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Abstract The temporal and spatial variability of in
organic nutrient concentrations in overlying- and inter
stitial-seawater in Checker Reef, Oahu was examined
for response to incident wave magnitude and direction.
Well-point samplers were used to profile interstitial
nutrient concentrations across oxic-suboxic-anoxic
transition zones in the upper meter of the reef frame
work at four sites aligned across the patch reef. Samples
were acquired over February, 1992, during which time
dominant E-NE trade winds directed waves across the
reef from the fore-reef to back-reef. However, W-SW
"Kona" winds periodically interrupted this pattern and
directed waves in the reverse direction. The interstitial
microbial habitats of fore- and back-reef framework
were distinct from those within the mid-reef frame
work. Maximum concentrations of P04 , Si, and NH4
in interstitial waters occurred at framework depths of
1-2 m, with the highest concentrations occuring within
the mid-reef framework. Maximum concentrations of
N03 and N02 , which were used to delineate the core of
the suboxic zone, occurred at framework depths of
5-10 cm at all stations and attained 2-4 fold higher
peak concentrations within the mid-reef and back-reef
than within the fore-reef. Variability in interstitial nu
trient concentrations was greatest within the back-reef
and is consistent with reversals of wave-direction, with
the resultant increases in mixing between interstitial
and overlying seawater due to flushing caused by the
S-SW Kona wind events. The ratio of molar concentra
tions of total inorganic nitrogen to phosphate
(TIN: P04 ) for the fore-reef was 5: 1; while ratios for
the mid- and back-reef were 13-15: 1, reflecting that
the dominant source of particulate organic matter to
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the fore-reef framework is plankton, while that of the
mid- and back-reef is benthic reef plants.
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Introduction

The cycling of inorganic nutrients through the various
components of coral reef communities has long been
characterized as highly efficient (e.g., Odum and Odum
1955; Pomeroy 1970; Johannes et al. 1972; Po~eroy

et al. 1974). This is because of a reefs capacity to
maintain between 100- to lOoo-fold greater biomass
and lO-fold greater areal productivity than planktonic
communities of the surrounding nutrient (N and P)
impoverished oceans. The recycling mechanisms and
sources of nutrients to reefs that have been considered
include biological interactions on the reef exterior
(Pomeroy 1970; Muscatine and Porter 1977; Meyer
and Schultz 1985a, b; Hansen et al. 1987; Hamner and
Wolanski 1988), groundwater inputs (D'Elia et al. 1981;
Lewis 1987), terrestrial runoff (Marsh 1977), upwelling
(Andrews and Gentian 1982) and "endolithic upwell
ing" (Rougerie and Wauthy 1986, 1993; Rougerie et al.
1991). All of these mechanisms are likely to play some
role in supporting coral reef productivity.

However, in the past two decades biogeochemical
studies have demonstrated the common existence of
nutrient-rich, oxygen-depleted, low pH interstitial
waters within coral heads and the frameworks of coral
reefs (Zankl and Muller 1977; Andrews and Muller 1983;
Buddemeier et al. 1983; Risk and Muller 1983; Szmant
Froelich ·1983; Sansone 1985; Sansone et al. 1988; 1989;
Tribble 1990; Tribble et al. 1989, 1990). Similar bi
ogeochemical conditions have been shown to exist in
lithified marine carbonates ranging from active reefs, to
burried Pleistocene reefs, to large-scale carbonate plat
forms (Sansone et al. 1990; Rougerie and Wauthy 1993).
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The upper portion of a reef framework matrix can be
viewed as a significant component of the coral reef
habitat, with various aerobic and anaerobic microbial
communities competing and interacting within the in
terstitial cavities of the framework. Using a cross-reef
array of 1-4 m deep samplers, Tribble et al. (1990)
demonstrated that the carbon and nutrient composi
tions of reef interstitial waters of Checker Reef, Hawaii
are influenced by oxic respiration, denitrification, sul
fate reduction, methanogenesis, and carbonate precipi
tation/dissolution within the reef framework. Oxic
respiration and sulfate reduction are the dominant
modes of oxidation of organic matter, and occur des
pite the lack of significant sulfate depletion in the bulk
interstitial waters (Tribble 1990). Methane production
occurs, also in the absence of sulfate depletion in bulk
reef interstitial waters (Sansone et al. 1989), in contrast
to what is normally seen in diffusionally controlled
sediments, and carbonate dissolution occurs in associ
ation with anaerobic diagenesis and the resulting
decrease in pH (Tribble 1990).

Particulate organic matter, rather than dissolved or-
. ganic matter, has been implicated as the principal form
of organic matter injected into, and microbially oxi
dized within, reef frameworks (Tribble 1990). About
25% of gross reef flat community carbon production is
oxidized within the upper meter of the Checker Reef
framework (Tribble 1990). However, microaerophilic
dissimilatory nitrate reduction, or denitrification,
which occurs under suboxic conditions, could not be
identified by Tribble (1990) as a major pathway of
oxidation of organic matter in Checker Reef, due to the
lack of sampling of the uppermost meter, the suboxic
region of the reef.

The mixing between overlying seawater and reef in
terstitial water at Checker Reef is dominated by vertical
exchange induced by wind-driven surface waves
(Tribble et al. 1989,1992; Haberstroh 1994). Tidal oscil
lations do not appear to contribute to significant hy
drological exchange (Buddemeier and Oberdorfer
1986; Tribble 1990). Vertically oscillating, wave-driven
flushing may control not only the supply of organic
matter for oxidation within microbial habitats of the
framework, but may also provide a particularly signifi
cant mechanism of inorganic nutrient supply for reef
autotrophs (Haberstroh 1994).

The influence of waves on interstitial water move
ment, and presumably the rate of organic matter sup
ply, and the degree of oxygenation of these waters are
likely to be more energetic in the upper meter of the
framework than in deeper areas, and microbial activ
ities are therefore likely to be more dynamic and to
operate at higher rates.

In this study we (1) resolve the vertical distribution,
composition, and stoichiometric interrelationships of
inorganic nutrients within the oxic-suboxic-anoxic
transition zone of the upper meter of Checker Reef, and
(2) examine the short-term (daily-weekly) to longer

term (monthly) temporal variation of inorganic nutri
ents within the Checker Reef framework in response to
ambient wave conditions, which varied in direction and
amplitude during the sampling period.

MIt.rials and m.thods

Site description

Checker Reef, a small lagoonal patch reef in Kaneohe Bay, Oahu,
Hawaii, is one of numerous patch reefs lying behind an extensive
system of shoals that form a barrier reef complex across the mouth
of Kaneohe Bay (Fig. 1). Checker Reef lies in the central section of
the bay and is relatively sheltered from the large winter swells
characteristic of the N-NE windward coast of Oahu. Strong local
trade wind events produce more wave energy at this site than do
distant storms in the north and south Pacific (Shimada 1973). The
trade winds drive waves across Checker Reef from the northeast.
Strong and variable W-SW "Kona" storms, generated by low pres
sure systems south of the Hawaiian Island chain, occasionally re
verse the wind direction, although they provide less energy than the
trade winds (Shimada 1973). The water depth over Checker Reef
ranges from approximately D.I to I m.

Samples were collected at four sites on Checker Reef (Fig. I): one
fore-reef station located close to the windward edge (A), two mid-reef
stations (C and D), and one back-reef station located close to the
leeward edge (E).

Sampling of seawater and interstitial water

Samples of interstitial water from sediment depths of 10, 25, 50, 100,
and 200 cm, at four cross-reef stations (A, C, 0 and E), were col
lected six times during February, 1992, with surface seawater sam
ples taken at the same sites (Table I). Wave magnitude and direction
varied widely during the sampling periods. In addition, station
C was sampled once during the fall of 1991 (0-50 cm only) and once
during the fall of 1992. Station 0 was sampled twice during the fall
of 1991 and twice during summer of 1992 (only phosphate analyzed).
Station E was sampled once during the fall of 1992.

Seawater samples were acquired using a battery powered peristal
tic pump attached to a stiff acrylic tube which had its open end
approximately 10 cm above the reef surface. Interstitial water sam·
pies were acquired by using this pump to draw water from well
points in the reef. Wells were purged by pumping at least 400 ml
before sampling (Haberstroh 1994). Samples of both seawater and
interstitial water were filtered through combusted Whatman GFjC
filters, and stored chilled in polyethylene screw-cap bottles during
transport back to the Hawaii Institute of Marine Biology laboratory
on Coconut Island. They were kept frozen until analysis.

Two types of well point samplers were used to acquire interstitial
waters.

1. Large stainless steel well point samplers of 3.2 cm outer dia
meter (00), previously installed and described by Sansone et al.
(1988), were used to acquire water from 100 and 200cm sediment
depths. The present study utilized a l00-cm well point at the fore
reef station A, and lOO-cm and 200-cm well points at the two
mid-reef stations C and 0, and the back-reef station E.

2. Short, narrow ("mini") well point samplers of 1.2 em 00 and
0.96 cm inner diameter (10) were used to acquire water from sedi
ment depths of 5, 10, 25, and 50 cm (Fig. 2). The mini well points
were constructed from seamless stainless steel tubing with twelve to
fifteen 3.3 mm holes drilled near one end. The ends were then sealed
with a hydraulic press and ground to a sharp edge. Water was
acquired through a stiff acrylic tube (9.6 em 00, 3.2 em 10) that had
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Fig. I Location of Checker
Reef. Sampling stations are
identified by letters A-E
(Sansone et al. 1988)

Table 1 Wind and wave
conditions at Checker Reef
during February 1992. Wind
velocities are from the weather
reports of Honolulu newspapers

Date

February 1

February 6

February 19

February 22

February 24

February 29

o 1
L-..J

km

o 100
L..-.J

m

Stations sampled Wind and wave conditions

A, C, D, E Moderate to strong E-NE trade winds (10-12 kt.); waves
approximately 15 cm height from the N-NE, at station A,
decreasing at station E to approximately 2 cm height, 5 hours later

A, C, D, E Very strong N-NE trade winds (20-40 kt.); waves of 15-30 cm
height from the NE

D Moderate to strong W-SW Kona winds (10-20 kt.); waves
approximately 4 em in height and 60-90 cm in length, from the
SW, at station D; occasional rain showers (squalls)

A Very calm winds; very small waves less than I cm amplitude from
the N-NE

A, C, D, E Strong to very strong W-SW Kona winds (20-30 kt); waves of 15 to
30 cm in height from the SWat the back-reef station E, falling off to
3 cm in height, but from both the SW and NE direction, at the
fore-reef station A

A, C, D, E Moderate to strong E-NE trade winds (10-20 kt.); waves of
15-30 cm height from the NE; occasional passing rain squalls

been inserted into the mini well point so that one end of the tube was
adjacent to the drilled holes. The acrylic tube fitted snugly inside the
well point tube, with little dead volume. A one-hole rubber
(Vacutainer) stopper attached to the top of the well point prevented
seawater from flowing into the well point, and sealed the acrylic tube
to the well point.

The 5, 10, 25, and 50 cm mini well points at stations C, D, and
E were arranged in a SE-to-NW line, approximately 60 cm apart,
and roughly perpendicular to the prevailing NE trade wind-wave
direction and the general windward-to-leeward direction of the large
well point array. The hard coral surrounding the small sand patch
where station A is located necessitated a more constrained arrange-

ment for the mini sampler array, with only 30 cm distance separating
each well point and a SW-to-NE, leeward-to-windward, alignment.
Only a limited number of 5-cm interstitial water samples were
successfully collected (at stations D and E) because the well point
was easily dislodged from the sediment.

Analytical methods

Most samples were analyzed for dissolved PO, (± 0.02 11M),
N03 + N02, NH" and Si (± 0.03 11M) using a Technicon Auto
Analyzer II (Smith et al. 1981, as modified by Ted Walsh, SOEST
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Cross reef trends in nutrient concentrations

Fig.2A-e Schematic diagram of A 10-cm mini well-point sampling
tube, B lO-cm mini well-point with stopper, and C sampling tube
inserted into well point. OD is outer diameter, and ID is inner
diameter

The short term (i.e., daily-weekly) variation in the
cross-reef distribution of inorganic nutrients within the
Checker Reef framework was examined over February,
1992. The direction and amplitude of winds and waves
impacting the reef varied on each of the sampling days
(Table 1). Trade winds from the E-NE dominated early
(February 1 and 6) and late February (February 29)
and directed waves onto the fore-reef. Strong Kona

winds from the W-SW characterized mid-February
(February 19 and 24), and directed waves onto the
back-reef. Between the two Kona wind and wave days
there was a very calm day (February 22). The wind and
wave conditions occurring over February, 1992 were,
therefore, a fair representation of the yearly range of
conditions impacting the Checker Reef framework.

The mean concentrations of seawater nutrients
(± 1 SO), when all stations are included (n = 18), were
0.13 ± 0.05 IlM P04 , 4.5 ± 1.0 IlM Si, 0.31 ±0.30 IlM
N03 + N02 , and 0.35 ±0.191lM NH4 (Haberstroh
1994). The mean concentrations did not vary signifi
cantly between the reef stations, nor were they sig
nificantly different from those observed by Tribble
(1990), who sampled seawater from near the middle of
the reef and off the windward and leeward margins of
the reef. The mean concentrations of P04 , NH4 , and
N03 + N02 were all higher and more variable on
Checker Reef than in surface waters collected from
inside and just outside Kaneohe Bay (Laws and Allen
1996). The concentrations of silica were approximately
the same as found in Kaneohe Bay waters by Laws and
Allen (1996), but approximately ten times more than
oceanic concentrations. The standard deviations of sea
water concentrations were consistently lower at station
A(± 10-13%) than at the other stations (± 9-98%).

The framework profiles of P04 , Si, N03 + N02 ,

and NH4 concentrations, and of the molar ratios of
concentrations of TIN to P04 (TIN: P04 ) from the
cross-reef samplings during February 1,6,24, and 29,
1992, are shown in Fig 3 A- E, respectively. Silica
usually attained the highest interstitial water con
centrations, followed by NH4 , N03 + N0 2 , and P04
(Fig. 3 A-D). At each station the shape of the profiles
for P04 , Si, and NH4 were similar to each other,
usually with maximum concentrations at framework
depths of 50 cm or greater (Fig. 3A, B and D). However,
N0 3 + N0 2 profiles were characterized by peak con
centrations in the upper 5-10 cm of the framework
(Fig.3C).

The profiles of nutrient concentrations and the molar
ratios of concentrations of total inorganic nitrogen to
inorganic phosphate (TIN: P04 ) displayed consider
able station-to-station variability (Fig. 3A-E). The
temporal variability in all concentration profiles over
February was greatest at stations D and E. The deeper
portions of the framework of the mid-reef stations
C and D usually reached higher concentrations ofP04 ,

Si, and NH4 than at similar depths of the fore- or
back-reef stations, A and E. Peak concentrations of
P04 , Si, and NH4 were observed at station E at 50 cm
framework depth during the trade wind-driven swell of
February 6, but were low on February 1 and 29 under
somewhat gentler wave conditions. The P04 profile at
station C was characterized by a distinct and recurring
P04 concentration maximum at 10 em, a feature not
observed in the upper 25 cm of the other mid-reef
station, D. Station C was also distinct in displaying
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Analytical Services, University of Hawaii). Total inorganic nitrogen
(TIN) was computed as the sum of molar concentrations of nitrogen
in NOJ + N02 and NH4 samples. Samples collected during the
summer of 1992 at station D were analyzed for dissolved PO4 by the
ascorbate method (Strickland and Parsons 1968). Internutrient rela
tionships were determined by correlation analysis, and the signifi
cance of the correlations was determined at the P < 0.001 level
(Hays and Winkler 1970; Sokal and Rohlf 1981). The significance of
the mean slopes from intemutrient regressions at different reef
stations was determined from analysis ofcovariance, with signicance
level set at P < 0.005 (Hays and Winkler 1970; Sokal and Rohlf
1981).
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relatively little vanatlOn in nutrient concentrations
over February. The profiles of P04 , Si, and NH4 at
stations A and C were distinct from those of stations
D and E in that maximum concentrations never occur-

red in the deepest available interstitial water (Fig. 3A, C
and D).

Sharp N03 + N0 2 peaks were observed at station
E on the Kona wind day, February 24, and during the
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Fig.3A-E Cross-reefdepth distributions of Adissolved inorganic phosphate, Bsilica, C nitrate plus nitrite. D ammonium, and E TIN: P04 •

"Trade" and "Kona" refer to the direction of the dominant waves (N-NE or S·SW, respectively). Overlying seawater concentrations are
shown at 0 em depth
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Fig. 3 Continued

late-February trade wind swell, February 29, but not
during the other two trade wind swells, February 1and
6 (Fig. 3C). The NOJ + N02 peaks occurred at frame
work depths of 5 cm on February 24 and 10 em on
February 29. However, February 24 was the only day
that a reliable 5 em-water sample was acquired at sta
tion E (see materials and methods), so similar
NO J + N0 2 peaks may have been present at 5 cm on
February 1 or February 6. In contrast, interstitial water
from 5 cm was successfully acquired five times at sta
tion D during February, and NO J + N02 peaks were
observed at 5 cm on February 6, and at 10 em on
February 1, 19,24 and 29. However, the concentrations
of NOJ + N02 at 5 cm at station D were always rela
tively high throughout February, ranging from about
0.9 to 1.8 IlM.

Interstitial waters within the upper 50 cm at stations
C and D displayed considerable variability in
TIN: P04 ratios (Fig. 3E), with an almost five-fold
increase in the TIN: P04 ratio in the upper 25 cm at
station D on February 29 compared to other dates. In
contrast, the TIN: P04 ratio at the fore-reef station

A was comparatively invariant and rarely exceeded
a value of 10. However, there is an "early February"
trend (Le., February 1 and 6) at station A, with
TIN: P04 in waters ranging from only 3.4-4.3, and
a "late February" trend (Le., February 24 and 29) with
TIN: P04 increasing to maximum values of 10-11 at
50 cm depth. Because P04 and NO J + N02 concen
trations were relatively invariant during February, the
increase in TIN: P04 in late February results from
a distinctive increase in NH4 concentrations, peaking
at about 11-12IlM at 50 cm, compared to only
4-5 IlM at 50 cm during early February.

Notable increases in TIN: P04 were observed in the
upper 10 cm at station E, beginning with sampling
during the Kona wind event on February 24, although
the TIN: P04 ratio varied throughout February at
most framework depths. The TIN: PO4 ratio of the
deeper portions (50-200 cm) of the mid-reef stations
C and D displayed very little variability during Febru
ary compared to similar depths at stations A and E.

Dissolved P04 concentrations were measured more
often at station D than at any other station and clearly
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Nutrient-nutrient relationships

Fig. 4 Long-term variation in dissolved inorganic phosphate con
centrations versus framework depth at station D. Overlying sea
water concentrations are shown at 0 cm depth

interval. The latter analyses were restricted to stations
C, D, and E because there is no 200-cm well point
sampler at station A, but they allow comparison with
similarly collected data of Tribble (1990). The signifi
cance between the regression slopes of different stations
was examined using analysis of covariance (Sokal and
Rohlf 1981).

The correlations between P04 versus N03 + N02
and Si versus N03 + N02 were negative and very
weakly correlated at all stations, and therefore are not
included in Table 2. In contrast, the correlations be
tween P04 versus NH4 , TIN, and Si were all positive
and highly significant (P < 0.001) at each station, as
determined by at-test (Sokal and Rohlf 1981). The
r-values in Table 2 show that the nutrient-nutrient
relationships were usually more linearly correlated at
stations C and D than at stations A and E. Note that
the correlations of P04 versus Si have r values greater
than 0.90 at all stations. Analysis of covariance of the
means of the separate slopes of P04 versus NH4 be
tween stations yielded an F value of 5.60 with 3 and 85
degrees offreedom (Hays and Winkler 1970; Sokal and
Rohlf 1981). Interpolation of critical values of the F
distribution yields Fo.OOS [3.8S1 = 4.63 (Sokal and Rohlf
1981), indicating the probability that the slopes have
the same mean values is less than 0.5% (P < 0.005).

The correlations of P04 versus NH4 concentrations
in samples collected on all dates, including the 200-cm
porewater samples (at stations C, D, and E only), show
progressively steeper regression slopes (and thus higher
NH4 : P04 ratios) from stations C to E (Le., from the
mid-to-back reef direction). The mean TIN: P04 ratio
at station A was '" 5 : 1, while those at other stations
were 13-15: 1 (Table 2). Analysis of covariance between
the sample slopes ofP04 versus TIN for February, 1992
yielded an F value of 5.30, indicating that the slope
means vary significantly between stations (P < 0.005).

During February, 1992, the correlations of P04 ver
sus Si in the upper meter at mid-reef stations C and
D yielded a Si: P04 ratio of about 20, while the mean
ratios of the fore- and back-reef stations, A and E, were
around 29, and the slopes varied significantly between
stations (Table 2). The slopes of the linear regressions of
P04 versus Si from all sampling dates and framework
depths at stations C, D, and E were progressively
steeper from the fore-to-back reef direction. In the
upper meter during February, 1992, the correlations
between Si versus NH4 , and between Si versus TIN,
were all positive and their slopes with significantly
different.

Dlscuulon

It was fortuitous that weather conditions of February,
1992, included much of the variation in wave condi
tions experienced by Checker Reef over the course of

32o

demonstrate the long term dynamic variability of P04

concentrations in seawater and interstitial water from
the upper two meters of the framework (Fig. 4). Sea
water and 50-cm interstitial P04 concentrations were
higher during the fall of 1991 (November 22 and De
cember 5, 1991) than during all other sampling dates.
Interstitial P04 concentrations at depths of 100 and
200 cm were lowest during the summer (June 12 and
July 2, 1992).

Inorganic nutrient ratios are useful in identifying the
organic matter sources undergoing oxidation within
the reef matrix, as well as providing a method for
comparing reef sites for the degree of organic matter
oxidation (Tribble et al. 1989, Tribble 1990). Table 2
shows the correlation between concentrations of inor
ganic nutrient species, and the slopes of the internut
rient regressions (Hays and Winkler 1970; Sokal and
Rohlf 1981).

Two types of nutrient-nutrient correlations were
examined. The first was based on nutrient concentra
tions in seawater and in interstitial water collected from
the upper meter of the framework, and was restricted to
samples collected during February 1992. The second
type included the 200-cm interstitial water and con
sidered all samples acquired. The former correlation
analysis was chosen because during this period cross
reef sampling was most frequent, and it allows the
comparison of all four stations over the same depth
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Table 2 Correlations analyses of the concentrations of P04 versus depth = 0 m), and interstitial water acquired from framework
(I) NH 4 , (2) TIN, and (3) Si, and between concentrations of Si versus depths down to 100 cm (February 1992 samples only), and 200 em
(1) NH4 and (2) TIN, showing correlation coefficients (r) and sample (all sampling dates included, station A excluded). The slopes were
size (n). All correlations shown were significant at the P < 0.001 determined from regression analyses
level, and are based on samples of overlying seawater (i.e.,

Ratio Depth interval Sampling period Station r n Slope ±standard deviation

NH4 :P04 0-100cm February 1992 A 0.72 25 5.2 ± 1.0
C 0.98 20 15.1 ± 0.8
D 0.90 30 14.1 ± 1.3
E 0.73 20 13.9 ± 3.0

NH4 :P04 0-200 em All dates C 0.97 34 14.3 ±0.7
D 0.94 47 16.2 ± 0.9
E 0.70 30 20.2 ± 3.9

TIN: P04 0-100 em February 1992 A 0.73 25 5.2 ± 1.0
C 0.99 20 14.6 ±0.6
D 0.89 30 13.6 ± 1.3
E 0.72 20 13.1 ± 2.9

TIN:P04 0-2oocm All dates C 0.97 34 13.9 ± 0.6
D 0.93 47 15.8 ± 0.9
E 0.69 30 19.4 ± 3.8

Si:P04 0-100 em February 1992 A 0.92 25 25.0 ± 2.1
C 0.96 20 19.4 ± 1.3
D 0.98 30 21.5 ± 0.9
E 0.91 20 32.2 ± 3.3

Si:P04 0-2oocm All dates C 0.94 34 17.8 ± 1.1
D 0.96 52 26.1 ± 1.0
E 0.90 30 31.2 ± 2.9

NH4 :Si 0-100 em February 1992 A 0.76 25 0.20 ± 0.04
C 0.97 20 0.74 ± 0.04
D 0.95 30 0.68 ± 0.04
E 0.89 20 0.48 ± 0.06

TIN:Si 0-100 em February 1992 A 0.77 25 0.20 ± 0.03
C 0.98 20 0.72 ± 0.04
D 0.95 30 0.66 ± 0.04
E 0.88 20 0.45 ± 0.06

a year. The waves ranged from short-period chop to
longer-period swell, and the Kona storm conditions
directed waves in the opposite direction from normal
trade-winds. The interstitial nutrient concentrations
and compositions are consistent with the source of
organic matter being oxidized, as well as the relative
degree of wave-induced delivery of organic matter, oxy
gen, and other electron-acceptor to the microbial habi
tats within the framework at each reef site. The median
C: N :P ratio for benthic marine plants is 550: 30: 1
(Atkinson and Smith 1983), in contrast to the 106: 16: 1
ratio for planktonic organisms (Richards 1965). The
low TIN: PO", (5: 1) ratio of interstitial water within
the upper meter of framework at station A compared to
that of the other stations (14-15 : 1), as determined from
regression slopes (Table 2), is consistent with a more
planktonic origin of the organic matter microbially
decomposed in the fore-reef than in other reef locations
(Tribble et al. 1989). The increase in peak NH", concen
trations and TIN: PO", ratios at station A occurred by
late February, when Kona storms directed water and

organic matter with a more benthic plant signature (i.e.,
higher N: P) over and into station A. Otherwise, the
NH", concentrations and TIN: PO", ratios at station
A are relatively low and invariant, reflecting the more
common trade wind-directed flow of planktonic or
ganic matter into the fore-reef.

However, complicating this interpretation of micro
bial activity to wave-induced organic matter supply
and signature are the possibly antagonistic effects of
wave action on the hydraulic conductivity of the frame
work. In Checker Reef, Tribble (1990) found much
lower hydraulic conductivity at 1 m depth in the fore
reef (13 m d -I) than in the mid- and back-reef
(40-60 m d -I). It is possible that the corals and en
crusting coralline algae which characterize the more
wave-impacted fore-reef have a lower transmissivity
than the unconsolidated sands and coral rubble of the
mid- and back-reef. Also, cementation of carbonate
reefs is most active on reef portions exposed to substan
tial wave activity (Matthews 1974; Macintyre 1977;
Lighty 1985; Marshall 1986; Carter et al. 1989; Zullig



and Kaufman 1991). While the framework of Checker
Reef has not yet been examined for relative degree
of cementation, measurements using pressure trans
ducers across the upper meter of Checker Reef
(Haberstroh 1994) have shown a higher percent dam
pening of incident wave action with framework depth
at the fore-reef (67% m - 1) than at the mid- and back
reef (40% m- 1). The decrease in actual flow of pore
water would decrease the influx of particulate organic
matter, resulting in the observed lower maximum inor
ganic nutrient concentrations at station A. More recent
work has shown that O 2 is depleted at 10 cm frame
work depth at the fore-reef, and at 25 cm framework
depth at the mid-reef (Falter 1998). Microaerophilic
denitrification may thus occur at shallower .framework
depths at station A than at other reef location s,
leading to possible loss of nitrogen as N 2 (or N20) and
the lower observed TIN: P04 within the fore-reef
(Table 2).

The back-reef is not usually subject to as intense
wave-action as the fore-reef, yet, in the case of Checker
Reef, usually receives more wave-action than the more
protected mid-reef, due to refraction ("wrap-around")
of trade-wind waves and the direct impact of occasional
"Kona" storm waves. The organic matter oxidized
within the back-reef reflects both planktonic and be
nthic origins, while the mid-reef framework receives
primarily benthic plant material (Tribble 1990). Thus,
there is enhanced recycling by the microbial communi
ties within the mid-reef framework due to higher im
port of organic matter, from benthic plant growth,
compared to that supplied by plankton from Kaneohe
Bay. Deeper penetration of the organic matter and
oxygen into the more hydraulically conductive mid-reef
sediments, and its complete decomposition, results in
a higher TIN: P04 ratio in the mid-reef framework,
than in the fore-reef framework (Table 2). The high and
variable TIN: P04 ratio observed in waters from the
upper 50 cm of station E is consistent with enhanced
recycling due to the episodic yet vigorous injection of
dissolved oxygen and organic matter, some of high
N: P ratio, by the Kona wind-induced swells (Fig. 3E).
The sources of the high N: P organic matter may
include benthic reef plants (Morrissey 1985) and,
possibly, terrestrial plants from runoff of Oahu and
Coconut Island.

Because the observed increase in the TIN: P04 ratio
in the upper 10 cm begins at the back-reef on the Kona
storm day, February 24 (Fig. 3E), and continues
through February 29, and the TIN: P04 ratio at sta
tion D increased almost five-fold by February 29, de
composition of Kona storm-injected organic matter
may take several days to complete. The buildup of Si,
P04 , and NH4 concentrations in the deeper (~ 50 cm)
portions of the mid-reef framework (stations C and D,
Fig. 3A, B and D), and the constancy of TIN: P04
ratios in interstitial waters at those depths, identifies
the deeper portion of the mid-reef as a region where
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more complete decomposition of the high N: P organic
matter occurs. The low variability in TIN: P04 ratios
in interstitial waters from the shallow mid-reef and
from the deeper (> I m) portions of the entire reef, is
also consistent with those regions of the reef being less
influenced by short-term variation in wave-driven
flushing than that experienced by the reef peripheries or
upper ,portions of the framework.

The elevation of dissolved Si in the interstitial waters
of the upper reef (Fig. 3B) further substantiate Tribble's
(1990) conclusion that either benthic diatoms or
siliceous sponges are significant contributors to the
pool of organic matter undergoing oxidation within the
framework. Moreover, the low Si: P04 , Si: TIN, and
Si: NH4 ratios (Table 2) observed at station A, and to
a lesser degree at station E, as compared to stations
C and D, are again consistent with the reef peripheries
being more likely to receive advectively imported
planktonic organic matter from the surroundings of the
bay. Since the phytoplankton of Kaneohe Bay is dom
inated by algae other than diatoms and by cyanobac
teria (Laws and Allen 1996), decomposition of organic
matter from the bay should lead to relatively depleted
Si levels in the organic matter of the reef margins. As
noted, the low hydraulic conductivity of the fore-reef
framework may also result in an overall decrease in
supply of organic matter from whatever source to the
fore-reef pore spaces.

Figure 5 summarizes our understanding of how the
different wave-events (trade-winds versus Kon<;t-wind)
flush and oxygenate the Checker Reef framework, and
the resulting spatial variation in the peak concentra
tions of N03 + N02 and NH4 • Pronounced concen
tration peaks of N03 + N02 at 5-lOcm sediment
depth were observed at stations C, D, and E (Fig. 3C).'
Peak concentrations of N03 + N02at station A, while
relatively low (ranging from only 0.5 to 1.0 IlM), also
occur at 10 cm sediment depth. These peaks were not
detected by the sampling of Tribble (1990), and demon
strate the importance of intensive sampling of inter
stitial waters within the more dynamically mixed upper
meter of the reef framework. Work on marine sedi
ments (Entsch et al. 1983; Hopkinson 1987) suggests
that NH4 pools deeper within the Checker Reef frame
work are microbially oxidized by the sequential action
of autotrophic nitrosofying- and nitrifying- bacteria
near the zone of 02-depletion. Thus, just as the
N0 3 + N02 peak likely reflects the base of the oxic
zone, the depth at which NH4 concentrations dramati
cally increase should reflect the transition from suboxic
to anoxic conditions (Fig. 5). This conclusion is sup
ported by recent studies which show that O 2 depletion
occurs just above the depths where NH4 1evels maximize
(Falter 1998). The top of the suboxic zone at station
A therefore occurs at a much shallower depth (- 10 cm)
than in the mid-reef, where it occurs around - 25 cm.

The suboxic zone of the back-reef varies from 10 to
25 cm sediment depth, depending upon the wave



238

- - - - N02 + NO,

-NH.

Fig. 5 Model of the variation in Checker Reef redox conditions and
porewater concentrations of nitrate plus nitrite and ammonium
during swells generated by trade winds and Kana winds. Shaded
portions of reef show areas of lower hydraulic conductivity

The depth distribution of porewater NH 4 (Fig. 3D)
essentially mimics that of the P04 profiles. in that it is
uniformly low within the framework at the reef periph
eries, and elevated at depth within the more protected
mid-reef. The negligible NH 4 levels in the upper 10 cm
of the mid-reef presumably reflect consumption by nit
rosofying- and nitrifying-bacteria in the most-oxidized
portion of the framework, as well as assimilatory up
take by mixed microbial assemblages.

The high variability of the N03 + N02 concentra
tions at 10 cm at station E demonstrates why it is
important to examine the structure of upper-reef gradi
ents, because physical forcing can radically influence
the distribution of components. In the western tropical
Pacific trade-wind reversal increases the MnjCa ratio
and decreases 15 180 within coral skeletons of Tarawa
Atoll, primarily by generating waves which resuspend
particulate carbonates, and inject isotopically-depleted
rainwater during the episodic, yet vigorous, events
(Shen et al. 1992). During the Kona wind events of
February, 1992 waves were directed onto the back of
Checker Reef, flushing back-reef sediments with waters
rich in dissolved oxygen, and presumably increasing
the supply of particulate organic matter. The Kona
wind events at Checker Reef resulted in enhanced ni
trification of the NH4 pools and the development of
a N03 + N02 peak at station E within a few days
(Fig. 5).

Vertically oscillating mixing, in combination with
the sharp gradients in N03 + N02 should result in
higher N03 + N02 fluxes in mid- to back-reef areas
and a lower relative flux in the fore-reef. We have used
spectral analysis of time-varying wave-driven pore
water pressure fields, in conjunction with the nutrient
gradients presented here and sedimentological data, to
make estimates of this mixing (Haberstroh 1994). These
analyses show that the dominant wave frequency trans
mitted into the reef is approximately 0.10 to 0.18 Hz,
with higher-frequency components present in the sur
face waves being progressively filtered with framework
depth (Haberstroh 1994). The nutrient fluxes estimated
from models of wave-driven dispersion were 3 to 5 or
ders of magnitude greater than those of molecular
diffusion, but were well-matched (for P04, NH4and Si)
to those of Tribble et al. (1992) who used two natural
chemical tracers, radon and salinity, and they identify
the framework as a significant source of nutrients to
Checker Reef's photosynthetic communities.

In conclusion, we believe that spatial and temporal
variation in the porewater chemistry in the upper two
meters of the Checker Reef framework can be under
stood as a response to the magnitude and direction of
wave-driven flushing, and to the spatial variability of
organic matter sources and inputs. The microbial com
munities responsible for nutrient regeneration within
the pore spaces of the reef framework appear to
respond within days to the delivery of oxygen and
particulate organic matter from wave action. The
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conditions and mixing (Fig. 5). Capone et al. (1992)
demonstrated by 1SN03 isotope dilution techniques
that nitrification rates in the upper 2 cm of reef flat
sediments are eight-fold higher than concurrent N03
reduction rates, and that denitrification is inhibited by
high O 2 and NH4 concentrations, and is enhanced by
organic substrate availability. As oxygen is progress
ively depleted within the framework, successively less
efficient electron acceptors (N0 3 , S04) are used by the
microbial communities inhabiting the framework habi
tat (Tribble 1990). The variability and magnitude of the
N0 3 + N02 pools therefore reflects both the relative
physical stability of the microbial habitats within the
reef framework, and the degree and nature of the or
ganic matter imported to them. The persistence of the
suboxic zone at a greater depth within the more hy
draulically conductive mid-reef portion of the frame
work allows the development of a temporally stable
peak in N03 + N02 (Fig. 5). The less hydraulically
conductive fore-reef attains peak concentrations of
N03 + N03 and NH4 at 10 cm and 25 cm, respective
ly, but at levels much lower than at the other reef
locations, again perhaps due to lower importation rates
of both organic matter and 02'



development of large N0 3 + N0 2 concentrations in
the upper 50 cm of framework probably results from
nitrification of the relatively rich ammonium pools
deeper within the framework. The framework depth at
which N0 3 + N02 concentrations decrease to negli
gible values indicates the level at which the oxygen
supply is insufficient for denitrification to proceed. This
level occurs at only 50 cm in the mid-reef and fore-reef
framework, but is not ful1y attained in the top 200 cm of
the, presumably, more wel1-ventilated and more highly
conductive back-reef, as a result of higher wave-driven
flushing during February. Such flushing in the back
reef is variable and dependent on the presence or ab
sence of local Kona wind events. The overal1 lower
N03 + N02 concentrations within the fore-reefframe
work probably reflect a combination of poor hydraulic
conductivity of the fore-reefframework,low input rates
of particulate organic matter, and the low N: P signa
ture characteristic of particulate organic matter in the
incoming Kaneohe Bay seawater. The microbial habi
tats of the fore- and back-reef frameworks of Checker
Reef are distinct from those of the mid-reef framework,
and indicate the importance of mixing of seawater and
interstitial waters in controlling the distribution of the
end-products of organic matter decomposition.

Acknowledgements We thank Steve Smith for his helpful sugges
tions on nutrient cycling; Marlin Atkinson for the use of his laborat
ory at the Hawaii Institute of Marine Biology; and Rennee Bozeat,
Keith Carpenter, Jeff Chanton, Howard Johnson, Kevin Landgraf,
Phillip McGillivary, Terri Rust, and Paul Troy for their hardy
assistance in the field. Ted Walsh of SOEST Analytical Services,
University of Hawaii, provided nutrient analyses. This research was
supported by US National Science Foundation research grants
OCE-9116288 and OCE-9504251, the University of Hawaii Project
Development Fund, and a student research grant from the Geologi
cal Society of America. SOEST Publication No. 4861

References

Andrews JC, Gentian P (1982) Upwelling as a source of nutrients for
the Great Barrier Reef ecosystems: A solution to Darwin's ques
tion? Mar Ecol Prog Ser 8; 257-269

Andrews JC, MUlier HR (1983) Space-time variability of nutrients in
a lagoonal patch reef. Limnol Oceanogr 28: 215-227

Atkinson M, Smith SV (1983) C: N: P ratios of benthic marine
plants. Limnol Oceanogr 28: 568-574

Buddemeier RW, Oberdorfer JA (1986) Coral reef hydrology: Field
studies of water movement within a barrier reef. Coral Reefs
5:7-12

Buddemeier RW, Kinsey DW, Oberdorfer JA (1983) Porewater
biogeochemistry in a coral reef. EOS, Trans Am Geophys Union
64:735

Capone DG, Dunham SE, Horrigan SG, Dugay LE (1992) Microbi
al nitrogen transformations in unconsolidated coral reef sedi
ments. Mar Ecol Prog Ser 80: 75- 88

Carter BL, Simms MA, Moore CH, Roberts HH, Lugo-Fernandez A
(1989) Wave-forced hydrogeology and diagenetic responses in
Tague Reef, St. Croix, US Virgin Islands. In: Hubbard D (ed)
Marine and terrestrial geology ofSt. Croix, US Virgin Islands. St.
Croix, West Indies Lab, pp 111-116

239

D'Elia CF, Webb KL, Porter JW (1981) Nitrate-rich groundwater
inputs to Discovery Bay, Jamaica: A significant source of N to
local coral reefs? Bull Mar Sci 31 :903-910

Entsch B, Boto KG. Sim RG, Wellington JT (1983) Phosphorous
and nitrogen in coral reef sediments. Limnol Oceanogr
28:465-476

Falter J (1998) Time-variant diagenesis within the redox transition
zone of an advectively driven sediment. University of Hawaii.
MS Thesis, 101 pp

Haberstroh PR (1994) Wave-forced porewater mixing and nutrient
flux in a coral reef framework. PhD Dissertation. University of
Hawaii

Hamner WM, Wolanski E (1988) Hydrodynamic forcing functions
and biological processes on coral reefs: A status review. Proc.
Sixth Int Coral Reef Symp I: 103-113

Hansen JA, Alongi DM, Moriarty DJW, Pollard PC (1987) The
dynamics of benthic microbial communities at Davies Reef. cen
tral Great Barrier Reef. Coral Reefs 6: 63-70

Hays WL, Winkler RL (1970) Statistics: probability, inference, and
decision. vol II. Holt, Rinehart and Winston, New York, 320 pp

Hopkinson CS (1987) Nutrient regeneration in shallow-water sedi
ments of the estuarine plume region of the nearshore Georgia
Bight, USA. Mar Bioi 94: 127-142

Johannes RE and Project Symbios Team (1972) The metabolism of
coral reef communities. A team study of nutrient and energy flux
at Enewetak. Bioscience 22: 541-543

Laws EA, Allen CA (1996) Water quality in a subtropical embay
ment more than a decade after diversion of sewage discharges.
Pac Sci 50 (2): 194-210

Lewis JB (1987) Measurements of groundwater seepage flux onto
a coral reef: spatial and temporal variations. Limnol Oceanogr
32(5): 1165-1169

Lighty RG (1985) Preservation of internal reef porosity and dia
genetic sealing of submerged Early Holocene barrier reef, south
east Florida Shelf. In: Schniedermann N, Harris PM (eds),
Carbonate cements. SEPM Spec Publ 36, pp 123-151

Macintyre IG (1977) Distribution of marine cements in a modern
Caribbean fringing reef, Galeta Point, Panama. J Sediment Pet
rol 47: 503-516

Marsh JA (1977) Terrestrial inputs of nitrogen and phosphorous of
fringing reefs of Guam. Proc Third Int Coral Reef Symp Guam
1:331-336

Marshall JF (1986) Regional distribution of submarine cements with
an epicontinental reef system: central Great Barrier Reef, Austra
lia. In: Schroeder JH. Purser BH (eds) Reef diagenesis. Springer
Verlag, Berlin, Heidelberg New York, pp 8-26

Matthews RK (1974) A process approach to diagenesis ofreefs and
reef associated limestones In: Laporte LF(ed), Reefs in time and
space. Selected examples from the recent and ancient. Soc Econ
Paleon Mineral 18:234-256

Meyer JL, Schultz ET (1985a) Migrating haemulid fishes as a source
of nutrients and organic matter on coral reefs. Limnol Oceanogr
30(1): 146-156

Meyer JL, Schultz ET (1985b) Tissue condition and growth rate of
coral associated with schooling fish. Limnol Oceanogr
30(1): 157-166

Morrissey J (1985) Carbon flow through fleshy macroalgae on coral
reefs. PhD Dissertation, University of Hawaii

Muscatine L, Porter JW (1977) Reef corals: mutualistic
symbiosis adapted to nutrient-poor environments. BioScience
27:454-460

Odum HT, Odum EP (1955) Trophic structure and productivity of
the windward coral reef community on Eniwetok Atoll. Ecol
Monogr 25:291-320

Pomeroy LR (1970) The strategy of mineral recycling. Ann Rev Ecol
Syst 1: 171-190

Pomeroy LR, Pilson ME, Wiebe WJ (1974) Tracer studies of the
exchange of phosphorous between reef water and organisms on
the windward reef of Eniwetok Atoll. Proc Second Int Coral Reef
Symp, Australia I: 87-96



240

Richards FA (1965) Anoxic bays and fjords. In: Riley JP, Skirrow G
(eds) Chemical oceanography. Academic Press, New York,
pp 415-419

Risk MJ, Miiller HR (1983) Porewater in coral heads: evidence for
nutrient regeneration. Limnol Oceanogr 28: 1004-1008

Rougerie F, Wauthy B (1986) Le concept d'endoupwelling dans Ie
fonctionnement des atolls oasis. Oceanologica Acta 9(2):
133-148

Rougerie F, Wauthy B (1993) The endo-upweIling concept: from
geothermal convection to reef construction. Coral Reefs
12:19-30

Rougerie F, Andric C, Jean-Baptiste P (1991) Helium-3 inside atoll
barrier reef interstitial water: A clue for geothermal endo-upwell
ing. Geophys Res Lett 18: 109-112

Sansone FJ (1985) Methane in the reef flat porewaters of Davies
Reef, Great Barrier Reef (Australia). Proc Fifth Int Coral Reef
Symp 3, Tahiti:415-419

Sansone FJ, Andrews CC, Buddemeier RW, Tribble GW (1988) Well
point sampling of reef interstitial water. Coral Reefs 7: 19-22

Sansone FJ, Tribble GW, Buddemeier RW, Andrews CC (1989) Time
and space scales of anaerobic diagenesis within a coral reef frame
work. Proc Sixth Int Coral Reef Symp 3, Townsville: 367-372

Sansone FJ, Tribble GW, Andrews CC, Chanton JP (1990) Anaer
obic diagenesis within Recent, Pleistocene, and Eocene marine
carbonate frameworks. Sedimentol 37: 997-1009

Shen GT, Linn LJ, Campbell TM (1992) A chemical indicator of
trade wind reversal in corals from the western tropical Pacific. J.
Geophys Res 97: 12,689-12,697

Shimada KM (1973) A comparison of storm-wave and trade wind
wave energies off Kaneohe Bay, Oahu, Hawaii. MS Thesis,
University of Hawaii

Smith SV, Kimmerer W, Laws EA, Brock RE, Walsh TE (1981)
Kaneohe Bay sewage diversion experiment: perspectives on
ecosystem responses to nutritional perturbation. Pac Sci
35: 279-395

Sokal RR, Rohlf FJ (1981) Biometry: The principles and practice of
statistics in biological research. WH Freeman, San Francisco.
pp 509-531

Strickland JDH, Parsons TR (1968) A practical handbook of sea
water analysis. Fisheries Research Board of Canada, Bull 167,
Ottawa

Szmant-Froelich A (1983) Functional aspects of nutrient cycling in
coral reefs. Symposia Series for Undersea Res., NOAA Undersea
Res Prog 1: 133-139

Tribble GW (1990) Early diagenesis in a corat reef framework. PhD
Dissertation, University of Hawaii

Tribble, GW, Sansone FJ, Li Y-H, Smith SV, Buddemeier RW
(1989) Material fluxes from a reef framework. Proc Sixth Int
Coral Reef Symp 2, Townsville: 577-582

Tribble GW, Sansone FJ, Smith SV (1990) Stoichiometric modeling
of carbon diagenesis within a coral reef framework. Geochim
Cosmochim Acta 54: 2439-2449

Tribble GW, Sansone FJ, Buddemeier RW, Li Y-H (1992) Hydraulic
exchange between a coral reef and surface sea water. Geol Soc
Am Bull 104: 1280-1291

Zankl H, Miiller HR (1977) Origin of some internal fabrics in
Holocene reef rocks, St. Croix, US Virgin Islands. Proc Third In!
Coral Reef Symp 2: 127-133

Zullig JJ, Kaufman J (1991) Controls on marine cementation in
shallow-water limestones: The role of porefilled chemistry and
depositional environment. Geological Society of America An
nual Meeting Abstracts: A155




