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Abstract
Hanalei Bay, Kaua‘i is situated in a dynamic and relatively harsh environment that at
times includes high wave energy, heavy fresh water influx, and high turbidity. These
conditions result in overall low coral cover (ca. 14%) that is dominated by encrusting
forms adapted to high wave energy. The five most abundant coral species in 1993 were
Montipora patula (7%), M. capitata (2%), Porites lobata (2%), P. compressa (1%), and
Pocillopora meandrina (1%).
Average percent coral cover increased non-linearly among 20 permanent transects in
Hanalei Bay from 1993 to 2004. Between 1993 and 1999 there was an increase of 5%
absolute (34% relative) in live coral cover from 14% to 19%. From 1999 to 2004 coral
cover remained relatively stable. Much of the initial increase was attributed to Montipora
patula which increased in percent cover from 7% in 1993 to 11% in 2004. Species
composition patterns remained similar during that time period.
Coral settlement in 2003 and 2004 was higher in the outer bay compared to locations in
the inner bay. Coral recruits were dominated by the genus Montipora that typically has
high recruitment rates but low survival compared to other coral genera. Coral larval
settlement was observed to be higher in Hanalei Bay compared to other regions around
the world and may help explain the increase in coral cover observed over the past decade.
Temporal variability, artificial substrate type used, or observer biases, however, could all
effect documented settlement patterns, therefore these patterns may not be directly
influenced by increases in coral cover.
Fish species richness, biomass, and diversity were higher in habitats with high spatial
relief adjacent to reef-sand interfaces. Most measures of fish assemblage structure were
lower during the winter months when large north Pacific swells and heavy rainfall,
coupled with high river discharge, impacted the bay. Fish assemblage characteristics did
not vary significantly between 1993 and 2004 although trends in biomass are suggestive
of an increase over time. Three introduced fish species (bluestripe snapper, blacktail
snapper, and peacock grouper) have become well established in Hanalei Bay and their
contribution to total fish biomass has increased from 15% in 1993 to as high as 39% in
1999.
Hanalei Bay is one of the few areas in Hawaii that has shown an increase in live coral
cover over the past decade. Increases in total fish biomass since the early 1990s cannot be
attributed solely to introduced species, as other elements of the fish assemblage have also
increased over this time period. Natural factors such as large wave events are thought to
be more important in structuring the coral reef community of Hanalei Bay than
anthropogenic factors, and this may help to explain the trends observed in this study.
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Introduction
Hanalei Bay is one of the largest embayments on the island of Kaua‘i and serves as a
major recreational and commercial area for residents along the north shore (Figure 1).
The Hanalei watershed (ahupua‘a) is a 61.4 km2 (23.7 mile2) area that extends from the
top of Mt. Wai‘ale‘ale (1,569 m or 5,148 ft) to Hanalei Bay. It is a multijurisdictional
area, comprising the Hanalei National Wildlife Refuge, Halele‘a State Forest Reserve,
Kaua‘i County beach parks, and private land holdings. Within the watershed, the Hanalei
River and other streams run through four subwatersheds: the Hanalei, Waipā, Wai‘oli and
Waikoko ahupua‘a. The Hanalei ahupua‘a supports an array of valuable land uses and
attributes such as residential and resort development, agriculture, recreation, biodiversity,
and preservation of a native culture. Hanalei Valley farmers produce over 67 percent of
the state’s taro, a staple in the traditional Hawaiian diet. In June 1998, the Hanalei River
was designated an American Heritage River (www.hanaleiriver.org).
Both the Hanalei River and Hanalei Bay are significant recreational and commercial use
areas for paddling, kayaking, surfing, fishing, crabbing, and prawning. Subsistence
fishing in the river and bay provides an important and regular source of food for the local
population (Harrison et al. 1991, Friedlander and Parrish 1997). The river is a favorite
site for children to swim, since it is both shallow and protected from the surf.
Commercial companies based directly on the river offer kayaking and snorkeling tours of
the river. Tour companies embark from Hanalei Bay for trips to the famed Nā Pali coast.
The Hanalei River is one of the few areas along the north shore of Kaua‘i where
commercial and recreational fishing boats can safely launch their boats and be protected
from large, open ocean swells. Popular county parks and a campground are located at the
river mouth and along the Bay.
Its relative remoteness and lack of visitor infrastructure have until recently limited the level
of recreational use. However, a growing population on Kaua‘i and rising tourism, especially
since Hurricane Iniki in 1992, coupled with accelerated development of tourist facilities is
increasing pressure on the bay’s limited resources. Considerable concern has been voiced
publicly about competing uses and carrying capacity of the total resource to support human
exploitation. The concern extends to the streams that drain into the bay, including Hanalei
River which is one of Kaua‘i’s largest, most scenic, and relatively undeveloped streams.
This river is also one of the state’s largest river-mouth estuaries and supports a diverse
complement of native anadromous species (including what may be the state’s largest
freshwater fishery for a native sport fish) (Harrison et al. 1991). The Hanalei National
Wildlife Refuge borders this estuary and provides important habitat for four endemic,
endangered water birds.
In 1991, the Hawai‘i Department of Land and Natural Resources, Division of Aquatic
Resource’s Main Hawaiian Islands Marine Resource Investigation Program identified
Hanalei Bay as one of five key sites upon which to focus extensive field research
programs. This Program was designed to provide a broad base for understanding the
state’s living marine systems and was directed towards more effective management.
From 1991 to 1994, an extensive marine resource assessment was conducted in Hanalei

Bay to characterize benthic habitat types, examine the spatial and temporal distribution of
the marine biota, and describe the fishery within the bay (Friedlander et al. 1995,
Friedlander et al. 1997, Friedlander and Parrish 1997, Friedlander and Parrish 1998a,
1998b).
Potential threats
The United States Coral Reef Task Force (USCRTF) has identified six priority threats to
U.S. coral reefs: over fishing, lack of public awareness, recreational overuse, climate
change, coral disease, and land-based pollution. At present, land-based pollution has been
identified as the priority threat for the coral reef ecosystem in Hanalei Bay. Hanalei Bay
is included in the Hawaiian Islands Humpback Whale National Marine Sanctuary
approved by the U.S. Congress in 1997. As a result, specific actions to understand the
relationship between Humpback whales and the coral reef ecosystem in Hanalei Bay, as
well as potential threats to the Humpback whale, may need to be considered.
Coral recruitment and health of the coral reef ecosystem in Hanalei Bay may be affected
by polluted river discharge; however, the low coral cover (15 percent) is largely
attributable to strong winter storm conditions that generate large waves (Friedlander et al.
1997, Friedlander and Parrish 1998b). Fishing pressure is low and subsistence fishing is
used for supplemental food and income. Sea turtles are abundant in Hanalei Bay; they
exhibit a low incidence of bacterial infections often characteristic of turtles inhabiting
polluted waters.
Objectives
Long-term monitoring of coral reef communities around the globe has documented a
decline in these important ecosystems (Wilkinson 2004, Pandolfi et al. 2005). A limited
number of data sets exist in Hawai‘i to examine the long-term trends in coral reef benthic
and fish communities. Permanent transects were established in Hanalei Bay at 42
locations and surveyed for fish and benthos between 1992 and 1994 (Figure 2). A subset
of 20 of these transects was resurveyed in 1999 and 2004, providing a unique 12-year
data set in which to examine changes that may have occurred in the composition of the
coral reef community. In addition, the data set serves as a baseline for assessment of
future management measures. The objectives of this study were to examine the temporal
trends in coral reef community structure in Hanalei Bay since 1992 and to examine the
spatial and temporal trends in coral recruitment in the bay.
This research was funded by U.S. Geological Survey Pacific Island Ecosystems Research
Center (PIERC), through the Hawai‘i Cooperative Studies Unit, Pacific Aquaculture and
Coastal Resources Center, at the University of Hawai‘i at Hilo. It is part of a USGS
multi-disciplinary project investigating ecosystem dynamics influencing Hanalei Bay.
This research supports USGS national programmatic goals. Results will contribute to the
Terrestrial, Freshwater, and Marine Ecosystems Program, including development of
indexes of ecosystem sensitivity to change and vulnerability to potential stressors, and
tools to predict ecosystem responses to environmental change. Results will be used as
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inputs to USGS “Ridge to Reef” models of factors controlling ecosystem patterns at
various scales, and development of decision support systems which integrate this
information with management options. The results are valuable to the Status and Trends
Program, providing analyses and reports that synthesize information on the status and
trends of our Nation’s flora, fauna, and ecosystems and are responsive to the needs of the
scientific community, land and resource managers, policy makers, and the public.
Moreover, they have value to the Geographic Analysis and Monitoring Program,
furthering understanding and prediction of response of the land surface and the adjacent
hydrosphere, biosphere, or atmosphere to natural and human-induced stimuli at regional,
continental, or global scales.
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Figure 1. Map of Kaua‘i, Hawaiian Islands, and Hanalei Bay.
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Methods
Description of study area
Hanalei Bay is characterized by well developed fringing reefs bordering an extensive area
of unvegetated carbonate sediments in the center that stretches from beyond the mouth of
the bay to the shoreline in the southeast quadrant (Friedlander et al. 1997). The areas of
mostly hard substrate cover approximately 0.90 km2 of the west side of the bay and 1.5
km2 of the northeast side. The extensive hard substrate habitats range from low profile to
highly complex reef, from reef slope to reef flat, and from large expanses of contiguous
reef to small patch reefs (Figure 1). A large area in the bay (ca. 2.8 km2) is composed of
unconsolidated sediments. Most of the central bay sediments are fine to medium grain
carbonate sands of marine origin. Coarse marine sands occur along some reef margins
and in all sand patches within the reef. Adjacent to the mouth of the Hanalei estuary is a
large depositional area, known locally as the “Black Hole”. Sediments in this area are
silty and primarily of terrestrial origin (Friedlander et al. 1997, Calhoun et al. 2002).
Benthic cover
Three different methods were used to collect benthic cover data across the years. Each
method is presented separately. Brown (2004) and Brown et al. (2004a) compared
methods for analyzing substrate cover using concurrent sampling and reported that
different methods generally documented statistically similar levels of coral cover, but
statistical power might be low. Even though the Friedlander et al. (1997) method was not
directly compared to the Hawai‘i Coral Reef Assessment and Monitoring Program
(CRAMP) protocol which utilized digital video to measure changes in coral cover
(Brown et al. 2004a), it was assumed from previous studies (e.g. Brown 2004) that trends
in coral cover could be statistically evaluated based on the same sampling unit (i.e.
transect) and similar image analysis procedures (i.e. point intercept).
1993-1994 method for substrate cover (Friedlander et al. 1997)
Data on corals and other benthic organisms were collected using a phototransect method
(Grigg and Maragos 1974). For this study, a subset of 20 transects out of the original 42
transects were used for the temporal comparison. For each of the 20 transects (each 25 x
5 m), 15 random locations were selected and photographed along the centerline of the
transect. A total of 22,500 points (75 points x 15 photoquadrats x 20 transects) covering
over 200 m2 of reef were analyzed over a variety of hard substrate habitats throughout the
bay. Photography on transects 5-22 (excluding 16 & 17) was done during the summer of
1993. Transects 1-4 were photographed during the summer of 1994 (See Figure 2 for
locations). A Nikonos V underwater camera with a 20 mm lens, mounted in a specialpurpose frame of PVC pipe, was used to photograph benthic quadrats (1.0 x 0.7 m) to
determine substrate cover along transects. Advantages of this method are the speed of
sampling and creation of permanent records for future analysis.
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Color transparencies from each photoquadrat were projected onto a rectangular grid. The
type of benthic substrate was recorded at 75 randomly placed grid points on each of these
photoquadrats. To determine the appropriate number of photoquadrats and points for
analysis on each phototransect, a set of photographs covering the full length (25m) of the
transect was taken at transect 18 and transect 7. These transects were selected because
they represented extremes in coral cover. Transect 18 had high cover (21.9%) in
comparison to transect 7 with low cover (8.6%). Two hundred points per photoquadrat
(4,800 points per transect) were recorded to determine the necessary number to
adequately estimate coral cover.
For each of these two transects, comparison of sample size with accuracy of the estimate
of the mean were made for various combinations of number of photoquadrats and number
of points for each photoquadrat. Sample means were compared to a theoretical population
mean using the t-distribution shown below:
t ! value =

sample mean ! population mean
sample var iance / sample size

(Eckblad 1991). Replacing the numerator of the above equation with (accuracy x sample
mean) and rearranging to solve for sample size yields the equation:
(t ! value) 2 ( sample var iance)
sample size !
(accuracy * sample mean) 2

Accuracy of the estimate of mean coral cover increased rapidly as more points and
photoquadrats were added to the analysis. A smaller number of photoquadrats and points
were necessary to estimate the mean with a given accuracy at the site with higher cover
(transect 18) than at transect 7 which had lower coral cover. Using 75 points per
photoquadrat and 15 photoquadrats per phototransect, the accuracy of the estimate of
coral cover was between 10 and 15 percent of the mean at transect 18 and near 20% at the
lower cover site (transect 7).
1999 method for substrate cover (Brown et al. 2004a)
On June 2-3, 1999, the 20 transects were resurveyed using the CRAMP protocol. Each
transect was 25m in length and videotaped from a perpendicular angle at a height of 0.5m
above the substrate. Area sampled at each transect was 8.75 m2 for a total of 175 m2
across all 20 transects.
Image analysis was conducted using PointCount 99 software on 20 randomly selected
non-overlapping video frames on each transect with 50 randomly selected points per
frame. Percent cover was tabulated for coral (by species), macroinvertebrates, and other
benthic substrate types (coralline algae, turf algae, macroalgae/Halimeda spp., and sand).
Total mean percent coral cover by station, mean percent coral cover by species within a
station, and species richness (number of species per transect) were used as dependent
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variables in this study. Average error (average observer error 1.9%, measurement error
2.7%) for estimating total coral cover using the digital video transects was estimated to
be approximately 5%. Therefore, for the purposes of this study absolute change in coral
cover ≥ 10 % was defined as biologically relevant if the change was statistically
significant with high statistical power (P > 0.8 at α ≤ 0.05) (Brown et al. 2004a). The
10% criterion also has management implications having been previously suggested as an
appropriate level for detecting change in coral cover (Maragos 1999).
2004 method for substrate cover (Brown unpublished data)
The 20 transects were resurveyed from June 1-3, 2004 using the updated CRAMP
protocol, which utilized a digital still-camera setup to measure changes in coral cover.
Each transect was 25 m in length and photographed from a perpendicular angle at a
height of 0.5 m above the substrate. Area sampled at each transect was 9.25 m2 for a total
of 185 m2 across all 20 transects. In this case, concurrent sampling was conducted using
the 1999 digital video protocol and the 2004 digital still method. Percent coral cover was
not significantly different between the two methods among the six test sites (F4,8 = 1.5, p
= 0.29, Brown, unpublished data).
Image analysis was conducted using Photogrid software on 20 randomly selected nonoverlapping video frames on each transect with 50 randomly selected points per frame.
Percent cover was tabulated for coral (by species), macroinvertebrates, and other benthic
substrate types (coralline algae, turf algae, macroalgae/Halimeda spp., and sand). Total
mean percent coral cover by station, mean percent coral cover by species within a station,
and species richness (number of species per transect) were used as dependent variables in
this study. Average error (average observer error 1.9%, measurement error 2.7%) for
estimating total coral cover using the digital still transects was again estimated to be
approximately 5%. Biologically relevant change or effect size was defined as an absolute
change in coral cover ≥10 % that was statistically significant with high statistical power
(P> 0.8 at α ≤ 0.05).
Coral settlement
Coral settlement was examined at four sites (Hanalei River, Waipā, Makahoa, and Pu‘u
Pōā) using a minimum detectable size of > 0.5 mm colony diameter (Figure 2). This
approach focused on settlement during the critical early stages of development.
Settlement plates were 9 cm X 9.5 cm X 1 cm unglazed terracotta tiles with a total
surface area of 0.02 m2 for all 6 faces. Two plates were bolted together with a Plexiglas
insert between them creating a “sandwich” with a ~0.7 cm gap. The uniquely numbered
plate pair was then glued to a short 4 cm X 2 cm PVC pipe that could be freely inserted
and removed from a PVC cross. Two plate pairs were affixed to the PVC cross sitting
atop a 48 cm X 2 cm PVC pipe with a 1.5 m galvanized metal stake through the center.
This created a plate array (sampling unit) with both plate pairs oriented horizontally
(Figure 3).
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Site selection was based on the previous surveys by Friedlander et al. (1997) and
proximity to the Hanalei River. Two sites (Makahoa – transects 18 - 20 and Pu‘u Pōā –
transects 8 - 11) were outside of the bay and two sites (Hanalei River – transects 1 - 4 and
Waipā – transects 21 - 22) were inside of the bay. The Hanalei River site was closest to
the mouth of the river (0.5 km) in contrast to Makahoa which was farthest away (1.6 km).
Five plate arrays were installed along the 12 m depth contour at each site (spatial scale
10 m). Each array was positioned at a height of ~15 cm above the substrate following the
protocol of Harriott and Fisk (1987). The rationale for 5 arrays was that storm damage
and/or human intervention might eliminate some of the stakes, maintaining a minimum
sample size of 3 arrays at each site.
The plates were installed on June 4, 2003 prior to the onset of summer spawning for the
major coral genera (e.g. Montipora sp. and Porites sp.) in the bay. This deployment
allowed at least 2 weeks of conditioning (e.g. Hughes et al. 1999) before the first
spawning event. Plates were subsequently retrieved on September 5, 2003 following the
cessation of the monthly spawning in the summer. A second set of plates were installed
on June 3, 2004 and retrieved on September 8, 2004 to examine annual variation in the
settlement rate among sites.
Upon removal, plates were immersed in a 10% bleach solution for 24 hours to remove
soft-bodied organisms and macroalgae. Only the undersides of the bottom plates were
viewed at 100X magnification because previous studies have shown that settlers prefer
this surface (Rogers et al. 1984, Brown 2004). Data on each recruit included genus,
number of polyps, length, width, and height if applicable. The number of recruits m-2 was
extrapolated from the small surface area of the plates for comparisons with other studies.
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Figure 2. Location of sites (n=42) in Hanalei Bay for fish and benthic sampling
conducted from 1992 to 1994. Permanent sites (1-15 and 21-22) sampled in 1999, 2003
(fish only), and 1994 appear as yellow dots (see Friedlander et al. 1997 for details).
Shoals LIDAR bathymetry areas in blue. Sites for coral settlement plates appear as plus
signs in pink.
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Figure 3. Recruitment tile array at Makahoa, Hanalei. Settlement plates were 9 cm X
9.5 cm X 1 cm unglazed terracotta tiles with a total surface area of 0.02 m2 for all 6 faces.
Fish assemblages
Fish assemblages at each location were assessed using standard underwater visual belt
transect survey methods (V. Brock 1954, R. Brock 1982). A SCUBA diver swam each
25 m x 5 m transect at a constant speed and identified to the lowest possible taxon, all
fishes visible within 2.5 m to either side of the centerline (125 m2 transect area).
Swimming duration varied from 10 – 15 min depending on habitat complexity and fish
abundance. Nomenclature followed Randall (1996). During the initial 1992 to 1994
surveys, standard length (SL) of fish was estimated to the nearest centimeter. Subsequent
to this survey period, total length (TL) of fishes was estimated to conform to other studies
conducted around Hawai‘i.
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Data analysis
The long-term monitoring coral cover data were analyzed using a General Linear Model
(GLM) repeated measures ANOVA design in Statistica 7.0. Percent coral cover was the
dependent variable with transect as the sampling unit and time as the factor. This treated
photoquadrats (Friedlander et al. 1997) or video frames/stills (CRAMP) as sub samples
within each transect. Percent data were subjected to an arcsine-square root transformation
prior to testing to meet the assumptions of normality and homogeneity of variances (Zar
1999). Post-hoc multiple comparisons among means were conducted using a Tukey HSD
test when ANOVA results detected significant differences for various factors.
A linear regression analysis was also used to plot average percent coral cover across the 3
surveys (1994, 1999, and 2003) spanning 11 years. This approach enabled calculation of
a slope for changes in coral cover.
Coral settlement was analyzed using a two-way General Linear Model (GLM) ANOVA
with settlement rate (No. m-2 3 months-1) as the dependant variable and site (4 levels;
Hanalei, Waipā, Makahoa, and Pu‘u Pōā) and time (2 levels; 2003 and 2004) as the
independent factors. A repeated measures ANOVA could not be conducted because the
recruitment arrays were removed each year and consequently were not repositioned in
exactly the same location. Settlement rate was log(x+1) transformed prior to analysis to
meet the assumptions of normality and homogeneity of variances (Zar 1999). Post-hoc
multiple comparisons among means were conducted using a Tukey HSD test when
ANOVA results detected significant differences for various factors.
Length estimates of fishes from visual censuses were converted to weight using the
following length-weight conversion: W = aSLb - the parameters a and b are constants for
the allometric growth equation where SL is standard length in mm and W is weight in
grams. Total length was converted to standard length (SL) by multiplying standard length
to total length-fitting parameters obtained from FishBase (WWW.fishbase.org). Lengthweight fitting parameters were available for 150 species commonly observed on visual
fish transects in Hawai‘i (Hawai‘i Cooperative Fishery Research Unit unpublished data).
This was supplemented by using information from other published and web-based
sources (e.g. FishBase). In the cases where length-weight information did not exist for a
given species, the parameters from similar bodied congeners were used. All biomass
estimates were converted to metric tons per hectare (t/ha) to facilitate comparisons with
other studies in Hawaii. Species diversity was calculated from the Shannon-Weaver
Diversity Index (Ludwig and Reynolds 1988): H’ = Σ (pi ln pi), where pi is the proportion
of all individuals counted that were of species i. Trends in fish assemblage
characteristics among years were tested using least-squares linear regression (Zar 1999).
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Results
Spatial distribution of coral cover
Mean percent cover of scleractinian corals for the 42 transects surveyed in 1993 and 1994
was 17.9% (SD ± 10.5%). Montipora patula was the most abundant coral species in
Hanalei Bay, occurring on all transects and accounting for over half of the total coral
cover. This species was usually found in an encrusting growth form, but at some deeper
and protected sites, foliaceous brackets were present. Porites lobata and M. capitata, the
next most abundant species, were also commonly encountered and usually appeared in
encrusting forms.
Coral cover ranged from 1.6 % on transect 31 to 46.9% at transect 26 (Figure 4). Shallow
sites with greater wave exposure such as transects 12-15 and transects 5-7 had the lowest
coral cover in the bay. High coral cover was found at transects 21-22, 25-26, 35-36, and
39-42. These transects were all along edge habitats with greater protection from large surf
than other sites in the bay.

Figure 4. Percent live scleractinian coral cover in Hanalei Bay based on 42 transects
conducted between 1993 and 1994. Classification based on quantiles.
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Trends in percent coral cover
From 1993 to 2004, average percent coral cover among the 20 transects in Hanalei Bay
increased 5% absolute (34% relative) from 14.2% ± 1.7%SE in 1993 to 19.2% ± 2.1%SE
in 2004 (Figure 5). This change in coral cover over 11 years was statistically significant
(F2,38 = 7.9, p = 0.001) in contrast to coral cover in 1999 (19.0 ± 2.3%SE) which was
similar to cover in 2004 (Table 1). It should be noted that average percent coral cover
increased non-linearly between 1993 and 1999; there was an increase of 5% absolute
(34% relative) from 14% to 19%. From 1999 to 2004 coral cover did not increase. The
increase in percent cover was primarily attributed to Montipora patula which went from
7% absolute in 1993 to 11% absolute in 2004 (Figure 6). There was a slight decrease in
cover of this species (1% absolute), but this decline is in the range of measurement error.
This was a relative change of 43%. M. capitata also displayed an absolute increase in
coral cover from 2% in 1993 to 4 % in 2004 (74% relative).
Table 1A. GLM repeated measures ANOVA results comparing
percent coral cover from 1993 to 2004 in Hanalei Bay.
df
Intercept
Error
YEAR
Error

MS

1
19
2
38

F

10.37 242.38
0.04
0.03
7.89
0.00

p
0.000
0.001

Table 1B. Tukey HSD multiple comparisons of percent coral cover
in Hanalei Bay from 1993 to 2004. Means (%) are raw values.
1993
Grouping
Mean

1999

2004

B
19.0

B
19.2

A
14.2

Changes in relative percent cover from 1993 to 2004 varied by transect and ranged from
a 230% increase at transect 9 to a 24% decrease at transect 12 (Figure 7). Coral cover on
transects in the northeastern quadrant of Hanalei Bay experienced more dynamic changes
than those in the central and western part of the Bay. Even transects in close proximity
(100 m) displayed contrasting trends in coral cover (e.g. transects 8 and 9). These
patterns highlighted the spatial variability inherent in coral reef communities.
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Figure 5. Percent coral cover in Hanalei Bay
for each of the 20 transects by year.
Year

Figure 6. Change in percent coral cover by species in Hanalei Bay, during the
different sampling periods.
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Figure 7. Relative percent increase or decrease in coral cover from 1993 to 2004
at each of the 20 long-term transects in Hanalei Bay.
Coral settlement
A total of 5,420 coral settlers was recorded among all of the sites during the course of the
study. More settlers were documented in 2004 (4,182) compared to 2003 (1,237). The
highest number of settlers was documented at Pu‘u Pōā (2,631) followed by Waipā
(1,381), Makahoa (1,339), and the Hanalei River site (69). Montipora spp. settlers were
the most abundant (5,348) followed by Fungiidae spp.1 (47), Faviidae spp. 1 (11),
Pocillopora spp. (6), Porites spp. (4), Agariicidae spp. 1 (2), and Culicea spp. 1 (2).
Average coral settlement rates by year and taxon are shown in Table 2.
The rate of coral settlement was significantly higher in 2004 than in 2003 (F1,32 = 30.3,
p<0.001, Figure 8). Coral settlement was significantly higher outside of the bay at Pu‘u
Pōā and Makahoa than inside at Waipā and Hanalei (F3,32 = 19.8, p<0.001, Figure8). This
pattern, however, varied by year (F3,32 = 4.9, p=0.006, Figure 8) due to the high levels of
settlement at Waipā in 2004 (Tables 2 and 3). Settlement at Waipā in 2004 was second
only to Pu‘u Pōā. The Hanalei site near the stream mouth had the lowest settlement
across both years.
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Table 2. Average coral settlement rate (No. m-2 3 month-1) by taxon
at each site across years.
Site

Taxon

Pu‘u Pōā

Montipora
Pocillopora
Montipora
Fungiidae 1
Culicea
Montipora
Pocillopora
Fungiidae 1
Agariciidae 1
Faviidae 1
Montipora
Porites

Waipā
Hanalei

Makahoa

2003

2004

Average

9789.5
23.4
362.6
11.7
0.0
23.4
0.0
105.3
11.7
0.0
4093.6
46.8

20947.4
11.7
15777.8
0.0
23.4
35.1
35.1
432.7
117.0
23.4
11520.5
0.0

15368.4
17.5
8070.2
5.8
11.7
29.2
17.5
269.0
64.3
11.7
7807.0
23.4

Figure 8. Average coral settlement rates (No. m-2 3 months -1) at each of the sites in
2003 and 2004. Note that nearly 99% of the settlement was composed of Montipora
spp.
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Table 3A. Two-way Type III GLM ANOVA testing for
differences in settlement rate among sites and years.
df
Intercept
Year
Site
Year*Site
Error

MS

F

p

1 441.52 1311.18
1 10.20
30.29
3
6.68
19.84
3
1.67
4.95
32
0.34

0.000
0.000
0.000
0.006

Table 3B. Tukey HSD multiple comparisons of settlement rates in Hanalei
Bay in 2003 and 2004. Means (No. m-2 3 months-1) are raw values.
Year

2003

Grouping
Mean

2004

A
3,617

B
12,231

Table 3C. Tukey HSD multiple comparisons of settlement rates in Hanalei
Bay among the four sites. Means (No. m-2 3 months-1) are raw values.
Site
Grouping

Hanalei

Waipā

Makahoa

Pu‘u Pōā

C
7,830

C
15,386

A
B

Mean

403

8,076

Table 3D. Tukey HSD multiple comparisons of settlement rates in Hanalei Bay among
the four sites by year. Means (No. m-2 3 months-1) are raw values.
Year
2003
2003
2004
2003
2003
2004
2004
2004
Site
Hanalei Waipā Hanalei Makahoa PuuPoa Makahoa Waipā
PuuPoa
Grouping
A
A
A
B
B
B
C
C
C
C
C
Mean
140.4 374.3
666.7
4140.4 9812.9 11520.5 15777.8 20959.1
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Spatial distribution of fish assemblages
A total of 129 species of fishes from 29 families were enumerated on the 42 transects
between 1992 and 1994. The mean number of species observed per transect was 20.8 ±
7.1 SD, with considerable variation among locations. Transects with the highest number
of species tended to be those that were adjacent to a sand interface, deeper, and those
with high habitat complexity (Figure 9). Low numbers of species were observed at
transects within reef flat complexes that were distant from sand areas and had low habitat
relief. High biomass was also associated with reef edge habitats and areas with high
habitat complexity (Figure 10). Transects with low numbers of species also harbored few
individuals and low biomass. Most reef flat transects had low diversity (Figure 11).

Figure 9. Fish species richness (mean no. per 125 m2 transect) at 42 sampling locations
in Hanalei Bay from 1992 to 1994.
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Figure 10. Fish biomass (mean t ha-1) at 42 sampling locations in Hanalei
Bay from 1992 to 1994.

Figure 11. Fish diversity (mean H’) at 42 sampling locations in Hanalei
Bay from 1992 to 1994.
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Trends in fish assemblage structure
Monthly visual fish censuses of transects from December 1992 to November 1994
showed that surf height and degree of wave exposure were negatively correlated with
several measures of assemblage organization (Friedlander and Parrish 1998a). Most
measures of fish assemblage structure were lower during the winter months when large
north Pacific swells and heavy rainfall, coupled with high river discharge, impacted the
bay.
Fish censuses were conducted at 20 of the 42 permanent sites in June 1999, September
2003, and June 2004. Between 1993 and 2004, fish species richness, biomass, and
diversity have not varied significantly (p>0.05 for all), although trends in biomass are
suggestive of an increase over time (Figure 12).
Between 1951 and 1961, 11 demersal fish species (six groupers, four snappers, and one
emperor) were intentionally introduced into Hawai‘i (Oda and Parrish 1981, Randall
1987). Of these species, to‘au (blacktail snapper, Lutjanus fulvus), ta‘ape (bluestripe
snapper, Lutjanus kasmira), and roi (peacock grouper, Cephalopholis argus) have
established viable breeding populations in the state. These three introduced fish species
have become well established in Hanalei Bay (Friedlander et al. 2002) and their
contribution to total fish biomass has increased from 15% in 1993 to a high of 39% in
1999 (Figure 13).
The bluestripe snapper (ta‘ape) is the most significant, currently accounting for 23% of
total fish biomass in the bay. The blacktail snapper (to‘au) is found in abundance in the
Hanalei estuary (Harrison et al. 1991) and appeared in large numbers in 1999, but was
not observed in high abundance in 2003 or 2004. A large rain event just prior to the 1999
sample date may have caused blacktail snappers to move out of the estuary onto the reef
temporally. The peacock grouper (roi) has steadily increased in importance from less
than 1% of fish biomass in 1993 to nearly 7% in 2004.
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Figure 12. Temporal trends in fish assemblage characteristics between 1993 and 2004.
A. species richness, B. biomass (t ha-1), and C. diversity (H’). Values for richness and
diversity are mean number per 125 m2 transect. Error bars are standard error of the
mean. No significant trends (p>0.05) were detected for any assemblage characteristics.
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Figure 13. Percent contribution of introduced species, roi (peacock grouper,
Cephalopholis argus), ta‘ape (bluestripe snapper, Lutjanus kasmira), and to‘au (blacktail
snapper, L. fulvus), to total fish biomass in Hanalei Bay, Kaua‘i., between 1993 and 2004.
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Discussion
Coral Community Patterns
Coral cover within Hanalei Bay was generally low (14%) in 1993. Exposure to high
energy from long-period waves, especially during winter months, probably suppresses
coral growth compared to other sites around the state (e.g. Jokiel et al. 2004). Sites with
the highest coral cover were characterized by being in deeper water and occurring on reef
slopes that were not directly exposed to the strongest north and west swells. The
distribution, abundance, and diversity of corals could also be affected by the naturally
high sediment load from large river discharge and augmented by anthropogenic effects
from expanded land development and agricultural practices in and near Hanalei. Most
corals in Hanalei Bay occur in encrusting forms, in response to the high wave energy and
reduced light caused by sedimentation.
Average percent coral cover increased non-linearly among 20 transects in Hanalei Bay.
Between 1993 and 1999 there was an increase of 5% absolute (34% relative) from 14%
to 19%. From 1999 to 2004 coral cover did not increase. Montipora patula accounted for
the majority of the increase in percent cover going from 7% absolute in 1993 to 11% in
2004. Other species such as M. capitata (2% increase) and Porites lobata (1% increase)
also contributed to the overall increase in coral cover.
The overall increase in coral cover over the past 11 years could be attributed to a variety
of factors such as the lack of natural and anthropogenic disturbances. Wave height data
from the NOAA 51001 wave buoy (http://www.nodc.noaa.gov/BUOY/buoy.html),
located ~315 kilometers west-northwest of Kaua‘i, indicated that larger waves were
recorded prior to the initial 1993 survey than after it (Figure 14). For example, on
November 5, 1988, significant wave heights of 12.3 m were recorded at the buoy but no
wave events greater than 9.3 m have been recorded since that storm. Coral communities
in Hanalei may have been severely impacted from this large storm and the present
increase in coral cover may simply reflect the coral communities rebounding to prior
levels. Dollar and Grigg (2004), however, did document low coral cover of 12% back in
1980 at their transect T-6, which is located near transects 9 - 11 (Pu‘u Pōā) in this study.
In a subsequent survey in 2002, coral cover at this transect was higher at 34%. Additional
transects further east at Princeville and Anini also experienced increases in coral cover
which they suggested may be due to resort development mitigating surface runoff,
historical low sedimentation, and reduction in surf activity since 1985 (Dollar and Grigg
2004). In their study, however, low spatial and temporal replication within the bay (i.e. 1
transect surveyed 22 years apart) provided limited support for temporal patterns in coral
cover. It should also be noted that in September 1992, Hurricane Iniki struck Kaua‘i and
could have reduced coral cover in Hanalei, but this is unlikely given the direction of the
hurricane swell which came from the south.
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Figure 14. Daily maximum significant wave height (m) recorded at buoy 51001
since February 11, 1981. Gaps in the data record reflect the loss of the buoy or
failure to receive a signal. Buoy deployments have varied since 1981 but are
generally located around 23° 24’ N and 162° 18’ W, which is approximately 315
km northwest of Hanalei Bay.

One of the major factors thought to influence the marine ecosystem in Hanalei Bay is
stream flow from Hanalei River. Even though three other streams drain into the bay,
Hanalei River is the dominant source of freshwater surface runoff. Over the past 26 years,
monthly mean discharge (m3/sec) has declined slightly with a high of 31 m3/sec recorded
in March 1982 (Figure 15). The decrease in discharge might not only limit the impact of
reduced salinity (e.g. Jokiel et al. 1993) on adult corals but also reduce harmful sediment
loading (e.g. Nowlis et al. 1997, Fabricius 2005) into the bay. As in the case of the wave
height data (Figure 14), Hurricane Iniki is shown on Figure 15 to illustrate the relatively
minor influence on stream discharge from this event.
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Figure 15. Hanalei River monthly mean discharge rate (m3/sec) from 1980 to 2005
(http://waterdata.usgs.gov/hi/nwis/uv?16103000). Linear regression equation is
displayed to show the trend in discharge rate over the past 26 years.
The human population in relation to the watershed area has been low and relatively stable
over the past decade. The low population density in the four watersheds (Hanalei – 61.3
km2, Wai‘oli – 14.1 km2, Waipā – 6.4 km2, and Waikoko – 1.9 km2, total area = 83.7 km2)
that drain into Hanalei bay has not increased dramatically from 1990 (4.7 people km-2) to
2000 (6.2 people km-2) (1990 Census of Population and Housing Summary Social,
Economic, and Housing Characteristics Hawai‘i; State of Hawai‘i GIS Program http://www.hawaii.gov/dbedt/gis/). In addition, little commercial development exists
except near the mouth of the river with most of the anthropogenic impacts limited to taro
field runoff and cesspools. In comparison, the coral reef sites at Kahekili, Maui have
experienced a 19% (37% relative) and 37% (64% relative) decline in absolute coral cover
from 1994 to 2004 (Jokiel et al. 2004, Brown et al. 2004b). The population density within
the adjacent Wahikuli watershed (26.0 km2) is seven times higher at 58.0 people km-2.
These results suggests that population density is an important predictor of trends in coral
cover.
Low population density within the watershed, however, many not fully explain the
changes in coral cover. Honolua Bay, Maui which is a similar north shore protected
embayment, has a low population density (7.6 people km-2) within the watershed (12.3
km2) but has experienced a dramatic decrease in absolute coral cover of 27% (63%
relative) over the same time period (Brown 2004). Intensive pineapple agriculture in the
adjacent watershed and low coral recruitment within the bay (Brown 2004) suggest that
other factors may be influencing the reef community within this bay. In addition, Maui
county population growth (38% from 1990 to 2004,
(http://www.hawaii.gov/dbedt/info/economic/census/), and increases in visitor days (22%
from 1990 to 2004, (http://www.hawaii.gov/dbedt/info/visitor-stats/) have allowed an
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ever more mobile society to visit this bay. Over the same time period, Kaua‘i county has
only experienced a 21% increase in a population that is half the size of Maui’s and a 9%
increase in visitor days (http://www.hawaii.gov/dbedt/info/). It should be noted that
visitor days actually decreased by 56% in 1993 to 3.0 million visitor days. This was the
year following Hurricane Iniki and when coral cover was first measured.
Distinguishing between natural and anthropogenic factors and how they shape the coral
community is complicated by the interaction between these forcing functions. Examining
spatial patterns in the temporal trends can provide insight into the importance of these
factors. For example, changes in coral cover varied by transect with more extensive
changes occurring outside of Hanalei Bay in the northeastern quadrant. This pattern
suggests that the most dynamic areas of the reef are more removed from human
population centers because most of the population is concentrated on the coastal plain
fronting the bay in the southern quadrant. Therefore, it appears that natural factors such
as large wave events are more important in structuring the coral community than
anthropogenic factors. Friedlander and Parrish (1998b) documented changes in the fish
assemblage structure in response to wave events and theorized that human impacts were
minimal during the study period.
Coral recruitment – Coral recruitment in Hanalei Bay was higher outside of the bay than
inside in both years but these patterns may not be representative of actual recruitment
rates due to high annual variability (Hughes et al. 1999). Subsequent sampling may
clarify the preliminary temporal patterns. The vast majority of new settlers were
Montipora spp. (>98%) which is similar to what Brown (2004) reported off West Maui.
The outer reefs at Hanalei Bay had some of the highest “invisible” settlement (< 2 mm
diameter, Wallace 1985) rates recorded in the literature (Table 4). Several possibilities
exist to explain the extremely high levels of settlement. First, Hanalei Bay is situated in
the center of a relatively contiguous fringing reef system along the north shore and may
serve as a sink for coral larvae. Tidal oscillations may circulate water masses so that
larvae are retained within the bay. This would explain high settlement on the outer
margins of the reef complex but within the bay settlement was generally lower. The
lower settlement within the bay may be the result of Hanalei River flow either impeding
return of larvae into the bay or exporting spawned propagules via surface currents.
Second, large-scale currents along the archipelago generally move from east to west
(Lumpkin 1998). Therefore, larvae from other well-developed reefs within the Hawaiian
Islands could be transported up the chain within the time period that larvae are still viable
(Kolinski 2004). At present, current patterns have not been examined within the bay or
along the coastal region to verify these hypotheses but future studies are planned which
will investigate both tidal oscillations and currents during peak spawning periods.
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Third, mean discharge rates from Hanalei River (USGS website data) have been
declining over the past 26 years (Figure 15) and during the summer spawning months
discharge rates are typically at the lowest level (Figure 16). Montipora spp. larvae, which
comprised the vast majority of coral settlers (Table 2), are positively buoyant (Kolinski
2004) and therefore influenced by decreased salinity and sedimentation in surface waters.
Both Richmond (1993) and Palaki (1997) reported that decreased salinity levels can
negatively impact fertilization success. In this study, higher coral settlement in 2004
actually coincided with higher total discharge over the course of the summer. Maximum
discharge during critical time periods, however, may be more important than total
discharge over the entire settlement time period. On July 26, 2003, a daily mean
discharge of 56 m3/sec was recorded that preceded the peak Montipora spp. spawning by
2 days. During this time period there was also extremely low wave activity (Figure 14)
that would have maintained a lower salinity surface layer, thus potentially disrupting
fertilization and resulting in fewer coral larvae. Additional settlement data from 2005 will
help clarify the correlation of maximum versus total discharge rates on coral settlement
patterns.
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Figure 16. Hanalei River daily mean discharge rate (m3/sec) from 2003 to
2005 (http://waterdata.usgs.gov/hi/nwis/uv?16103000). Horizontal dashed
lines represent the time intervals when the settlement plates were deployed.
A fourth possibility is that the substrates used in this study were conducive to coral
settlement. Harriott and Fisk (1987) found that ceramic tile was the best surface for
settlement in terms of number of spat. The present study examined recruitment in
Hawai‘i utilizing terracotta tiles (ceramic clay), which is one of the most commonly used
substrates in recruitment studies (e.g. Mundy 2000). Previous studies in Hawai‘i and
elsewhere (See Table 4) have not utilized this substrate and therefore may have
underestimated larval availability.
Finally, the choice of which substrate surface was examined has varied among
researchers. Hughes et al. (1999) and this study only examined the undersides of the
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plates while others (e.g. Harriott 1992) recorded recruitment rates from all surfaces.
Brown (2004) and Rogers et al. (1984) both documented surface preferences with the
highest recruitment rates on the under surfaces. Consequently, the two highest
recruitment rates may simply be an artifact of the surface examined. Cursory examination
of the other surfaces in this study, however, has found higher recruitment rates compared
to surfaces analyzed in previous studies in Hawai‘i (e.g. Brown 2004). Therefore, coral
larval settlement does appear to be high in Hanalei Bay, at least with respect to Hawai‘i.
Several studies (e.g. Hughes et al. 2000) have examined the link between the adult
assemblage and larval recruitment. In most cases, no direct relationship has been found
between recruitment levels and the existing coral community (Bak and Engel 1979,
Rylaarsdam 1983, Hughes et al. 2000). Hughes et al. (2000) reported that fecundity of the
adult assemblage was the most important variable explaining variation in recruitment. In
comparison, both Harriott (1985) and Nzali et al. (1998) found that recruitment rate was
proportional to adult coral cover. Consequently, there is still a possibility that extremely
high recruitment rates, as reported in this study, may help explain the increase in coral
cover observed over the past decade.
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Pacific
Indian
Pacific
Pacific
Pacific
Indian
Caribbean
Pacific
Caribbean
Pacific
Caribbean
Pacific
Caribbean
Pacific
Pacific
Pacific
Pacific
Pacific
Caribbean

Fiji
Zanzibar, Tanzania
Lord Howe Island, Australia
Great Barrier Reef, Australia

Puamana, Hawaii
Taa, Tanzania
Discovery Bay, Jamaica
Guam
St. Thomas, Virgin Islands
Olowalu, Hawaii
Bermuda
Moorea, Tahiti
Guana Island, Virgin Islands
Solitary Islands, Australia
Honolua Bay, Hawaii
Kaneohe Bay, Hawaii
Northern Mariana Islands
Kaneohe Bay, Hawaii
St. Croix, Virgin Islands

Terracotta
Terracotta
Coral Slab
PVC
Terracotta
Terracotta
Ceramic
Ceramic
Terracotta
Ceramic
Terracotta
Concrete
Terracotta
Concrete
Coral Slab

Terracotta
Terracotta
Ceramic
Ceramic
415
282
251
209
134
122
99
82
59
44
41
36
24
8
6

734
594
538
489
8-1,792
190-374
119-341
0-2,433
89-180
95-233
4-384
38-125
2-296
6-88
7-92
0-124
0-112
0-16
4-18

322-1,812
0-3000
178-1,411
144-1,222

21° N
5° S
17° N
13° N
18° N
21° N
29° N
17° S
18° N
30° S
21° N
21° N
14-15° S
21° N
18° N

17-18° S
6° S
31° S
15° S

Brown (2004)
Nzali et al (1998)
Rylaarsdam (1983)
Birkeland (1981)
Kojis and Quinn (2001)
Brown (2004)
Smith (1992)
Gleason (1996)
Carlon (2001)
Harriott and Banks (1995)
Brown (2004)
Fitzhardinge (1993)
Kojis and Quinn (2001)
Demers (1996)
Rogers et al. (1984)

Kojis and Quinn (2001)
Franklin et al (1998)
Harriott (1992)
Fisk and Harriott (1990)

Table 4. Average settlement rates (No. m-2 yr-1) on various artificial substrates for “invisible” (<2mm diameter) recruits in the
Caribbean, Pacific, and Indian Oceans. Range of Settlement rates is at the scale of site. Note that this table does not include data from
studies conducted on natural substrates or studies that did not report settlement rates per unit area.
Site, Island
Ocean
Substrate
Average
Range of
Latitude
Reference
Settlement
Settlement
Rate
Rates
Hanalei Bay, Hawaii
Pacific
Terracotta
7,924
403-15,386
22° N
This study
Great Barrier Reef, Australia
Pacific
Clay
4,258
2,050-7,178
10-23° N Hughes et al (1999)
Cape Tribulation, Australia
Pacific
Ceramic
2,689
156-7.944
14° S
Fisk and Harriott (1990)

Fish Assemblage Patterns
Fish spatial patterns
Reef fishes in Hanalei Bay demonstrate distinct assemblage structures and characteristics
based on specific hard-bottom habitat types. The highest number of fish species was
associated with deeper habitats that had high structural complexity. Low numbers of
species were observed on reef flats that were distant from sand areas and had low habitat
relief. High biomass was also associated with reef edge habitats and areas with high
habitat complexity. Habitats with low spatial relief and limited shelter, particularly when
distant from reef edges, were associated with low standing stocks for most fish species.
Habitat complexity provides refuges and barriers that fragment the area, resulting in more
heterogeneous assemblages (Sebens 1991). Predation-induced competition may result in
structural shelter of the appropriate size being a limiting resource for reef fishes (Hixon
1991, Hixon and Beets 1993). The role of habitat complexity is clearly important in
structuring the reef fish assemblage in Hanalei Bay.
The higher number of species and biomass at deeper depths is likely the response to the
impact of large waves on the shallow reefs and the refuge provided by deeper water.
Gosline (1965) noted the greatest vertical differentiation in reef fishes in Hawai‘i was
between the surge-scoured zone and deeper, quieter strata that harbored higher numbers
of species. Fishes were more abundant and diverse nearer the reef edge. The sharp
interfaces that edges provide between habitats with greatly different physical and
biological properties often result in higher movement dynamics and abundance of
predators, prey, spawners, and migrators (Parrish and Zimmerman 1977, Ogden 1988).
Fish temporal patterns
Monthly visual fish censuses of transects from December 1992 to November 1994
showed that surf height and degree of wave exposure were negatively correlated with
several measures of assemblage organization (Friedlander and Parrish 1998a). Most
measures of fish assemblage structure were lower during the winter months when large
north Pacific swells and heavy rainfall, coupled with high river discharge, impacted the
bay.
Species richness and diversity have remained relatively constant over the 12-year survey
period. Biomass has, however, increased by 38% during this time period. Three
introduced species have increased in abundance since 1993 and now account for over
30% of the total fish biomass in the bay. Increases in total fish biomass since the early
1990s cannot be attributed solely to introduced species, as other elements of the fish
assemblage have increased slightly over this time period. Reduced fishing pressure has
been cited as one potential reason for these trends.
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Conclusions
Hanalei Bay exists in a dynamic environment which helps to structure many of the spatial
and temporal patterns observed there. Based on extensive study, it appears that natural
factors such as large wave events are likely more important in structuring the coral
community in Hanalei Bay than anthropogenic factors. Hanalei was one of the few areas
around the state that have shown increases in live coral cover over the past decade (Jokiel
et al. 2004, Friedlander et al. 2005). Watersheds around the state that have experienced
coastal development and intensive agricultural activities have also witnessed declines in
the adjacent coral reefs. Based upon the current spatial and temporal patterns within the
coral and fish communities, reducing anthropogenic activities within the watershed may
enable natural factors to run their course.
In order to fully understand the interaction of natural and anthropogenic influences in
Hanalei, it is imperative that long-term baseline studies of biological and physical
variables be continued. Changes in coral cover and recruitment dynamics may be affected
by changes in watershed management strategies. Without good information on these
processes, it is difficult to evaluate the success of these strategies on the marine
environment. Changes in the fish assemblage over time have also shown the effects of
introduced species on the native fauna. Tracking these and other trends in the fish
assemblage, over time, will help provide information into how most effectively to
manage the local fishery. Hanalei has proven to be a unique environment and it is
necessary to have the highest quality information available at the proper spatial and
temporal scales in order to make wise management decisions about this rare ecosystem.
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