sea water intake at HIMB, located 3 m windward of 

the windward reef crest of Moku o Loe in the South Basin and down-wind of the SB site (Table 

5).  The pattern of decrease over this time interval is not as consistent for NO3
-+NO2 and NH4

- 

where only two instances of significant decrease are recorded out of 8 tests (Table 5), however 

all 12 slope values measured in the drought period (3 nutrients, 4 sites) are numerically negative 
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(Table 5), a result with a low probability (0.0002).  Regression was used to test these data on the 

assumption that decreased rainfall over an extended period would lead to progressively lower 

nutrient concentrations in the Bay’s water column.  Other tests of whether the dry period caused 

a decrease are constrained by the fact that there are limited data on nutrient concentrations 

immediately before, and none immediately after the drought period, and almost no data from the 

Central or North basins.  Nutrient concentration data do exist for the years prior to the dry period

(1993 through 1997) for the South Basin site and the Intake site, and regression analysis of these 

two data sets over this time period show no significant increase or decrease in four of the six 

comparisons (2 sites, 3 nutrients), a significant decrease for NO3
- +NO2

- and a significant 

increase for NH4
- (Table 5).  The average concentration for each nutrient at the South Basin and 

Intake sites are not significantly different between the 1993-1997 period and the dry period 

(1998-2001) for any of the three nutrients. 

DISCUSSION

The point-source release of sewage and nutrients into the South Basin prior to 1978 caused a

measureable increase in nutrients in all basins (Fig. 3) and altered the plant and animal 

communities in the Bay (Maragos 1972, Smith et al 1981, Laws 1993).  This increase in nutrient 

concentrations can be inferred from the fact that when the sewage was diverted in late 1977, 

nutrient concentrations in the 3 basins became lower over the subsequent two years, 1978 and 

1979 (Smith et al. 1981 and Table 2) and continued to decrease after that (Table 3).  The initial 

lowering of nutrient concentrations occurred despite the fact that the 1978-79 period had higher 

rainfall than the 1976-1977 period (Smith et al. 1981) which could have increased NO3
-+NO2

- 
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and PO4
2- concentrations.  A decrease in post-diversion concentrations of PO4

2- and NH4
- was also

detected by Laws and Allen (1996) in all sections of the Bay between 1978-79 and their survey 

of 1989-92.  This decrease in nutrient concentrations between the late 1970s and the early 1990s 

took place during a period of increasing population growth (Fig. 2) as pointed out by Laws and 

Allen (1996).  These decreases show that an anthropogenic factor, sewage release into the Bay, 

had a profound effect on the Bay’s waters and that it affected the waters in all three basins.  

The nutrient concentrations in the Bay now, as represented by those of the CisNet data set, 

Yeo et al (2013) and the Nuʻupia data set, are lower than or comparable to those found in other 

published studies of lagoonal sites (Enewetak, Marshall Islands; One Tree and Lizard, Great 

Barrier Reef, Tikehau and Takapoto, Tuamotos; sites in the inner-mid Great Barrier Reef) (Table

7).  The average concentrations for both forms of DIN (NH4
- , and NO3

-+NO2
-) and for PO4

2- from

the three Kaneohe Bay studies were compared to the averages from the other lagoonal sites by a 

Mann-Whitney non-parametric test.  The concentrations of (NH4
- and PO4

2- were significantly 

lower in Kaneohe Bay than at the other lagoonal sites, while the concentration of NO3
-+NO2

-
 

were not significantly different (Table 7).  The absence of a significant difference in the 

concentration of NO3
-+NO2

-
  is due almost entirely to the high concentrations of NO3

-+NO2
- in 

Kaneohe Bay resulting from the heavy rainfalls of the spring of 2006 as detected in the study by 

Yeo et al (2013).  The concentrations of these nutrients is comparatively low in the Bay despite 

the suburban development in the Bay’s watershed and the restricted exchange between the Bay 

and the ocean as represented by the residence time of the Bay’s waters (Smith et al 1981).  

Concentrations in the Bay are somewhat elevated over oceanic values, but lower than “Offshore”

values (Table 7).
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Since anthropogenic factors were responsible for the elevation of nutrient concentrations in 

the Bay,  and since the population in the Bay’s watershed was rapidly increasing in the 1960s 

and 1970s, concentration values collected in the 1960s and early 1970s  would presumably be 

lower than those collected just prior to diversion in 1976-77.  Several pre 1976-77 survey means 

do not fit this pattern, but the concentrations in these surveys also tend to have high variability 

due to the presence of some very high values in the data sets.  For PO4
2-, most pre 1976-77 

concentration are similar to or lower than the pre-diversion values, but the concentration from 

the Bathen (1968) (Fig. 3a) study for the South Basin is high and variable and should probably 

be considered an overestimate of the concentrations in this period.  For NO3
-+NO2

-, the average 

value determined by Quan (1969) is higher than the 1976-77 average and again has a very high 

SE (Fig. 3b).  For NH4
-, the NB and CB values of Young et al. (1973) are high and variable.   

The values of the other pre 1976-77 studies:  Piyakarchana (1965), Krasnick (1973), and 

Caperon et al. (1971) are similar to or less than the 1976-77 pre-diversion values, but higher than

the values of the 1990s and 2000s.  In general, the average values of nutrient concentrations in 

the 1960s and early 1970s support the idea that concentrations were on the increase during this 

period.  Those studies which had high averages and high variability may have resulted from 

periods of high rainfall as in the later study by Yeo et al. (2013) for the spring of 2006, or the 

high averages and variability resulted from sample-collection or analytical issues. 

The rate at which nutrient concentrations declined in the Bay following the 1978-79 post-

diversion period is poorly estimated from this set of studies.  Only one estimate of nutrient 

concentration in the water column is available in the interval from the end of the post-diversion 

survey to the early 1990s, that for NO3
-+NO2

- in 1985 from Taguchi and Laws (1987):  this value
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suggests that the decline in nutrient concentrations has been slow (Fig. 4).  By the early or mid 

1990s, nutrient concentrations were apparently as low as they have been in the next 20 years.

It has been hypothesized that there is a nutrient reservoir in the sediments of the Bay capable

of slow long-term release of nutrients and continued elevation of water column nutrients (Smith 

et al. 1981).  Such release could have caused a protracted period of decline in concentrations 

during the 1980s.  The efflux rate of nutrients from the sediments was examined both before and 

after the sewage diversion by Harrison (1981) and Smith et al. (1981); they reported decreases in

the rate of efflux from the sediments from the pre- to the post-diversion periods, particularly in 

the South Basin, however only one of those differences is significant, that for NH4
-
  in the South 

Basin.  The efflux rate from the sediments was measured again in the 1994-1998 period (Stimson

and Larned 2000), but only in the South Basin;  the rates in the 1994-98 period did not differ 

significantly from the pre- or post-diversion values measured by Harrison (1981) in the South 

Basin, but variance is high in these measures of efflux.  On the other hand, the density of 

burrowing alpheid shrimp which feed on the organic matter and microorganisms in the sediments

of the Bay bottom, declined between 1979 and 2001 from 14 m-2 to ~3 m-2  (Bush 2002).  These 

shrimp ventilate the sediments and enhance the efflux of dissolved inorganic nutrients, thus their 

decline suggests a decline in the metabolic activity in the sediments and thus potentially a 

reduced rate of efflux of nutrients from the sediments since the sewage diversion. 

The remediation brought about by diversion of the sewage in 1977 has had an impact on the 

biota of the Bay.  Smith et al. (1981) detected a decrease in phytoplankton and zooplankton 

abundance in the 2 year post-diversion period (1978-79).  At twelve years after the diversion 

Laws and Allen (1996) reported a decrease in the size and abundance of phytoplankton by 1989-

92.  In response to the plankton decrease, filter feeders decreased in abundance (Brock and Smith
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1983).  The cover of corals increased between 1971 and 1983 (Evans et al 1986; Hunter and 

Evans, 1995), and the cover of the green alga, Dictyosphaeria cavernosa, decreased in the same 

period; both these changes were presumably a response to the diversion of the sewage.  The 

abundance of this algal species subsequently showed an increase between 1983 and 1990;  no 

explanation for this increase has been developed.  Between the post-diversion surveys of 

Harrison (1981) and Bush (2002), there was a marked decline in the alpheids which inhabit the 

fine sediments of the Bay bottom (Bush 2002).  In general filter feeders have declined in the 

Bay, phytoplankton has become less abundant and the competition between corals and 

macroalgae has declined on the reef slope and outer reef flat; i.e., the Bay has become more 

oligotrophic.  

A phase shift (Done 1992) occurred in the Bay at some point in the 1960s which resulted in 

the take-over by the green alga Dictyosphaeria cavernosa of much of the habitat once occupied 

by corals, particularly upper reef slopes (Banner and Bailey 1970).  On many reefs the alga 

covered 50 to 100% of the reef slope area.  The phase shift may have been triggered by the flood 

of 1965 (Banner 1968), but also occurred in association with the period of increasing point-

source discharge of sewage into the South Basin of the Bay.  The dominance of the reef slopes 

and outer reef flats was documented in the early 1970s (Banner and Bailey 1970, Maragos 1972);

this dominance continued into the early 1980s when a decrease in cover of this algae was 

detected in 1983 (Hunter and Evans 1995).  By 1990 there had been an increase in cover of this 

alga (Hunter and Evans 1995), and it continued to be abundant in 1999 (Conklin and Stimson 

2004, K. Rodgers, pers. comm.).  This record of changes in cover and persistence of D. 

cavernosa from 1971 to 1999 was constructed using a set of permanent transect sites distributed 

throughout the Bay.  The alga was still abundant in the winter of 2005/2006 (Stimson and 
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Conklin 2008) just before the weather event which apparently caused the alga’s virtual 

disappearance (Stimson and Conklin 2008) from its whole depth range (Hunter and Evans 1995).

As of 2014 there has been no recovery of this alga to its former abundance; its cover now is less 

than half a percent on any reef and the thalli are only 5- 10 cm in diameter.

Experiments performed in the early 1990s with D. cavernosa in flow-through outdoor 

aquaria supplied with sea water from the south basin, demonstrated that it was not possible to 

sustain growth of the alga in this system unless additional dissolved inorganic nitrogen was 

added (Stimson et al. 1996).  At the same time D. cavernosa was growing well in the field.    

This discrepancy was explained when it was demonstrated that D. cavernosa obtained much of 

its nutrient supply not from the overlying water, but from the nutrients which effluxed from the 

sediments into the water beneath large D. cavernosa thalli and possibly also from the nutrients 

excreted from filter feeders attached to the undersides of thalli (Larned and Stimson 1996, 

Stimson and Larned 2000).  Up until 2006, thalli of this species encountered in the field were 

large and covered areas of a square meter or more.  Their semi-rigid, impervious thalli overlay 

areas of sand, rubble and limestone and prevented the diffusion of nutrients which had been 

released into the sub-thallus space.  When the water in these spaces was sampled and analyzed, 

nutrient concentrations were found to be up to 10 times higher than the overlying Bay water 

(Larned and Stimson 1996).  Evidently the high cover of D. cavernosa which persisted until 

2006 was sustained by the efflux of nutrients from shallow sediments into the subthallus spaces.

The disappearance of the alga was associated with a period, more than a month long, of 

overcast skies and rains in the spring of 2006 (Stimson and Conklin 2008), however this 

protracted rainfall event did not cause other benthic species to decline or disappear.  Data on 

growth in different seasons showed that thalli of D. cavernosa can lose weight in the early spring
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(Stimson et al. 1996), and experiments on the influence of irradiance on growth showed that low 

irradiance such as that caused by the overcast conditions and high turbidity, decreases growth 

(Stimson and Conklin 2008); the combination of the seasonally low growth rate and the further 

reduction of irradiance due to overcast and rains  probably caused the alga to lose weight over a 

protracted period, and ultimately was responsible for its drastic decline.  (Given this summary, it 

is hypothesized that D. cavernosa initially became abundant in the Bay and thalli became large 

when nutrient concentrations in the Bay were elevated because of the practice of point-source 

release of sewage into the Bay during the 1960s and 1970s.  The high levels of dissolved 

inorganic nutrients from the sewage, and from the decay of organic matter in and on the benthos,

possibly allowed D. cavernosa to make the jump from inconspicuous thalli, such as exist now, 

into the large thalli responsible for the phase shift.  The alga presumably remained abundant after

sewage diversion because of its ability, once thalli were large, to prevent diffusion of nutrients 

effluxing from the sediments, and thus to create its own under-thallus nutrient-rich environment 

(Larned and Stimson 1996). However, once the large thalli died off in 2006, it was then 

impossible for large thalli to re-develop at the new, reduced nutrient concentrations in the water 

column.  Additional factors in this scenario are that D. cavernosa has one of the lowest growth 

rates among the common  macroalgae in the Bay (Stimson et al. 1996) and that it rates very low 

in a preference hierarchy of herbivorous fishes for macroalgae, although it is grazed (Stimson et 

al. 2001).

While the coverage of D. cavernosa has declined, five introduced algal species continue to 

be abundant on reefs in the Bay: Acanthophora spicifera, Eucheuma denticulatum, Gracilaria 

salicornia, Kappaphycus alvarezii and Kappaphycus striatum (Rodgers and Cox 1999, Huisman 

et al 2007).  The first was introduced in the 1950s, the others in the 1970s.  These species, which 

17
Pacific Science, vol. 69, no. 3
March 22, 2014 (Early view) 



are more palatable to herbivorous fishes than is D. cavernosa (Stimson et al 2001 ) are generally 

removed from the outer reef flat and the slope by the feeding of herbivorous fishes, but these 

algae appear to have a refuge on the inner reef flat where there are fewer herbivorous fishes 

(Stimson et al 2001, Stimson 2013).  On some reefs the distribution of these algal species 

extends onto the outer reef flat and reef slope, zones once dominated by D. cavernosa.  Their 

occurrence in these zones is often the result of swells and wind driven currents which transport 

the unattached thalli from the inner reef flat (Stimson 2013).  When thalli of these species 

accumulate on the outer reef fat and reef slope they can overgrow corals just as D. cavernosa did

when it was abundant, but these accumulations do not affect the corals on as many reefs as were 

once impacted by D. cavernosa.

There has been debate about whether increases in nutrient concentrations can bring about 

algal outbreaks on reefs (Lapointe 1997, Hughes et al. 1999, Szmant 2002), as well as tests of 

this idea (Koop et al. 2001).  In this case it is possible that the phase shift which D. cavernosa 

brought about was largely a result of increasing nutrient concentrations associated with sewage 

release.  The development of the phase shift, and now its reversal, has taken place in the virtual 

absence of changes in the governmental regulation of fishing intensity.  The implication is that 

changes in the level of herbivory are not responsible for the increase and subsequent decrease in 

D. cavernosa abundance.  It is true that herbivory is probably not intense in the Bay given the 

relatively low levels of fish biomass (Friedlander et al 2003), but numbers and biomass of 

herbivores are high enough that herbivorous fishes alter the morphology of the relatively un-

preferred D. cavernosa and have an effect on the growth rate of the alga in field experiments 

(Stimson et al 1996, Stimson 2013).  But it is also true that small increases in nutrient 

concentrations, on the order of 1.0 µM above ambient can increase the growth rate of this alga 
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(Larned and Stimson 1996), and that it can, through achieving large size (areal extent), create a 

nutrient-rich sub-thallus environment which can sustain its growth even though water-column 

nutrient levels are low (Larned and Stimson 1996).  This reconstruction may constitute an 

exception to the generalization that nutrient increases alone are not responsible for the 

proliferation of algae on reefs.  D. cavernosa became abundant during a period of high nutrient 

concentrations, it showed a decline in abundance in the post-diversion years, and now it has 

virtually disappeared.  The disappearance took a long time because of this alga’s somewhat 

unique morphology which allow it to retard the diffusion of nutrients effluxing from the 

substratum and thus draw on nutrients effluxing from the sediments in addition to the nutrients in

the water column above the thallus (Larned and Stimson 1996).

Stream and probably also groundwater inputs are important factors in determining the 

concentration of NO3
-+NO2

- and PO4
2- in the Bay’s waters.  A number of studies have assessed 

the impact of the characteristically short periods of high stream-flow versus baseline inputs 

(Ringuet and Mackenzie 2005, Cox et al. 2006, De Carlo et al. 2006, Hoover et al. 2006).  

Because of the occurrence of short-duration, high rainfall periods, and the steepness and 

relatively small area of the Bay’s watershed, stream flows are very variable.  The pulses of high 

nutrient concentration in the water column last only a short time due to uptake and dilution.  

Such pulses can stimulate growth in macroalgae for a short period of time, approximately a week

(Schaffelke and Klumpp 1998, Larned and Stimson 1996), but are not responsible for protracted 

periods of high growth rate.  The institution of continuously operating point-source releases of 

nutrients, the release of sewage into the Bay, changed the nutrient environment in the Bay by 

creating chronically elevated nutrient concentrations and evidently made it possible for an alga 
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for which herbivorous fishes had a very low preference, to become abundant in the Bay and 

bring about a phase shift.  

By 1900 many of the streams in this watershed were tapped for their freshwater, and the 

water was diverted through tunnels to the leeward, S and SW coasts of the island of Oahu.  It has

been estimated that this diverted as much as 42% of the stream flow from the Bay (Chave and 

Maragos 1973).  These diversions may have decreased the input of nutrients particularly to the 

North Basin of the Bay during the last century, only to be replaced by the more constant input of 

nutrients to the South Basin from the release of sewage.  It can be estimated using figures in 

Smith et al. (1981) that at the time of the peak input of sewage and nutrients in 1977, the delivery

rate of nutrients by this outfall, 1.8 moles N d-1, was equivalent to about half the N contributed to

the South Basin by stream flow.  The important difference was that the input of N in sewage was 

continuous rather than intermittent as in stream flow, and thus probably produced sustained 

growth rather than short-duration pulses of growth.

Reduced stream flow and possibly ground water flow have occurred over multi-year dry 

periods, and there is the possibility that such dry periods are reflected in the nutrient 

concentrations in the Bay.  The possible effect of a period of low rainfall on nutrient 

concentrations in the Bay was tested for by performing regression analysis on the nutrient 

concentrations in each basin on the assumption that the effect of a period of low rainfall years 

would be seen in a lowering of nutrient concentrations through time as the cumulative effects of 

reduced input interacted with the uptake by the community (Table 6).  These results suggest the 

dry period did reduce nutrient concentrations in the Bay and demonstrate that natural reductions, 

as well as anthropogenic reductions of nutrient input, as occurred through diversion of sewage 

effluent from the Bay, can lower the nutrient concentrations in the Bay’s water column.
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Table 1  List of published studies and data sets, study period, sampling sites  and the concentrations of the four inorganic nutrient ions
in those periods at those sites.  Data from Caperon et al. (1971), Laws and Allen (1996) did not allow computation of standard 
deviations or specify sample sizes.  Some studies did not report concentrations for either all forms of DIN or for phosphate, or 
examine all three basins. “na” means not available.

PO4
2-

CB NB SB
Study Period Source Average    SD No. of Average    SD No. of Average    SD No. of

µM Samples µM samples µM samples
Aug. 1963-July 1964 Piyakarchana 1965 0.434 0.291 37
Jun. 1966-Jun. 1967 Bathen 1968 0.267 0.063 11 0.279 0.250 11 1.044 0.397 13
Mar.-Jun.  1970 Caperon et al 1971 0.200 na 12 0.190 na 12 0.643 na 36
Mar 1970 –Jan 1971 Krasnick 1973 0.147 0.182 30 0.128 0.157 29 0.446 0.235 30
July 1968-April 1969 Younge et al 1973 0.170 0.282 22 0.109 0.098 22 0.192 0.148 22
Jan. 1976-Dec. 1977 Smith et al 1981 0.264 0.145 55 0.243 0.136 55 0.476 0.208 55
Jan. 1978-July 1979 Smith et al 1981  0.138 0.072 38 0.138 0.075 38 0.219 0.123 38
Oct. 1989-June1992 Laws and Allen 1996 0.04 na na 0.03 na na 0.05 na na
June 1993- Nov.1997 Dictyosphaeria data 0.108 0.044 90
Feb. 1995-Feb. 1996 Te 2001 0.057 0.033 13 0.125 0.059 13
July 1998-Jan. 2001 CISNet data set 0.069 0.044 58 0.071 0.041 58 0.076 0.031 59
Nov. 2001-Mar. 2003 Ringuet & Mack. 2005 0.10 0.03 12
Nov. 2005-Feb. 2007 Yeo et al 2013 0.104 0.062 32 0.144 0.173 33 0.122 0.062 33
Sept. 2010-Aug 2011 Nu’upia data set 0.050 0.019 23 0.044 0.022 21 0.076 0.074 80

NO3
-+NO2

-

Feb.-Apr.  1969 Quan  1969 1.429 0.476 10
Mar.-Jun.  1970 Caperon et al 1971 0.050 na 12 0.330 na 12 0.087 na 36
Mar 1970 –Jan 1971 Krasnick 1973 0.083 0.153 30 0.321 0.435 29 0.227 0.272 30
July 1968-April 1969 Younge et al  1973 0.513 0.546 22 0.638 0.665 22 0.279 0.287 22
Jan. 1976-Dec. 1977 Smith et al 1981 0.305 0.290 55 0.558 0.402 55 0.422 0.420 55
Jan. 1978-July 1979 Smith et al 1981 0.285 0.379 38 0.761 0.569 38 0.321 0.436 38
Jan. 1985- Jan.1986 Taguchi and Laws 1987 0.307 0.368 56
Oct. 1989-June1992 Laws and Allen 1996 0.15 na na 0.20 na na 0.11 na na
June 1993- Nov.1997 Dictyosphaeria data 0.216 0.343 90
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Feb. 1995-Feb. 1996 Te   2001 0.032 0.033 13 0.253 0.349 13
July 1998-Jan. 2001 CISNet data set 0.076 0.031 59 0.299 0.342 58 0.058 0.136 59
Nov. 2001-Mar. 2003 Ringuet & Mack. 2005 0.18 0.11 12
Nov. 2005-Feb. 2007 Yeo et al 2013 0.398 0.668 32 1.406 2.763 33 0.358 0.722 33
Sept. 2010-Aug 2011 Nu’upia data set 0.050 0.020 23 0.274 0.211 21 0.165 0.366 80

NH4
-

Mar 1970 –Jan 1971 Krasnick 1973 0.105 0.108 30 0.366 0.343 29 0.412 0.475 30
July 1968-April 1969 Younge et al 1.110 1.151 22 1.214 1.269 22 0.553 0.409 22
Jan. 1976-Dec. 1977 Smith et al 1981 0.578 0.446 55 0.666 0.488 55 0.824 0.578 55
Jan. 1978-July 1979 Smith et al 1981 0.692 0.753 38 0.645 0.552 38 0.876 0.882 38
Oct. 1989-June1992 Laws and Allen 1996 0.07 na na 0.07 na na 0.06 na na
June 1993- Nov.1997 Dictyosphaeria data 0.166 0.242 90
Feb. 1995-Feb. 1996 Te 2001 0.097 0.086 13 0.176 0.212 13
July 1998-Jan. 2001 CISNet data set 0.164 0.151 58 0.171 0.104 58 0.141 0.101 59
Nov. 2001-Mar. 2003 Ringuet & Mack.  2006 0.13 0.16 12
Nov. 2005-Feb. 2007 Yeo et al 2013 0.098 0.095 32 0.638 2.200 33 0.091 0.084 33
Sept. 2010-Aug 2011 Nu’upia data set 0.062 0.065 23 0.071 0.060 21 0.174 0.172 80
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Table 2

Comparison of PO4
2- concentrations (µM) before (1976-77) and after (1978-79) diversion in the 

three basins of Kaneohe Bay using a Factorial ANOVA.  Statistics shown here and the analysis 
are based on the natural logs of the concentrations.

Basin Time period Average Std. Dev. Sample size

SB Before 0.382 0.132 54
After 0.193 0.096 38

CB Before 0.211 0.102 55
After 0.127 0.063 38

NB Before 0.228 0.105 55
After 0.127 0.062 38

ANOVA
Source df MS  F P
Location 2 0.388 38.77 <0.001
Time Period 1 1.046 104.49 <0.001
Location x Time 2 0.071 7.07 <0.001
Error 272 0.010
Total 277

Single df  tests (Tukey): Central Basin, before vs after,  t = -4.781, P <0.001
North Basin, before vs after,    t = -3.994, P  <0.001
South Basin, before vs after,    t = -8.919, P  <0.001
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Table 3   Test for the significance of changes in the concentration of each nutrient in each basin 
over the interval from post-diversion period (Smith et al. after (1978-79) to the CISNet survey 
(1998-2001).  .  Values used in the Factorial ANOVA were the natural logs of the 
concentrations.

PO4
2-

 

ANOVA
Source df Adj.  MS F     P
Time Period 1 0.444 148.17 <0.001
Basin 2 0.040 13.23 <0.001
Interaction 2 0.027 9.11 <0.001
Error 283 0.003
Total 288

Single df Tukeys tests
1998-2001 CB  <  1978-79 CB t=   5.377   P <0.001
1998-2001 NB  <  1978-79 NB t=   5.187   P <0.001
1999-2001 SB   1978-79 SB t= 10.532   P <0.001
CB  < SB t=   4.532   P <0.001
NB < SB t=   4.368   P <0.001

NO3
-+NO2

-

ANOVA
Source df Adj. MS F P
Time Period     1 2.843 64.26 <0.001
Basin     2 1.652 37.35 <0.001
Interaction   24 0.135 3.060   0.049
Error 283 0.044
Total 288

Single df Tukeys tests
1998-2001  CB < 1978-79 CB    t= 3.035   P 0.0290
1998-2001  NB < 1978-79 NB   t= 6.497   P 0.0010
1998-2001  SB <  1978-79 SB t= 4.351   P 0.0002
NB > SB t=7.573 P <0.001
NB > CB t=7.399 P <0.001

NH4
-

ANOVA
Source df Adj MS F P
Time Period 1 8.002 147.44 <0.001
Basin 2 0.043 0.79   0.453
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Interaction 2 0.105 1.94 0.145
Error     283 0.054
Total     288

Single df Tukeys tests
1998-2001  CB < 1978-79 CB t= 6.240   P <0.001
1998-2001  NB < 1978-79  NB t= 7.000    P <0.001
1998-2001  SB <  1978-79  SB t= 8.636   P <0.001
No significant differences among basins
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Table 4
Comparison of nutrient concentrations among Bay habitats and between Bay habitats and the 
ocean

Bay bottom So. Basin, 1998-2001
PO4

2- NO3
-+NO2

- NH4
- SiO4

4-
    

Mean 0.127 0.350 0.351 6.221
SD 0.099 0.992 0.321 3.241
Sample size 94 94 94 94

Water column, So. Bay,  1998-2001
PO4

2- NO3
-+NO2

- NH4
- SiO4

4-

Mean 0.076 0.058 0.141 6.992
SD 0.030 0.136 0.100 1.953
Sample size 59 59 59 59

 t tests comparing
Bay bottom and 4.94 2.82 5.87 1.84 
Water column <0.001 <0.005 <0.001 ns

Reef flat,  So Bay,   (1993, 1994, 1995, 1996, 1998, 2011)
PO4

2- NO3
-/+NO2

- NH4
- SiO4

4-

Mean 0.117 0.403 0.284 6.664
SD 0.047 0.262 0.174 3.305
Sample size 50 49 50 50

Oceanic  1991-2007 ( To the NE of Kaneohe Bay)
PO4

2- NO3
-/NO2

- NH4
- SiO4

4-

Mean 0.097 0.045 0.124 2.257
SD 0.025 0.035 0.098 0.899
Sample size 12 13 13 16
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Table 5
Tests of the significance of the slopes of the regression lines fitted to nutrient data vs time in the 
low-rainfall period (1998-2001), and the nutrient data from the preceding normal rainfall period 
(1994-1997) for the South basin.   Statistics for PO4

2-, NO3
-+NO2

- and NH4
-  are based on natural 

logs of values

Nutrient Bay Site Regression SE Sample P value
Coefficient size

Low Rainfall  Period
PO4

2-  So Basin -3.9x10-5 1.44x10-5 59 0.008
Intake (So. Bay) -4.8x10-5 1.27x10-5 75 <0.001
Central Bay -5.40x10-5 2.17x10-5 58 0.015
North Bay -5.0x10-5 2.01x10-5 58 0.016

NO3
-+NO2

- So. Bay -1.2x10-5 5.46x10--5 59 ns
Intake  (So. Bay) -16.0x10-5 1.15x10-4 75 0.050
Cent. Bay -14.0x10-5 10.1x10-5 58 ns
No. Bay -15.0x10-5 11.3x10-5 58 ns

NH4
- So. Bay -0.6x10-5 4.58x10-5 59 ns 

Intake  (So. Bay) -7.7x10-5 4.56x10-5 75 ns
Cent. Bay -9.7x10-5 6.07x10-5 58 ns
No. Bay -11.0x10-5 4.6x10-5 58 0.022

Normal Rainfall Period

PO4
2- So. Bay 0.1x10-5 88.8x10-5 103 ns

Intake  (So. Bay) 3.0x10-5 1.59x10-5 112 ns

NO3
- So. Bay -16.0x10-5 4.5x10-5 103 <0.001

Intake (So. Bay) 5.8x10-5 4.43x10-5 112 ns

NH4
- So. Bay 3.52x10-5 3.4x10-5 103 ns

Intake (So. Bay) 14.6x10-5 4.81x10-5 112 0.003

35



Table 6
Comparison of natural logs of nutrient concentrations (µM) in the south basin in the periods 
before and during the drought.   t test is for samples with unequal variances.

Nutrient Time period Average      Variance Sample       t P
Size

PO4
2- 1994-97 0.115 0.005 112 0.24  0.81

1998-01 0.113 0.001  81

NO3
-+NO2

- 1994-97 0.215 0.041 112 -0.55 0.58
1998-01 0.232 0.044 81

NH4
- 1994-97 0.194 0.051 112 -1.73 0.085

1998-01 0.237 0.013 81
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Table 7  Comparison of nutrient concentrations in Kaneohe Bay in the CISNet, Yeo et al (2013) 
and Nu’upia studies (post-diversion, all basins represented) with concentrations from other 
lagoonal sites reported in other published studies, offshore sites in the tropics and with oceanic 
values from Hawaii and other tropical sites.  Offshore values tend to be from sites inside the 
Great Barrier Reef but not on reef flats or in lagoons of individual reefs.  The statistics reported 
for “Oceanic” “Hawaii” are based  on the original data, but the statistics for the other categories 
are computed from the average reported in each study.

PO4
2- NO3

-+NO2
- NH4

-

Lagoon
 Kaneohe Bay  Average 0.087 0.343 0.190

Range 0.065-0.125 0.143-0.724 0.136-0.277
Number of studies 3 3 3

   
Other lagoonal sites Average 0.231 1.433 1.388  

SD 0.131 1.907 1.281 
         Number of studies  12 20 22

Results of Mann-Whitney test 
Comparing Kaneohe Bay studies
With studies of other lagoonal sites P<0.05 ns P<0.01

Offshore (but not oceanic, principally sites within the Great Barrier Reef)  
Average 0.160 0.220 0.356
SD 0.160 0.242 0.319

         Number of studies  28 19 10
Oceanic
 Hawaii Average 0.10 0.05 0.12

SD 0.025 0.035 0.098
# of observations 12 13 13

   Other studies Average 0.089 0.173 0.207
SD 0.077 0.167 0.182

         Number of studies 20 20 11
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Fig. 1  The location within Kāne‘ohe Bay of the water column sampling sites: CB, SB, NB, 
Intake and Ocean.   Coordinates for the sites are:   South Basin, 21o  26.14’ N   157o 46.65’
W;  Central Basin, 21 o 27.44’ N  157 o 48.72’ W;  North Basin  21 o 29.46’ N,  157 o 49.99’ W; 
Intake  21 o 26.01’ N  157 o 47.17’ W  to windward (NE) of the reef flat of Moku o Loe.  The bay 
is subject to NE trade winds.
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Fig.  2  Growth of the human population in the Kāne‘ohe Bay watershed.  Values from:  
Devaney 1982 (1849 to 1950); US Census (1960 to 2010).
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Fig. 3  Change in the concentration of the three nutrients in the three basins of Kāne‘ohe Bay.  
Figure shows the means and standard errors reported by studies or these statistics were computed
from original data or data interpolated from figures.  Data in the figures are also given in Table 1.
Values are plotted at the midpoints of the study periods. 
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Fig.  4  Annual rainfall totals at two gauges representative of rainfall patterns in the Bays 
watershed and at the Honolulu airport approximately 20 km to the SW.  Airport data is included 
to provide a longer record than is available from the HIMB or Luluku stream gages.  HIMB 
gauge is on Moku o Loe in the south basin of Kāneʻohe Bay (Fig. 1), the Luluku is a gauge on a 
stream in the watershed of the south basin.  Length of records is limited by the intervals during 
which gauges functioned for a full year.     
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Appendix  1

Summary of citations, sampling periods and analytical methods of those studies used in this analysis.  Data of Smith et (1981) was 
divided in 2 halves in this analysis: before diversion, 1976-1977;  after diversion, 1978-1979.  “All”  means all 3 basins (SB, CB, NB) 
or all four ions sampled (PO4

2-, NO3
-+NO2

-, NH4
-).  “Averages”  means the paper only provided averages for the periods or sites used 

in the study. Absence of entries in the columns for standards and detection limits means the topics were not discussed in the paper.

Study Sampling      Basins  Nutrients Analytical Methods Use of Standards Detection Notes
Interval Limits

Piyakarchana  1965  8/1963-7/1964       SB PO4 Strickland & Parsons (1960) Standards for each run Data interpolated
Bathen 1968 6/1966-6/1967    All All Strickland & Parsons (1965) Data interpolated
Quan1969 2-4/1968 SB All Kahn and Brezenski (1967)

Strickland and Parsons (1965)
Caperon et al 1971  Mar –Jun 1970 All PO4, NO3 Strickland and Parsons (1968) Averages only
Krasnick  1973 3/1970-1/1971 All All Strickland and Parsons (1968)

Solarzano (1969)
Young et al 1973 7/1968-4/ 1969 All All   Strickland and Parsons (1965)   
Smith et al 1981 1/1976-7/1979 All All See: Smith et al  (1981)  Standards prepared Data interpolated
Taguchi & Laws 1987 1/1985-1/1986 SB NO3 Wood et al (1967) Data interpolated 
Laws and Allen 1996 10/1989-6/1992 All All Strickland and Parsons (1972) Averages only
Dictyosphaeria study 6/1993-11/1997 SB All Analytical Services Univ. Hawaii. 

(As in Smith et al 1981)
Te 2001 2/1995-2/1996 SB, CB All Analytical Services Univ. Hawaii. 

(As in Smith et al 1981)
CisNET survey 7/1998- 1/2001  All All Analytical Services Univ. Hawaii. 

(As ins Smith et al 1981)
Ringuet & Mackenzie 11/2001-3/2003 SB All Parsons et al (1984) PO4: 0.10µM Averages only
2005 NO2+NO3: 0.10 µM

NH4: 0.10 µM
Yeo et al 2013 11/2005 – 2007 All All Bernhardt and Wilhelms (1967)

Armstrong  et al (1967) 
US Environ. Prot. Agency (1983)

Nu’upia study 9/2010-8/2011  All All UNESCO 1994, EPA Standards PO4:0.03 µM
Technical Services University NO2:0.01 µM
of Washington,Ocanography NO3: 0.08 µM

NH4: 0.07 µM
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