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Hawai’i: Ecological and coastal management implications, and novel methodology

P. Ed Parnell1

University of Hawaii, Department of Oceanography, 1000 Pope Road, Honolulu, Hawaii 96822

Abstract

The distribution of estuarine and oceanic water masses along the shelf of Mamala Bay, O’ahu, Hawaii, were
determined by use of larval supply and recruitment patterns of benthic invertebrate species, stable C and N isotopic
compositions of the suspension-feeding bivalve, Spondylus tenebrosus, turbidity, drifter, and CTD data. The re-
cruitment of different species among estuaries was used to associate larval species with particular estuarine waters.
Recruitment patterns of these species along the shelf were then used to infer water-mass distributions along the
shelf. The spatial recruitment pattern of an oceanic lepadomorph barnacle, Conchoderma virgatum, was useful to
infer shelf areas exposed to oceanic waters. Water-mass distributions inferred from the recruitment distribution of
these species concurred with spatial patterns of turbidity and stable C and N isotopic compositions of S. tenebrosus,
as well as drifter observations. Water-mass distributions observed in this study also concurred with biological
distributional patterns observed in other studies, such as distributions of phytoplankton and zooplankton and the
distribution of coral bio-erosion in the Bay. The ecological implications of this work include further evidence of
the physical control of recruitment and biological pattern and the possible control of patch dynamics on the scale
of kilometers due to significant recruitment variability at this scale. The prevailing distribution of water masses
determined in this study also has important implications for the management of watersheds associated with Mamala
Bay.

Coastal zones receive waters whose sources include
groundwater seepage, terrestrial runoff, and oceanic water.
The distribution of waters from these various sources can
profoundly impact the distribution of benthic (McLusky et
al. 1993; Moreira et al. 1993; Albani et al. 1998) and pelagic
(LeFevre 1986; Van Der Spoel 1994) organisms and are
therefore of interest to ecologists. Water-mass distributions
along coastlines are also of interest to coastal engineers and
managers so that the deleterious effects of pollutants can be
effectively managed (Colwell et al. 1996).

The discrimination of water masses is typically accom-
plished by use of source-characteristic signatures of dis-
solved, particulate, or sedimented tracers and/or hydrograph-
ic surveys (Broecker and Peng 1982). The utility of various
tracers is variable among locations and applications and
therefore must be chosen carefully. The most important cri-
terion for choosing an appropriate tracer is that it has char-
acteristic and distinguishable values among water masses. In
some cases, it is necessary to use more than one tracer be-
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cause no single tracer has distinguishable values among the
water masses of interest. In this case, the use of additional
tracers enables the discrimination of water masses by plot-
ting tracer values in multi-dimensional space (Wada et al.
1987). Another important consideration when choosing trac-
ers is that tracers should enable the determination of water-
mass distribution over the timescales of interest. For exam-
ple, if disturbance due to storm runoff is of interest, then
instantaneous distributions of salinity and temperature after
a rainstorm are likely useful. However, if prevailing (c.f.,
chronic) processes are of interest, then instantaneous values
of salinity and temperature may not be useful because of
temporal variability. Here, long-term averages are appropri-
ate, which would require repetitive sampling. One way to
minimize repeated sampling is to choose tracers whose val-
ues are indicative of signal-integration over time, such as
sedimented tracers (Andrews et al. 1998) or tracers incor-
porated into the tissues of organisms (Spies et al. 1989; Can-
uel et al. 1995; O’Connor and Beliaeff 1995).

The distribution of larval supply and recruitment may be
another useful time-integrative tracer in many coastal areas.
The use of larvae as tracers has been previously discussed
(Roman and Boicourt 1999; Smith et al. 1999), and, in some
cases, larval associations with estuarine plumes have been
established (Kingsford and Suthers 1994). The benefits of
using larval supply and recruitment patterns as indicators of
coastal water mass distributions include (1) the time-inte-
grative nature of collecting recruits on recruitment substrates
for periods that are relevant to the timescales of interest, (2)
no expensive field or laboratory equipment is needed, and
(3) several species may be available for discrimination of
water masses—each species may be considered a separate
tracer.

The work presented in this paper began as an effort to use
the distribution of benthic invertebrate larval supply and re-
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Fig. 1. Map of the Main Hawai’ian Islands with O’ahu enlarged. The locations of Mamala Bay
and Kane’ohe Bay are shown.

cruitment as an indicator of exposure to pollution in the bay
that borders the most heavily industrialized and urbanized
watershed in Hawaii—Mamala Bay, located on the southern
shore of O’ahu (Fig. 1). In the process, it was discovered
that the distribution of the supply and recruitment of larval
benthic invertebrates can be an effective tracer of coastal
water masses and their sources. The distribution of water
masses along the Mamala Bay shelf was also examined by
use of traditional tracers such as temperature, salinity, and
turbidity, as well as the use of stable C and N isotopic ratios
of a suspension-feeding bivalve. The combination of larval
supply and recruitment patterns, the distribution of tradition-
al tracers, and drifter data enabled the determination of pre-
vailing water-mass distributions in Mamala Bay. The resul-
tant distribution of water masses concurred with biological
patterns that were observed in other studies of Mamala Bay,
such as the bio-erosion of corals (Grigg 1995), phytoplank-
ton distributions (Laws et al. 1999), and the distribution of
coastal and oceanic appendicularians (Scheinberg pers.
comm.).

Methods

Setting—Mamala Bay is an open-ocean embayment. Es-
tuarine harbors located along the Bay include Pearl Harbor,
Ke’ehi Lagoon, Honolulu Harbor, Kewalo Basin, and the Ala
Wai Canal (Fig. 2); all are located along ,15 km of coastline
and receive runoff from urban, industrial, and/or agricultural
zones. The Mamala Bay shelf gradually deepens offshore
from fringing reefs to a depth of 30–50 m (2–4 km off-
shore), where the bottom slope becomes steeper. The water
column over the shelf is typically well mixed, except during
summer, when a seasonal thermocline is present at depths
ranging from 5–10 m (pers. obs.). Primary currents in Ma-

mala Bay are tidally driven (ranging in magnitude from ;10
to 44 cm s21), oriented along shore, and reverse with the
semidiurnal M2 tide. The maximal tidal range for the Bay
is ;1 m. The M2 tidal wave approaches Oahu from the
northeast and diverges near Kane’ohe Bay (Larsen 1977).
The wave then wraps around O’ahu and converges in west-
ern Mamala Bay (Hamilton et al. 1995). Tidal flows in west-
ern Mamala Bay are complex because of a tidal wave con-
vergence/divergence, topography, and outflows from
Honolulu Harbor, Ke’ehi Lagoon, and Pearl Harbor (Ham-
ilton et al. 1995). Mean circulation over the shelf west of
the Ala Wai Canal is westward (3–5 cm s21) and is eastward
east of the Ala Wai (Hamilton et al. 1995). The prevailing
wind patterns are the northeastern trade winds that predom-
inate throughout the year, and episodic reversals of the trade
winds, termed southwestern ‘‘Kona’’ winds, which are as-
sociated with the passage of cold fronts during late fall and
winter. Mean circulation patterns over the shelf appear to be
unrelated to prevailing wind patterns (Hamilton et al. 1995).

Study sites—Larval supply and recruitment were quanti-
fied at a depth of ;5 m on permanent subsurface moorings
at several locations within the Bay and in estuaries bordering
the Bay (Fig. 2). The permanent subsurface moorings (buoy
depth ;4 m) were placed in three areas: (1) along the 16-
m contour (shelf sites) at distances of 3–4 km, (2) in the
Pearl Harbor channel, and (3) in Ke’ehi Lagoon (see Fig.
2). The shelf sites were located along suspected gradients of
exposure to different estuarine plumes, which were consid-
ered sources of non–point-source pollution. The moorings
were taut-line moorings consisting of 800-kg concrete ag-
gregate anchors and ;1-m diameter steel buoys. Moorings
were equipped with aluminum frames (larval frames; depth
;4–5 m) that housed ceramic tiles for collecting recruits and
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Fig. 2. Map of Mamala Bay showing the location of recruitment study sites (OB 5 Oneula Beach, EB 5 Ewa Beach, KEA 5 Ke’ahi
Pt., PHCN 5 Pearl Harbor Channel North, PHCS 5 Pearl Harbor Channel South, WRR 5 West Reef Runway, CRR 5 Central Reef
Runway, ERR 5 East Reef Runway, KL 5 Ke’ehi Lagoon, KAKA 5 Kaka’ako, DH 5 Diamond Head) and CTD transects (dotted lines
and curves). Depth contour units are meters.

plastic map tubes for trapping larvae as a measure of larval
supply (Yund et al. 1991). Ryan Tempmentor thermographs
were also housed on the larval frames so that temperature
could be used as a tracer. Aluminum frames were swiveled
and were equipped with vanes so that recruitment tiles were
always oriented into the current.

Recruitment and larval supply—The recruitment and sup-
ply of larval benthic invertebrates at a site can be highly
variable over many timescales (Jones and Epifanio 1995;
Eggleston et al. 1998; Jenkins et al. 2000). Larval traps and
settlement substrates conceivably integrate instantaneous
values of larval supply and recruitment over some timescales
at a particular site. Larval supply as quantified by use of
sediment traps (e.g., Yund et al. 1991) conceivably integrates
the arrival of larvae at a site (relative to other sites) over the
period of trap deployment—i.e., larvae remain in the traps
once they are trapped. On the other hand, the integration of
instantaneous larval recruitment rates onto artificial sub-
strates is not as straightforward. There are many possible
sources of bias when this method is used. Two of these
sources include larval settlement behavior and juvenile mor-
tality. Larval settlement behaviors can be complex and are
under the control of several possible mechanisms (Pechenik
1990). However, for the purposes of this study, one could
argue that bias due to larval settlement behavior can be min-

imized by choosing species that readily recruit onto artificial
substrates (i.e., fouling species). The second possible source
of bias in estimates of recruitment rates, juvenile mortality,
can lead to underestimates of recruitment. However, this bias
may be minimized by decreasing the period of substrate de-
ployment, thereby minimizing density-dependent sources of
mortality. Predation, another source of juvenile mortality,
may be minimized by decreasing the exposure of juveniles
to benthic and water-column predators.

Recruitment was quantified by use of ceramic tiles (re-
cruitment plates; dimensions, 20 3 9.5 3 1 cm) that were
soaked in filtered (202 mm mesh) running seawater at the
Kewalo Marine Laboratory for several weeks prior to de-
ployment, to allow the development of a settlement-inducing
biofilm. Seawater was continuously pumped from coastal
waters near Kewalo Basin and was filtered to remove larvae,
which could otherwise have settled on the tiles prior to their
deployment. Recruitment tiles were deployed on moorings
by SCUBA divers. Attempts were made to deploy tiles at
14-d intervals. However, because of logistical constraints
and weather conditions, tile deployment periods ranged from
7 to 21 d (mean ù 13.8, s ù 3.65, median 5 14). A de-
ployment period of 14 d was targeted for comparisons with
an earlier study of invertebrate recruitment on the southern
shore of O’ahu (Bailey-Brock 1989) and to minimize recruit
mortality and interactions. The number of recruits was di-
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vided by deployment period (days) for statistical compari-
sons of recruitment rates among sites. Two to four replicate
tiles were deployed at each site. Upon retrieval, tiles were
placed in individual hard plastic containers and immediately
sealed underwater. Upon return to the lab, tiles were inspect-
ed for recruits by use of a dissecting microscope, and the
water remaining in the plastic containers was sieved (1 mm
mesh) for juveniles. Juveniles on the tiles and those filtered
by use of the sieve were identified to the lowest possible
taxonomic level.

Larval supply was determined by use of larval traps that
were deployed and recovered at the same time as recruitment
tiles. Two replicate upward-facing plastic tubes (diameter 5
5 cm, length 5 60 cm) were fastened onto mooring frames
and then injected with ;250 ml of a hypersaline (;100 ppt)
37% formalin solution underwater. The formalin solution
was dyed with Rhodamine to verify sample integrity. Trap
samples that did not have an intact layer of Rhodamine were
not analyzed. Tubes were capped upon retrieval before they
were removed from the moorings. At the lab, the formalin
solution was sieved by use of a 101-mm mesh sieve. Larvae
that were captured by the sieve were then counted and iden-
tified to the lowest taxonomic level possible. The number of
larvae in the traps were divided by the deployment period
for statistical comparisons of larval trapping rates among
sites. Larval trapping rates were considered an index of lar-
val supply (see Yund et al. 1991). As such, the relative mag-
nitudes of larval trapping rates among sites were of interest.
Larval trapping and recruitment work was conducted over a
31-month period (with brief interruptions) from February
1994 to September 1996.

Recruitment data for all taxa pooled and individual tracer
species were statistically analyzed for seasonal and spatial
differences. Nonparametric methods were used to analyze
seasonal and spatial recruitment rates, because the variances
of raw and transformed data grouped by season and site were
not homogeneous (Levene’s test, P , 0.001). Seasonal and
spatial statistical tests were performed by use of Minitab.
Seasonal effects on recruitment rates were tested by use of
Mood’s median test. Residuals from these tests were then
used to test for significant spatial differences in recruitment
by use of Kruskal-Wallis tests. Seasonal and spatial com-
parisons that were significant (P , 0.05) were then further
tested by use of multiple pairwise unplanned comparison
tests (Conover 1980) to determine which sites were signifi-
cantly different from one another.

Stable isotopic ratios of a suspension-feeding bivalve—
Early in the study, it became evident that circulation patterns
near Ke’ehi Lagoon and Pearl Harbor were complex, and
sharp gradients in recruitment and larval trapping rates were
observed for several taxa, which indicates complex hydro-
graphic conditions in this area. To aid the discrimination of
complex water-mass distributions in this area, additional
temporary moorings, equipped only with recruitment plates,
were deployed in Ke’ehi Lagoon, the Pearl Harbor Channel,
and along a transect from Ke’ehi Lagoon to Ewa Beach.
Recruitment plates were left out for 3 months so that a com-
mon suspension-feeding oyster, Spondylus tenebrosus, could
recruit onto the plates and grow while feeding on suspended

particulate algae. After 3 months, the plates were retrieved,
and oyster tissues were analyzed for their stable carbon and
nitrogen isotopic ratios. The rationale for this work was two-
fold. First, it is well established that dietary stable isotopic
ratios primarily determine organismal ratios (DeNiro and
Epstein 1978, 1981). This phenomenon has proved quite
useful in determining food web structure (reviewed in Mich-
ener and Schell 1994) and in the identification of nutrient
sources associated with coastal and offshore water masses
(e.g., Sammarco et al. 1999). Second, earlier work by Laws
and Ziemann (1996) showed that the d15N of POM in Pearl
Harbor was distinct from Ke’ehi Lagoon (mean d15N values
for Ke’ehi Lagoon and Pearl Harbor were ;5‰ and 6‰,
respectively). It was hoped that the tissues of S. tenebrosus
would record the stable carbon and nitrogen isotopic ratios
of particulate algae associated with these estuarine water
masses and thereby help determine the offshore distributions
of plumes emanating from Ke’ehi Lagoon and Pearl Harbor.

There are two main advantages of using stable isotopic
ratios of suspension feeders as tracers of water mass. First,
the fieldwork required is minimal compared with other tracer
methodologies. All sites must be visited only twice—once
to deploy the recruitment plates and once to retrieve them.
This enables a greater number of sites to be studied, effec-
tively increasing the possible spatial resolution. Second, the
isotopic compositions of suspension feeders may provide a
time-integrative indicator of the spatial distribution of sus-
pended organic matter and therefore naturally filter high fre-
quency variability, which is of little interest for studies of
water-mass distribution over seasonal or longer timescales.

The method of signal integration in the stable isotopic
ratios of suspension feeders is clearly different from that of
larval supply and recruitment. The time-integrative signal of
larval supply and recruitment is due to the continuous ac-
cumulation of larvae in traps and recruits on tiles and is
therefore a sum of possibly highly variable instantaneous
values over time. The processes contributing to the stable
isotopic composition of an organism are much more com-
plex, and the response-time of signal integration can vary
even among tissues within the same organism (Tieszen and
Boutton 1983). In this sense, the stable isotopic composi-
tions of suspension feeders are due to the complex convo-
lution of metabolic processes and the instantaneous isotopic
compositions of particulate organic matter (POM) upon
which these oysters feed.

The stable isotopic work was conducted over a 3-month
period during the fall, because the spatial distribution of wa-
ter masses during dry periods (the prevalent conditions on
the southern shore of O’ahu) were of interest for this inte-
grative technique. The distribution of water masses in Ma-
mala Bay during rainfall events are ephemeral and are easily
observed from distributions of salinity determined from
CTD transects. Therefore, the stable isotopic technique is not
necessary to discriminate offshore distributions of estuarine
water masses during and immediately after rainfall events.
The period of least annual rainfall on O’ahu includes sum-
mer and fall (Price 1983). Fall was chosen because the great-
est rates of recruitment for many species occurred during
fall (see Results), thereby maximally facilitating spatial com-
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parisons of recruitment patterns with stable isotopic values
of suspension feeders.

Temporary moorings were deployed on 27 September
1995 and situated along shore from Ewa Beach to Ke’ehi
Lagoon (;500 m apart), in the mouth of Pearl Harbor and
in Ke’ehi Lagoon. The moorings consisted of a scrap-iron
weight for an anchor, polypropylene line, and a surface float.
Recruitment tiles (four replicates) were placed on each
mooring at a depth of ;4–5 m. The spatial resolution of the
along shore moorings was two to three times greater than
that of the along shore permanent moorings where larval
supply and recruitment were measured. The moorings in
Pearl Harbor and Ke’ehi Lagoon were intended as end-mem-
ber sites. Larval S. tenebrosus recruited onto the tiles and
were allowed to grow for three months until recruitment
plates were retrieved on 17 December 1995. Upon retrieval,
individual animals were picked off the tiles by use of a putty
knife and were subsequently dissected so that their adductor
muscles could be removed and dried for isotopic analysis.
Muscles from several animals were pooled together (because
of their small size) and ground into a fine powder by use of
an acid-rinsed mortar and pestle. The resultant powder was
divided into two to four replicate samples (dependent on the
amount of powdered tissue). Sample preparation and anal-
ysis is described in Altabet (1988, 1990). Isotopic analysis
was performed by use of a Finnigan Mat 252 mass spec-
trometer.

Turbidity—Two water samples were collected directly
above the permanent moorings for turbidity analysis by use
of 125-ml Nalgene bottles placed just below the surface.
Turbidity sampling was typically conducted whenever the
study sites were visited for the deployment and retrieval of
larval samples. The water samples were placed in a cooler
until they were analyzed the same day by use of a Labora-
tory Turbidimeter Model No. 2100A upon return to the lab.
Statistical testing of turbidity differences among shelf sites
was tested by use of the Kruskal-Wallis test. Sites that were
significantly different from others were identified by use of
multiple pairwise unplanned comparison tests (Conover
1980).

CTD transects—CTD transects were conducted to deter-
mine the instantaneous trajectories of plumes in the vicinity
of the recruitment sites. Transects were conducted during
both rainstorm and nonrainstorm (‘‘dry’’) periods, to deter-
mine the temporal variability of plume distribution. Three
transects were repetitively sampled on different days (see
Fig. 2), (1) along the 16-m contour from Ewa Beach to Di-
amond Head; stations were located ;500 m apart, (2) along
the Pearl Harbor channel, and (3) a chevron transect near
the mouth of Pearl Harbor. CTD transects were conducted
from a small boat using a Seabird SBE-19 CTD. Along shore
and Pearl Harbor Channel transects were conducted within
48 h of rainstorms (storm totals . 5 cm) on 14 February
1995 and 5 March and 6 November 1996 and during dry
periods on 11 and 18 July 1995 and 10 August 1996. Chev-
ron rainstorm transects were conducted on 5 March and 6
November 1996, and dry chevron transects were conducted
on 11 and 18 July 1995.

Drifters—Surface drifters, similar to CODE (Coastal Dy-
namics Experiment) drifters (Davis 1985), were used to aid
the resolution of complex tidal flows between Ke’ehi Lagoon
and Ewa Beach. In an earlier study by Hamilton et al.
(1995), it was suggested that the position of the M2 tidal
divergence/convergence was located between Ewa Beach
and Sand Island. Drifters were deployed from a small boat
during both flood and ebb tides at several locations along
the 16-m contour and followed for 10–15-min periods. Re-
lease and retrieval positions were fixed by use of DGPS
(Differential Global Positioning System) from which current
vectors were calculated. Drifters were deployed during both
dry and postrainstorm periods because tidal current patterns
during both conditions were of interest. Drifter studies were
conducted during dry periods on 1 and 5 August and 18
November 1995 and 9 May and 22 September 1996 and
during wet periods on 8 February 1995 and 6 April 1996.

Results

Recruitment and larval supply—A total of 372,837 larvae
were captured in the traps and identified to 14 taxa, 7 of
which were species. There were 93,184 recruits identified to
29 taxa (15 species). Recruits on tiles were more useful as
tracers than trapped larvae because more species of recruits
were identifiable than larvae. The larvae of only two tracer
species were identifiable, Finella pupoides (gastropod) and
Balanus amphitrite (barnacle). Recruitment rates were sig-
nificantly correlated (P , 0.05) with larval trapping rates for
both these species (F. pupoides, r ù 0.915; B. amphitrite, r
ù 0.889). Bivalves and gastropods accounted for ;90% of
larvae and recruits. Polychaetes and barnacles each account-
ed for ;3.5%; echinoderms, brachyurans, nonbarnacle ar-
thropods, bryozoans, and tunicates made up the remaining
;3%.

Recruitment rates of all taxa pooled were significantly dif-
ferent among seasons (P , 0.001, Fig. 3). Mean recruitment
rates were significantly the greatest during fall (P , 0.005)
and significantly the lowest during winter (P , 0.01). Mean
recruitment rates during spring and summer were approxi-
mately equal and were intermediate to winter and fall. Spa-
tially, recruitment rates of all taxa pooled were significantly
different among sites (P , 0.001). In fact, recruitment rates
varied among sites by up to one order of magnitude (Fig.
3). Highest recruitment rates were observed in Ke’ehi La-
goon (KL), and lowest rates were observed just west of Pearl
Harbor at Ke’ahi Point (KEA). Recruitment rates at KEA
were significantly less than all other shelf sites (P , 0.001)
and were significantly the greatest at East Reef Runway
(ERR; P , 0.005), where mean recruitment rates were great-
er than KEA by a factor of ;4.2. Recruitment rates at KL
were significantly greater than both Pearl Harbor Channel
sites (P , 0.001).

The spatial pattern of larval recruitment for three species
of benthic invertebrates included KL and sites just to the
west and offshore of KL. These species were Armandia in-
termedia (polychaete), F. pupoides, and B. amphitrite, all
estuarine and/or coastal species, whose recruitment rates
were significantly the greatest at KL (P , 0.01; Fig. 4, Table
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Fig. 3. Mean recruitment rates of all taxa pooled (number tile21 d21) by site and season. Site means are plotted as bars in map (lengths
of bars indicate relative recruitment rates among sites) and are plotted as circles in line graph (bottom left). Seasonal mean recruitment
rates at all sites are illustrated in the histogram (bottom left). Error bars are standard errors.

1). Recruitment of these species was also common at ERR,
Central Reef Runway (CRR), and West Reef Runway
(WRR). The same spatial pattern was observed for larval
supply rates of B. amphitrite and F. pupoides. Larval A.
intermedia were either not caught in the traps or are not
readily distinguishable from other polychaete larvae. There-
fore, the pattern of larval supply is not known for this spe-
cies. Larval recruitment of F. pupoides was also observed
at Diamond Head (DH). Recruitment of all three species was
rare or nonexistent at all remaining sites, as were the larval
supply of B. amphitrite and F. pupoides. A survey of adult
B. amphitrite along the coastline of Mamala Bay from DH
to Ewa Beach (EB) revealed a large population in KL (10%–
50% cover), with much smaller populations near the mouth
of Pearl Harbor (,5% cover), and in Kewalo Basin and the
Ala Wai Marina (each ,1%–5% cover).

Recruitment rates for all three species were seasonally
variable, but recruitment was observed during all seasons.

Recruitment rates for all three species were significantly dif-
ferent among seasons (P , 0.005; Fig. 4). Recruitment rates
of A. intermedia, F. pupoides, and B. amphitrite were sig-
nificantly the greatest during winter (P , 0.005), fall (P ,
0.001), and summer (P , 0.001), respectively. Recruitment
rates of F. pupoides and B. amphitrite were significantly the
lowest during winter (P , 0.005) and spring (P , 0.001),
respectively. The seasonal patterns of larval supply for F.
pupoides and B. amphitrite were the same as their respective
seasonal recruitment patterns.

The spatial distribution of larval recruitment for two spe-
cies of benthos included the Pearl Harbor Channel, and sites
EB and Oneula Beach (OB), located west of Pearl Harbor
(Fig. 5, Table 1). Recruitment rates of Salmacina dysteri
(estuarine polychaete) and Pincatada radiata (oyster) were
significantly the greatest at Pearl Harbor Channel north
(PHCN) and Pearl Harbor Channel south (PHCS; P ,
0.001). Recruitment of both species was also observed at EB
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Fig. 4. Relative mean recruitment rates of A. intermedia, F. pupoides, and B. amphitrite by site
(top) and season (bottom). Bar lengths in map indicate mean recruitment rates at each site relative
to recruitment for each species at KL where recruitment rates for all three species were greatest
(mean recruitment rates for each species at each site/mean recruitment rates for that species at KL).
Seasonal relative mean recruitment rates are relative to seasonal mean maximum for each species.
Relative recruitment rates are presented rather than actual means to reduce the number of graphs
necessary. See Table 1 for values.

Table 1. Summary statistics of recruitment rates for tracer species. Means and SD were calculated as the weighted means and SD of
average recruitment rates for each species by site. Weighted values were calculated because tiles were occasionally lost or damaged, and
it was not always possible to visit all sites on all sampling days because of weather conditions or logistical considerations. Maximal and
minimal site means are also given for each species, as is the site where mean recruitment rates were maximal for each species.

Species

Weight mean
(recruits

day21 tile21)
Weighted

SD
Maximum
site mean

Minimum
site mean

Maximum
site

Armandia intermedia
Finella pupoides
Balanus amphitrite
Salmacina dysteri
Pinctada radiata
Conchoderma virgatum

0.12
0.09
0.52
0.02
0.09
0.02

0.228
0.130
0.246
0.006
0.021
0.051

0.76
0.49
4.77
0.14
0.70
0.11

0.01
0
0
0
0
0

KL
KL
KL
PHCN
PHCN
EB

and OB, and nowhere else including site KEA, whose me-
ridian is between Pearl Harbor and sites EB and OB. Un-
fortunately, the larvae of these two species were either not
caught in the traps, or are not distinguishable from related
species.

The recruitment rates of S. dysteri and P. radiata were
seasonally variable. Recruitment rates of S. dysteri were sig-
nificantly the greatest during spring (P , 0.001) and lowest

during fall. Recuitment rates of P. radiata were greatest dur-
ing summer and significantly the lowest during fall (P ,
0.005).

The lepadomorph barnacle, Conchoderma virgatum, a
fouling and ectoparasitic open-ocean barnacle found in tem-
perate and tropical zones (Newman 1980), recruited most
heavily at EB, KEA, and Ala Wai Canal (AW; Fig. 6). Re-
cruitment rates of C. virgatum were significantly greater at
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Fig. 5. Relative mean recruitment rates of Salmacina dysteri and P. radiata by site and season.
The plots are similar to Fig. 4 except that relative mean recruitment rates were calculated by use
of the mean recruitment rates for each species at PHCN where mean recruitment rates of these
species were maximal. See Table 1 for values.

these sites (P , 0.001) than all remaining sites. Recruitment
of C. virgatum was rarely observed at OB and WRR and
never observed at PHCN, PHCS, ERR, CRR or KL. Re-
cruitment of C. virgatum was observed year round but was
significantly the greatest during fall (P , 0.05). The larvae
of C. virgatum were either not caught in the larval traps or
were not distinguishable from other barnacle larvae.

Stable isotopes of Spondylus tenebrosus—Mean stable C
and N isotopic values (d13C and d15N, respectively) are plot-
ted against each other for each site in Fig. 7. Unfortunately,
the samples from KL had too much carbon and nitrogen,
and, because the analysis is destructive, were irretrievably
lost. The Pearl Harbor (PH) samples had too much nitrogen,
but d13C values averaged 220.59 (s ù 0.254). The values
plotted for sites A and H are for single samples because
analysis of the replicates failed. Only one replicate analysis
for d15N was successful at site I. Despite the analytical prob-
lems, three groupings of sites are apparent: (1) A and B, (2)
C–G, and (3) H and I. Multivariate cluster analysis of site
means for d15N and d13C values (Euclidean single-distance
analysis conducted with use of Matlab, Fig. 8) confirm these
groupings. The first node distinguishes sites H and I from
the others, and the second node distinguishes sites A and B
from the remaining sites (C–G). A general MANOVA test
was performed on d15N and d13C values in Minitab by use
of site as the model factor. The MANOVA test was signif-
icant (P 5 0.011).

Turbidity—Turbidity was highly variable in space (see
Fig. 9) and time. Turbidity was typically the greatest in KL
(range 0.6–2.1 NTU). Mean turbidity was next greatest at
the PH Channel sites (range 0.4–1.3 NTU). Greatest turbid-
ities were observed after rainstorms at all sites. Increased
turbidity was also observed at all shelf sites during and im-
mediately after large swell events. The southern shore of
O’ahu is subject to swell events during summer that are gen-
erated by storm systems off New Zealand. Increased turbid-
ity during swell events is due to the resuspension of sedi-
ment and microalgae. Among the shelf sites, turbidity was
consistently the lowest at KEA and AW (P , 0.05), signif-
icantly the greatest at ERR and CRR (P , 0.05), and most
variable at EB. There were sharp turbidity gradients between
WRR and CRR and between AW and DH.

CTD transects—The spatial distribution of salinity was a
useful indicator of estuarine plumes along the Mamala Bay
shelf shortly after rainstorms. For example, the distribution
of salinity along the 16-m contour on 5 March 1996 (;36
h after a ;5 cm rainstorm; Fig. 10) clearly shows the po-
sitions of the PH, KL, and Honolulu Harbor plumes. How-
ever, the spatial distribution of these plumes was not evident
during dry periods from either salinity or temperature plots.
Salinity distributions along the chevron transect during ebb
tides after rainstorms clearly indicated the plume moving
offshore and slightly eastward from the mouth of PH (Fig.
11). The trajectory of the PH plume was not obvious during
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Fig. 6. Mean recruitment rates of the oceanic lepadomorph barnacle, C. virgatum by site and
season. Site means are plotted as bars in map (lengths of bars indicate relative recruitment rates
among sites). Seasonal relative mean recruitment rates are relative to the season having the highest
recruitment rate (fall). See Table 1 for values.

dry periods (Fig. 11). However, slightly depressed salinities
at the western end of the transect indicate that the plume
may typically move west and inshore of the 16-m contour
during dry periods.

Temperature differences between clearly distinct water
masses, indicated by sharp color fronts, were typically
,0.18C (pers. obs.). Temperature and salinity were not use-
ful tracers of water masses in Mamala Bay during dry pe-
riods because of this and because of the high temporal and
spatial variability in salinity and temperature.

Drifters—Drifter trajectories were similar among days
within ebb and flood tides. An example of current patterns
observed on 1 August 1995 is provided in Fig. 12. Ebb cur-
rents consistently diverged or were complex near EB. Ebb
currents were typically eastward, east of EB, and westward,
west of EB. Flood currents were primarily westward
throughout the drifter study area, which indicates that the
M2 convergence is located further west. In general, the larg-
est cross-shore current components were observed near EB.
These general patterns were observed during dry and post-
rainstorm periods. No sampling was possible during storms
or the first 24 h after storms because of strong winds.

Discussion

The multiple types of data that were collected in this study
provide information that is useful for determining both the

spatial and temporal distributions of water masses in Mamala
Bay. This temporal and spatial view of water masses within
the Bay is not possible when individual tracers or method-
ologies are used. The reason, each tracer is indicative of a
particular water mass or type of water mass (e.g., turbid
coastal water vs. clear offshore water), over a particular
timescale and therefore provides only a portion of the view
in space and time. The combination of tracers and method-
ologies yield a more complete view. The timescales of the
methodologies presented here range from hours (the period
of CTD and turbidity data collection within a day) to semi-
monthly (larval recruitment and supply sampling frequency)
to 3 months (deployment period of stable isotopic moorings).
The repeated collection of these data over a multiyear period
provides information on the spatial distribution of water
masses within the Bay over longer than annual timescales.
The following discussion addresses each type of data in or-
der of timescale, progressing from the shortest timescales to
the longest. As each methodology is included for interpre-
tation, the spatial and temporal distributions of water masses
along the shelf of Mamala Bay become more apparent.

CTD and turbidity—The distributions of temperature and
salinity from the CTD transects were useful for determining
the spatial distribution of estuarine plumes immediately after
large rainfall events. However, this methodology was not
useful for dry periods, because patterns of temperature and
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Fig. 7. Map of stable isotope study sites (top) with graph of
d13C and d15N (units ‰) plotted against each other by site. Mean
values are plotted with study site identifiers, and error bars are SDs.
A and H are single samples, and the d13C of I is from one sample
only because of analytical problems (see text). Three groups are
apparent: group 1 (A and B), group 2 (C–G), and group 3 (H and
I).

Fig. 8. Results of multivariate cluster analysis of d13C and d15N among sites. The metric used
for the analysis was Euclidean distance among site means for d13C and d15N.

salinity were not obviously attributable to estuarine outflow
during dry periods. Dry conditions predominate on the lee-
ward sides of the Hawai’ian Islands (Mamala Bay is located
on the leeward side of O’ahu), where significant rainfall
mainly occurs during episodic winter storms (Price 1983).
Rainfall onto the leeward sides of the Hawai’ian Islands dur-
ing episodic storms can be quite heavy, sometimes account-
ing for up to half of the average annual rainfall in an hour
or day (Price 1983). Because dry conditions prevail on the
leeward side of O’ahu, CTD data do not provide information
on the distribution of estuarine water masses for most of the
year. This is also true for temperature records from ther-
mographs deployed on the permanent moorings, because
temperature differences along the 16-m contour were neg-
ligible. In fact, temperature differences between clearly dis-
tinct water masses, indicated by sharp color fronts, were typ-
ically ,0.18C (pers. obs).

Plumes emanating from Honolulu Harbor, KL, and PH
after major rainstorms were always evident from the spatial
distribution of salinity along the 16-m contour (Fig. 10). The
plumes advected offshore from their sources into coastal wa-
ters, where oscillating along-shore tidal currents spread them
along the shore. The movement of the PH plume after rain-
storms is clearly visible from the chevron transects. The
plume typically moved eastward and was clearly distinguish-
able up to 4 km from shore (Fig. 11). The trajectory of the
PH plume was not as obvious during dry periods (Fig. 11).
However, slightly depressed salinities at the western end of
the chevron transect were occasionally observed, which sug-
gests that the centerline of the plume occupies the area west
and inshore of the 16-m contour during dry periods.

Temporal and spatial patterns of turbidity were apparent
from the repetitive sampling program that was conducted at
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Fig. 9. Mean turbidity (NTU) values at study sites. Bar lengths indicate relative mean turbidity
values among sites. Actual means are plotted in line graph at bottom with standard error bars for
each site.

the permanent moorings. High turbidity events were ob-
served after rainstorms and during swell events. Seasonally,
these events occur during winter and summer for rainstorms
and swell, respectively. Turbidity increased at all shelf sites
after rainstorm events, and the greatest values during these
periods were observed in the central portion of the Bay be-
tween PH and Honolulu Harbor. The same pattern was ob-
served by Grigg (1995). Spatially, prevailing (nonwave and
nonstorm periods) turbidity patterns are best illustrated by
mean turbidity values among the sites (Fig. 7). Highest tur-
bidities were observed along the PH Channel and in KL, as
one would expect. Among the shelf sites, turbidity was con-
sistently the lowest at KEA and AW, where turbidity was
significantly different from the remaining shelf sites (P ,
0.05). The low turbidity values observed at AW and KEA
indicate that these sites are bathed by clearer water masses
than all other shelf sites and that the source of this water
mass may be offshore. The highest turbidities were observed
at CRR and ERR, where turbidity values were significantly
different from the rest of the shelf sites (P , 0.05), which
indicates that these sites are typically bathed by an estuarine
plume or a high-turbidity general coastal water mass. The
sharp turbidity gradients observed between WRR and CRR
and between AW and DH suggest that water-mass discon-
tinuities are typically located between these pairs of sites.

Thus far, the integration of observed patterns of salinity
and turbidity reveal short-term estuarine plume distributions
after rainfall events and the persistence of high and low tur-

bidity water-masses among the shelf sites. Paradoxically, the
site that is the closest down stream site from Pearl Harbor
(recall westward mean drift within this portion of the Bay),
KEA, is typically bathed by low-turbidity water. The inter-
pretation of these patterns improves with the inclusion of
integrative tracers.

Recruitment and larval supply—The spatial variability of
total recruitment rates, as well as patterns of larval supply
and recruitment of individual species, strongly suggests that
different water masses typically bathe different areas of Ma-
mala Bay. Recruitment rates of all taxa pooled exhibited
significant seasonal and spatial variability (Fig. 3). Of great-
est interest is the observation that the sites with the lowest
mean turbidity values, sites KEA and AW, also had the low-
est mean rates of recruitment and larval supply, whereas the
shelf sites with the highest mean recruitment rates, ERR and
CRR, also had the highest mean turbidity. Furthermore, the
sharp turbidity gradient observed between KEA and CRR
was also observed for recruitment rates. Similar persistent
spatial patterns of turbidity and recruitment strengthen the
hypothesis that different water masses typically bathe dif-
ferent areas of the shelf.

Larval supply and recruitment patterns of individual spe-
cies appear to identify the spatial distribution of some water
masses bathing the shelf. The highest mean recruitment rates
of A. intermedia and F. pupoides were observed in KL. The
highest mean rates of larval supply and recruitment for B.



1479Water-mass distributions in Mamala Bay

Fig. 10. Distribution of salinity along the 16-m contour on 5 March 1996 during ebb tide and ;36 h after a rainstorm (;7.5 cm of
rain). Transect track is shown in Fig. 2. Casts were conducted ;500 m apart. The positions of shelf sites are indicated at the top. The PH
plume is located between KEA and WRR, the KL plume extends deeper into the water column and is located between ERR and CRR, and
the Honolulu Harbor plume is evident near KAKA.

amphitrite were also observed in KL. Furthermore, the larg-
est adult populations of B. amphitrite on the southern shore
of O’ahu were observed in KL (adult populations of A. in-
termedia and F. pupoides were not surveyed; adult popula-
tions of B. amphitrite were surveyed as part of another
study). Together, these observations indicate that larval A.
intermedia, F. pupoides, and B. amphitrite are present in KL
waters. This was true throughout the year, because these spe-
cies were observed to recruit most heavily in KL year round.
The affinity of larval A. intermedia, F. pupoides, and B.
amphitrite with KL waters enables their use as tracers of the
KL water mass. Recruitment patterns of these species over
the shelf indicate that the KL plume moves westward after
it exits the mouth of the lagoon and bathes ERR and CRR.
This is consistent with turbidity patterns observed at these
sites and with westward mean flows over the shelf westward
of AW (Hamilton et al. 1995). Some recruitment of F. pu-
poides was observed at DH, but this was believed to be from
larvae moving westward from Moana’lua Bay (the bay east
of DH). A plume of turbid water moving westward from
Moana’lua Bay was frequently observed near DH.

Similar arguments hold for Salmacina dysteri and P. ra-
diata as tracers of the PH plume. Recruitment rates for these
species were consistently the greatest in the PH Channel,
which indicates affinities with PH waters. The recruitment
patterns of these two species over the shelf indicate that the
PH plume typically moves westward from the mouth of PH
toward EB and OB but does not bathe KEA, given that little
or no recruitment of these species was observed at KEA.

Again, westward movement of the PH plume is consistent
with observed westward mean flows, west of AW.

Recruitment patterns of C. virgatum appear useful as trac-
ers of oceanic water masses. The distribution of larval C.
virgatum is likely oceanic, because flotsam and megafauna
in open ocean waters are habitats for adults of this oppor-
tunistic species (Newman 1980). Recruitment patterns of C.
virgatum indicate that EB, KEA, and AW are typically
bathed by offshore water throughout the year. Recruitment
of C. virgatum at KEA and AW are consistent with low
mean turbidities and recruitment rates of all taxa pooled.
Taken together, these observations strongly indicate that
KEA and AW are sites where offshore waters impinge on
the shelf. Recruitment of C. virgatum was also observed at
EB, where mean recruitment rates were the highest for this
species. This result conflicts with the observation that spe-
cies from PH also recruited at this site. The only possible
explanation for this paradox is that EB is exposed to both
offshore waters and PH plume waters. Furthermore, because
recruits of both C. virgatum and the PH species were ob-
served on the same tiles, the periodicity of this exposure was
less than the tile deployment period (14 d). Examination of
recruitment data for C. virgatum reveals that the high mean
at EB is heavily influenced by a single pulse of settlement
at this site. If this event is removed from the mean, then
mean recruitment rates are greatest at KEA. Recall that mean
turbidity values of EB were intermediate to KEA and the
PH Channel sites and that turbidity was most variable at site
EB, compared with all other shelf sites. These observations
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Fig. 11. Distribution of salinity during ebb tide along the chevron transect on: (1) 11 July 1996
during a nonrainstorm period (top), and (2) 5 March 1996 after an ;7.5 cm rainstorm (bottom).
The track of the chevron transect is shown in Fig. 2. The vertex of the chevron is indicated here
with a vertical line.

support the argument that EB is exposed to both PH and
offshore waters.

Although recruitment of the tracer species discussed
above were significantly different among seasons, recruit-
ment of all these species was observed throughout the year.
This means that the spatial distributions of offshore, PH, and
KL waters persist year round, with little variation at peri-
odicities greater than the recruitment-sampling interval (14
d).

One final point is warranted in the discussion of larval
data. The relative difficulty of larval identification compared
with recruit identification means that the recruitment method
is more useful for water-mass discrimination than larval trap-
ping. This is exemplified by the data presented here. Larval
F. pupoides and B. amphitrite were the only larval species

that were available as larval tracers, whereas six species of
recruits were available.

Stable isotopes—The stable isotopic data contribute ad-
ditional information about the spatial distributions of water
masses located between EB and KL. However, caution must
be exercised in the interpretation of these data because of
the analytical problems with end-member samples. These
problems complicate the interpretation of the stable isotopic
data because the patterns of stable isotopic ratios of Spon-
dylus tenebrosus that were observed along the isotopic
mooring transect cannot be directly attributed to exposure to
waters from KL and PH. Instead, exposures must be inferred
from patterns observed in the other types of data that have
been presented thus far. The fact that spatial patterns ob-
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Fig. 12. Current vectors calculated from drifter trajectories during ebb tide (solid line) and flood
tide (dashed line) on 1 August 1995. Shelf site locations are indicated just above the abscissa.
Current divergences were typically observed near site EB during ebb tide. Scale bar indicates a
current magnitude of 25 cm s21.

served in the stable isotopic data were similar to the spatial
patterns observed for the other types of data supports such
an interpretation.

Three groups of spatially coherent sites are evident from
the plot of d13C and d15N (Figs. 7 and 8): group 1 (sites A
and B), group 2 (sites C–G), and group 3 (sites H and I).
These groupings suggest that the mooring transect is typi-
cally bathed by different water masses that have distinct sta-
ble isotopic compositions of POM. The spatial boundaries
of these groups coincide with patterns of recruitment and
turbidity that were observed during the both the entire study
and during the period that isotopic moorings were deployed
(Fig. 13). Sites A and B, located inshore of KEA, are likely
bathed by the plume emanating from PH. Mean d13C values
from PH were 220.59, which is similar to the values ob-
served at sites A and B. However, this value is also similar
to mean d13C values for sites C–G. The d15N values of sam-
ples from PH are needed to discriminate PH waters from
group 1 and 2 sites. Nonetheless, the discontinuity of stable
isotopic values between sites B and C suggests that a water-
mass boundary is typically located between these sites and
that this boundary is likely the eastern boundary of the PH
plume. Low turbidity, high recruitment rates of C. virgatum,
low recruitment rates of all taxa pooled, as well as no re-
cruitment of PH species at KEA indicate that the PH plume
typically moves westward before it gets as far offshore as
KEA.

The discontinuity of stable isotopic values between sites
G and H indicates that the western boundary of the plume
emanating from KL is typically located between these sites.
However, the recruitment of KL species at sites as far west
as WRR (Fig. 13) indicates that the KL plume occasionally

encroaches further west than site G. The method of signal
integration in the recruitment and stable isotopic methodol-
ogies likely accounts for these observed differences. The re-
cruitment method, which integrates instantaneous values of
larval recruitment over the period of settlement-plate de-
ployment (14 d), is more likely to record short-period vari-
ation in water-mass distributions than the stable isotopic
method, because the turnover times of stable isotopic tissue
compositions of S. tenebrosus are likely longer than the tile
deployment period. (Laboratory feeding studies of stable iso-
topic turnover times for S. tenebrosus would strengthen this
discussion.) Therefore, the patterns of recruitment and stable
isotopes offshore from the Reef Runway indicates that the
KL plume typically bathes sites CRR, ERR, H, and I and
infrequently bathes WRR, E, F, and G. The differences be-
tween the recruitment and stable isotopic methodologies in
this area exemplify the inherently lowpass-filtered nature of
the stable isotopic method and points to the usefulness of
this application where longer-term signals are of greater in-
terest than shorter-term signals.

The interpretation of stable isotopic data would have been
strengthened if an oceanic end member were available to
interpret the stable isotopic compositions of group 2 sites.
This would have required a mooring over deep water in areas
subject to heavy ship traffic. The resources to deploy such
a large and expensive mooring with the requisite naviga-
tional aids were not available. Another problem with the
stable isotope data is that they do not conform to the dogma
that the d15N of oceanic POM is enriched relative to terres-
trial POM (Thornton and McManus 1994). Groups 1 and 3,
which, it has been argued here, are exposed to PH and KL
waters, respectively, are enriched in d15N relative to group 2
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Fig. 13. Relative mean recruitment rates for all tracer species during the deployment period of
stable isotopic moorings. Bar lengths indicate mean recruitment rates for each species relative to
the site where mean recruitment rates for each species were maximal. Maximal mean recruitment
rates for A. intermedia, F. pupoides, and B. amphitrite were observed at KL, maximal mean re-
cruitment rates for S. dysteri and P. radiata were maximal at PHCN, and recruitment rates for C.
virgatum were maximal at KEA. The locations of the stable isotopic moorings are also indicated.

sites, which appear to be bathed by more oceanic waters,
judging by recruitment and turbidity data. Despite these
problems, the spatial correspondence of recruitment and tur-
bidity data with the stable isotopic data is intriguing and
suggests that the stable isotopic patterns that were observed
are likely attributable to water-mass effects. The results of
this study indicate that the use of stable isotopic composi-
tions of suspension feeders warrants further investigation.
The use of stable nitrogen isotopic compositions of bivalves
has already been used to determine sources of organic matter
along estuarine gradients (Riera 1998) and particulate food
sources within an estuary (Yelenik et al. 1996).

Drifters—The recruitment of C. virgatum and the PH spe-
cies, Salmacina dysteri and P. radiata, at EB appear para-
doxical until drifter data are considered. The major patterns
observed from the drifter releases were that cross-shore cir-
culation was typically the greatest near EB and that ebb cur-
rents frequently diverged near EB, with ebb currents going
eastward east of EB and westward west of EB (Fig. 12).
These patterns were similar among days and among dry and
postrainstorm periods. These observations are consistent
with the argument that EB is exposed to offshore and PH
waters. The periodicity of exposure to these waters is cer-
tainly less than the tile-deployment period of 14 d, as evi-
denced by the recruitment of species associated with both
water masses on the same tiles, and may sometimes be as
short as tidal periodicities. The observation that turbidity

was most variable at EB is also consistent with the argument
that EB is exposed to both offshore and PH waters. The
along shore border between offshore and PH waters appar-
ently migrates in a cross-shore manner near EB, resulting in
the alternate exposure of EB to these different water masses.

Conclusions—The value of using integrative tracers of
water mass distribution, such as larval recruitment patterns
and the stable isotopic values of suspension feeders, is that
high frequency variability is naturally removed. This enables
the determination of prevailing patterns or conditions, which
are typically of interest when explaining the distribution of
plants and animals or managing coastal ecosystems. The use
of nonintegrative tracers as indicators of prevailing condi-
tions would require either moorings, equipped with tracer
sensors and data loggers, deployed with adequate spatial res-
olution, or frequent water sampling trips. Both alternatives
are typically not practical.

The difference between prevailing and rainstorm-induced
water mass distributions in Mamala Bay is illustrated by
comparison of water-mass distributions inferred from larval
recruitment patterns with patterns inferred from CTD data.
First, it should be noted that CTD data were not useful to
determine water-mass distributions during dry (prevailing)
conditions because salinity and temperature differences
among water masses were too small and variable to be use-
ful. The distribution of the PH plume after rainstorms ap-
peared to be quite different from its distribution during dry
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Fig. 14. Conceptual model of water-mass distribution and circulation features inferred from recruitment patterns of benthic invertebrates,
CTD transect data, stable isotopic compositions of the suspension-feeding bivalve, Spondylus tenebrosus, turbidity, and drifter data.

conditions. The PH plume did not extend offshore to the 16-
m contour until it advected far to the west near EB. On the
contrary, the plume moved directly offshore and sometimes
slightly to the east during and immediately after rainstorms.
In contrast to the PH plume, the distribution of the KL plume
did not appear to differ between rainstorm and dry condi-
tions. These patterns are illustrated in Fig. 14, in which the
spatial distributions of the PH and KL plumes are shown, as
well as some circulation features that were evident from tur-
bidity, CTD, recruitment, and drifter data.

The illustration in Fig. 14 is presented as a conceptual
model of water-mass distributions and circulation features
within Mamala Bay. As such, it is of use to ecologists in-
terested in the distribution of animals and plants and to
coastal managers who wish to remediate the effects of
source-specific pollutants on particular ecosystems within
the Bay. The prevailing distribution of the PH plume closely
parallels the distribution of coral bio-erosion observed by
Grigg (1995). Coral bio-erosion is primarily caused by sus-
pension feeding animals. Rates of bio-erosion typically in-
crease with increasing food supply. PH is likely the source
of such particulate food. The prevailing distributions of oce-
anic waters and the plumes emanating from PH and KL co-
incides with the distribution of phytoplankton observed by
Laws et al. (1999). Phytoplankton assemblages are chloro-
phyte dominated in eastern Mamala Bay, where an oceanic
water mass appears to bathe the shelf (inferred from turbidity

data, the reduced recruitment rates of coastal species and the
recruitment of C. virgatum at AW). Whereas phytoplankton
assemblages are dominated by diatoms in waters west of
Sand Island, where eutrophic estuarine waters are located.
The distribution of coastal and oceanic appendicularian spe-
cies also coincide with the patterns of water-mass distribu-
tion presented in Fig. 14 (Scheinberg pers. comm.). The co-
incidence of biological distributional patterns observed in
these studies with water-mass distributions in the present
study suggests physical control of Mamala Bay ecosystems
by runoff-induced plumes and gross circulation features
within the Bay. The distribution of water masses in Mamala
Bay inferred from this study may also be of use to coastal
managers, who, at present, are considering reclassifying ar-
eas of western Mamala Bay as ‘‘wet’’ (Laws pers. comm.),
effectively lowering the standards for acceptable water qual-
ity. This would alter present water quality management strat-
egy for Mamala Bay and its watersheds.

The physical control of recruitment pattern is evident from
the distributions of water masses and recruitment patterns
that were observed in this study. The physical control of
recruitment has been demonstrated in the past (e.g., Farrell
et al. 1991; Pineda 1991; Gaines and Bertness 1992). The
degree of spatial variability in recruitment and larval supply
pattern over scales of ;2–3 km that was observed in this
study is striking and may have important implications for
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adult patch dynamics at similar or smaller spatial scales, es-
pecially when recruitment processes are limiting.
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