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Abstract
Construction of breakwaters provides an engineering solution for coastal protection. However, little effort has been made
toward understanding the ecological impact on local coral reef ecosystems and developing engineering structures that
would enhance the coral reef environment. A submerged breakwater proposed for Kahului Commercial Harbor, Hawai‘i,
provided an opportunity to design a multi-purpose ‘reef structure’ to mitigate wave impacts while providing new coral
reef habitat. This design involved ecological and environmental considerations alongside engineering principles, serving
as a model for environmentally sound harbor development. This field study evaluated environmental conditions and reef
community composition at the proposed site in a gradient extending outward from the harbor, using in situ data with
multivariate analyses. Benthic and topographic features in the area were assessed using a towed drop camera system to
relate to biological factors. Results that support breakwater topography should follow the natural spur and groove and
depth of the adjacent reef and orient with wave direction. A deep area characterized by unconsolidated substrata and
low coral cover would be replaced with the shallow, sloping hard bottom of the breakwater, and provide an exemplary
area for corals to flourish while protecting the harbor from large ocean swells. Surfaces on shallow sloping hard bottoms
receive higher levels of irradiance that benefits coral growth. Optimal levels of water motion facilitate sediment removal
and promote coral recruitment and growth. The design of the Kahului Harbor submerged multi-purpose structure serves
as a model for design of shoreline modification that enhances, rather than degrades, the local coral reef environment.
Keywords Coral reefs · Artificial habitat · Ecological engineering · Adaptive management · Maui

1 Introduction
Coastal communities in tropical and subtropical regions
face multiple consequences of global climate change [1].
Nearshore zones are hampered by intensified cyclones [2,
3], storm surges [4], and rising sea levels [5, 6]. Populated
low-lying areas of many Pacific Islands are exposed to
high risk of coastal erosion and flooding [7, 8], resulting in

negative impacts on their economy and livelihood from
destruction of property and infrastructure, loss of agricultural products and food supplies, and drinking water contamination [7, 9]. Moreover, tropical and subtropical island
ecosystems rely on coral reefs as integral components of
coastal communities, providing services and goods such
as coastal protection and natural resources for socioeconomic activities [10]. Nevertheless, coral reefs are made
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vulnerable to threats including frequent and prolonged
occurrence of high temperature, decreased water quality, and habitat destruction [11]. It is critical for coastal
communities to take advantage of adaptive strategies to
manage coastal hazard risks while conserving coral reef
ecosystems for their livelihood.
Attention is increasing from government, private sectors, and researchers to an integrative approach combining coastal hazard protection and ecosystem resilience
as a potential management solution for adaptive coastal
communities [12–14]. The concept of ecological engineering [15] provides a framework for such an interdisciplinary approach to achieve multiple objectives that support adaptive communities and biological conservation,
benefitting both nature and society. Case studies and the
efficacy of ecological engineering approaches have been
evaluated for mangrove, marsh, and oyster reef systems in
Asia, India, and the USA. [12]. Interest in ecological principles and the value of coastal defense structures has previously been assessed in Europe and Australia [16–19].
Despite an increase in attention to ecological engineering approaches in coastal ecosystems, integrated field
studies are needed to evaluate and apply these to coral
reef ecosystems. Coastal defense structures can provide
substratum for the development of coral communities,
providing habitat for other reef organisms [20, 21]. In
contrast, others have stated that artificial structures are
not natural habitat [17, 18, 21, 22], making preservation
of natural habitat often more desirable and more costeffective than creating replacement habitat [23]. Fewer
studies focused on applying ecological value to coastal
defense structures as multi-purpose artificial reefs [24, 25].
Although the goal of many of these coral reef projects is
habitat restoration, few emphasize coastal protection [14].
One such comprehensive ecological engineering study
focusing on both coastal protection and habitat restoration in coral reef ecosystems was demonstrated in Grenada
Bay, Grenada [26], and Vaan Island, India [27].
Design of a coastal defense structure such as a submerged breakwater requires the understanding of
many aspects of ecology and the environment. For
example, water velocities of a two-layer rock armored
submerged breakwater were calculated and compared
to known maximum velocities that mobile and sessile
invertebrates can survive, relating the structural design
and wave dynamics of the structure to the tolerance of
invertebrates to varying wave climates [16]. An engineering design can also incorporate natural components of
macro- and microhabitats and reef characteristics such
as topographic complexity, spatial orientation, materials, and texture. The design can replicate favorable biotic
and abiotic drivers on neighboring natural reefs [19, 28,
29]. Artificial structures are typically characterized by
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steep slopes and vertical walls which may result in lower
coral cover and diversity than a natural reef [19]. Thus,
it may be ecologically preferable to reduce the vertical
slope. The design can include features to enhance development of coral reef communities (e.g., surface texture
and composition) while minimizing the distribution of
non-indigenous and/or invasive species that may displace native species.
The ecological role of a coastal defense structure is best
understood through analysis of regional and site-specific
knowledge of the environment and benthic communities.
For example, due to Hawai‘i’s high endemism, the distribution of invasive organisms is one of the most central
management issues [30]. The removal and prevention of
invasive species is such a critical management strategy
that the State of Hawai‘i’s Division of Aquatic Resources
has created the Aquatic Invasive Species Program to control, manage, and prevent impacts to the marine environment from introduced species. Potential negative effects
of introducing artificial structures include unanticipated
broad-scale environmental changes and creation of habitats that enhance the dispersal of exotic species [18, 19,
22, 31]. The species composition of hermatypic corals is
uniform throughout the state of Hawai‘i [32], but there
are great differences in relative abundance depending on
local conditions [33]. Such patterns of coral community
structure are controlled by physical, chemical, and biological processes that relate to geomorphic features at
regional and local scales. The design needs to reflect not
only features to successfully enhance coral reef communities but also to minimize its impacts on the distribution of
invasive species.
In Hawai‘i, a submerged breakwater has been proposed
to provide increased protection for shipping operations in
the Kahului Commercial Harbor on Maui [34]. The Kahului
Commercial Harbor was developed on the north-facing
isthmus of Kahului Bay between two volcanic mountains
on Maui in the early 1900s [35]. The harbor entrance is fully
exposed to prevailing northeasterly tradewind-generated
seas and large northerly swells during the fall and winter.
The continual tradewind waves and sporadic high-energy
storm waves have serious negative impacts on shipping
operations [35, 36]. Coastal protection and wave abatement are the primary objectives of the proposed submerged breakwater at Kahului, but the intended design
can serve as a multi-purpose reef structure by providing
necessary shallow hard substrate for symbiotic reef-building corals. The proposed submerged breakwater site is
within a previously dredged reef, adjacent to the entrance
of the main shipping channel. This highly disturbed reef
area could be enhanced by a properly constructed engineering structure to restore some of the coral decline Maui
has experienced [37].
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Temporal and spatial ecological information about
the area surrounding Kahului Commercial Harbor is less
available relative to other regions of Maui Island. While
the application of ecological engineering principles to
increase value of coastal defense structures has been
emerging in other regions, reports on both planned and
unplanned artificial marine habitats are sparse in Hawai‘i.
Historical information includes compilation of primary
literature from 1981 to characterize reef geomorphology
and marine biota on reefs located east and west of Kahului
Commercial Harbor [38]. General geomorphic features of
Maui’s shoreline and coastal zones have been historically
surveyed and mapped in the Maui Coastal Zone Atlas [39].
More recently, the geomorphic features, biological cover,
and coastal zones of the Main Hawaiian Islands were classified by the National Oceanographic and Atmospheric
Administration’s (NOAA) benthic habitat mapping project

[40], using high-quality satellite imagery with field accuracy assessments providing data at a minimum resolution
of 0.4 hectare (Fig. 1). According to the NOAA GIS benthic habitat data, live coral cover was classified as 50%
to < 90% on the spur and groove zone on the east reef of
Kahului Harbor. Coral cover on pavement between the
harbor breakwater and offshore spur and groove zones
was broadly characterized as 10% to < 50% cover at the
intermediate zone and 50% to < 90% turf at the inshore
pavement zone. This level of coral cover is high when compared to the Statewide mean of 24.1% from a survey of
all CRAMP main Hawaiian Island sites in 2012 [41]. Benthic habitats were also characterized and mapped with
the regional prominence on inside and directly outside of
Kahului Harbor to assess existing habitats and potential
impacts of harbor expansion stated in the Kahului Commercial Harbor 2030 Master Plan [42].

Fig. 1  GIS map of geomorphic features, camera transect tracks
(black lines) T1–T7, and in situ biological evaluation sites (white circles) including the shipping channels outside (OC), inside the channel (IC), the proposed submerged breakwater installation site (PSB),

the outer harbor breakwater (OHB), the inner harbor breakwater
(IHB), and the natural vertical reef and reef flat (NRF) adjacent to the
proposed site in the Kahului Bay area. Base source: NOAA NOS Biogeography Branch [40]
Vol.:(0123456789)
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The distribution of non-indigenous and introduced
marine organisms was documented at the CRAMP monitoring site at Papa‘ula and also inside the Kahului Commercial Harbor, focusing on the pier and the breakwater
[43, 44]. Environmental quality and isolation from harbor
structures were discussed as predictive variables. Benthic community, nutrient pathways, and its concentrations were examined in relation to the wastewater treatment plant located on the east of Kahului Harbor [45].
However, reefs nearby Kahului Commercial Harbor have
received much less attention. Existing information provides a general understanding of the reef environment
in Kahului, but additional data relating to the placement
and performance of the proposed submerged breakwater
were needed. The present study aimed to (1) characterize benthic habitats and reef biota in the proposed area
of a submerged breakwater to be installed outside Kahului Commercial Harbor and the adjacent reefs, and to (2)
evaluate environmental conditions that favor the prevalence of Hawaiian reef-building corals and associated reef
organisms on the submerged breakwater. We expected
to find a similar level of live coral coverage and geomorphic structure as the level near the proposed installation
site assessed by the NOAA benthic habitat map in 2007.
Our study provides an overview of reef communities and
associated habitats in the vicinity of Kahului Commercial
Harbor to update the interdisciplinary approach to design
and engineer a submerged breakwater for both harbor
protection and habitat enhancement in Hawai‘i.

2 Materials and methods
To assure a valid sampling design that would clearly distinguish differences in habitats, biota, and environmental conditions on several scales, multiple methodologies
were employed. A towed video and drop camera provided
a general assessment of geomorphic features and benthic
cover type. Detailed visual surveys were conducted at the
existing breakwater, the proposed site, the unaltered surrounding habitat, and within and outside the shipping
channel in situ. Measurements of water quality were taken
to describe environmental conditions. These three methods were utilized to determine the feasibility and advantages of a multi-purpose submerged breakwater at the
previously determined site.

2.1 Study site
A nearshore evaluation of the benthic habitat and water
quality was conducted near the Kahului Commercial Harbor entrance (20.90282°N, 156.47035°W) in May 2013.
The primary survey area was located outside of the
Vol:.(1234567890)
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Kahului Commercial Harbor breakwater (Fig. 1). The site
was defined in accordance with results of an engineering
study [46] that evaluated the best alignment and dimension of a submerged structure using numerical models.
Varying designs were explored using calculations of wave
transformation as base criteria for selection in accordance
with [47].

2.2 Survey of geomorphic and benthic cover
Geomorphic features and biological cover types were
assessed using an underwater video (Sea View, Sea View
LLC) and drop camera system (GoPro Hero3). The camera
system was operated from a research support vessel to
cover a broad range of habitats, in the prevailing trade
wind pattern, safely and efficiently. The drop camera system utilized in the present study gives comparable results
to common benthic survey methods used in Hawai‘i, following field sampling methods including visual estimates,
photographic belt transects, video transects, systematic
area estimates of a quadrat, random point estimates of a
quadrat, point intercept transects, towed diver (or manta
tow), and the NOAA ground truth technique used in benthic habitat map assessment [48]. Each of these benthic
survey methods gives similar results for coral cover estimates in the field although some of these methods provide better taxonomic resolution than others [48]. Seven
video and photographic transects were established in the
general area of interest. These transects covered the proposed breakwater installation site, the ship channel, and
the natural reef environment (Fig. 1). Start and end geographic positions and track of each transect were determined by Garmin GPSMAP76, providing a 95% accuracy
of ± 3 m, typical when the Wide Area Augmentation System (WAAS) is enabled. Transects T1 and T2 were located
on the natural reef flat (NRF), adjacent to the proposed
submerged breakwater (PSB) site. Transects T3 to T5 were
located at PSB site, which is a deeper area that has been
disturbed by dredging and is characterized by unconsolidated substratum. Transects T6 and T7 were located
on the undisturbed reef, seaward of the PSB and NRF.
Depth was determined using the vessel’s transducer. A
lead line attached near the camera lens held the camera
in a perpendicular position one meter above the bottom.
The video camera was gently lowered to the sea floor at
the start point of each transect and retrieved at an end
point while the vessel drifted slowly from northeast to
southwest. Video images were monitored as live streaming to ground truth habitat types and relative coverage
of benthic classes while guiding the vessel moving over
shallow reefs. Photographic data were obtained using
GoPro Hero3 cameras in underwater cases mounted on
the video camera system. Still images were collected at
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5-s intervals. The size of each image was approximately
1.5 × 2.0 m. These photographic data were used to analyze
geomorphic features and biological cover types, as well as
to identify the presence of marine organisms to the lowest
taxonomic level possible. To determine types and levels of
benthic features, non-overlapping images were identified,
color-corrected, and visually estimated for percent coverage. The geomorphic and biological cover classification
system followed [40]. Six major benthic cover types were
assessed (live corals, coralline algae, turf, sand, carbonate
rock, and reef rubble). Percent cover was estimated and
classified in the following bins: continuous (> 90%), patchy
(50% to < 90%), sparse (10% to < 50%), and none (< 10%).
Imagery data were analyzed to describe the relative occurrence of benthic cover types and the percent coverage for
each transect.

2.3 Water quality
Water quality was measured at five sites (Fig. 1), including
the shipping channel outside the harbor (OC), shipping
channel inside the channel (IC), the proposed submerged
breakwater installation site (PSB), the outer harbor breakwater (OHB), and the natural vertical reef and reef flat
(NRF) adjacent to the proposed site in the Kahului Bay area
to describe relative environmental conditions during the
survey. OHB, IC, OC, and PSB are sites within artificial or
human-modified habitats, while NRF represents a natural
habitat. Data were collected by casting a multi-parameter
water quality meter (YSI 6920 V2 SONDE) from the vessel. Water quality measurements included temperature
(°C), pH, salinity (ppt), and turbidity (NTU). Measurements
were taken 1.5 m off the sea floor at each sampling site.
The time mark on the SONDE data allowed us to correlate geographic position using a watch synchronized with
the SONDE to verify data corresponding to each station.
Two water samples at each of the five dive sites were collected using a Niskin sampling bottle for nutrient analysis. Samples were kept frozen until delivery to the School
of Ocean and Earth Science Technology Laboratory for
Analytical Biogeochemistry at the University of Hawai‘i
at Mānoa. Variations of physical and chemical water quality parameters were described and examined by site. A
principal component analysis (PCA) was applied to the
physical water quality data to examine an environmental
gradient among sites. Variables including water temperature, salinity, turbidity, depth, dissolved oxygen, and pH
were assessed for linear relationships between pairs of the
variables using the scatter plot matrix. The values of each
variable were scaled and centered for the analysis. Data
analysis was performed using R version 3.6.1 [49] with its
integrated development environment, RStudio version
1.2.1335 [50] and the package ‘factoextra’ in R [51].

Case Study

2.4 Reef biota
The reef community and neighboring habitat were visually
assessed in situ at five primary sites including OC, IC, OHB,
PSB, and NRF using SCUBA (Fig. 1). In addition, a visual
assessment was conducted at the inner harbor breakwater (IHB) as a reference for a reef community on the artificial structure. Timed swim observations were made by
a pair of experienced divers for 45 min to encompass as
broad an area as possible for the proposed submerged
breakwater (~ 100 m length × 15 m breadth) [52], while
remaining within a representative habitat at each site.
Observations were made across the depth range from
subsurface to sea floor due to the vertical and rugose
nature of the structures particularly at NRF, OHB, and IHB.
Divers swam carefully and slowly to minimize disturbance
to fishes. Presence of all species including fishes and epilithic benthos (macro-algae, hermatypic corals, and sessile and mobile macro-invertebrates) were recorded at
the lowest taxonomic level possible. The in situ surveys
also allowed divers to validate information obtained from
the photographic data by the drop camera system, and to
supplement these data with detailed field observations on
reef organisms at finer taxonomic resolution. Microscopic
species that require collection and infaunal species were
beyond the scope of the present study. Jaccard similarity
coefficient was calculated for each pair of six diving sites to
determine similarity in species presence and composition
among survey sites representing variety of habitats. Number of observed species was aggregated into ecological
functional groups (macro-algae, hermatypic corals, macroinvertebrates, and reef fish) and analyzed using a redundancy analysis (RDA) to assess its relationship to the environment. Measured values of environmental parameters
were averaged by site to relate to the number of observed
species for each site. The environmental variables including depth, water temperature, salinity, pH, dissolved oxygen, depth, total nitrogen, total phosphorus, silicate, and
chlorophyll a concentration were first examined using
a PCA to select three variables with the highest proportions of contributions to avoid over-parameterization of an
RDA model. An RDA model was evaluated by a permutation test of F-statistic for a significance of contribution by
each RDA axis. Linear regression analysis was also used to
examine a univariate relationship between total number
of species and each of the environmental variables. Values of water temperature, turbidity, and total phosphate
were log-transformed. Salinity and total nitrogen values
were squared to meet the assumptions. Statistical analyses and visual representation were performed using the R
packages ‘vegan’ [53] and ‘factoextra’ [51]. A species list of
each of the five zones can be accessed in the supplemental
information.
Vol.:(0123456789)
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3 Results
3.1 Survey of geomorphic and benthic cover
The track length of the drop camera transects ranged
from between 234 and 501 m (Fig. 1) covering 4682 m2 of

Fig. 2  Relative occurrence of geomorphic features and biological
cover types, a live coral, b coralline algae, c turf algae, d sand, e carbonate rock, and f reef rubble in photographic data collected durVol:.(1234567890)
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benthic features in the study area. Figure 2a–f describes
the distributions of geomorphic features and biological
cover types among the seven transects. Topography of
T1, T2, T6, and T7 was highly complex near the reef edge
(Fig. 3a, b). The highest live coral cover was found on
T7, then followed by T6 (Fig. 2a, S1 in Supplementary
materials), located at the outer natural reef on the spur

ing the drop camera transects. The X-axes indicate transect IDs, and
the Y-axes show relative occurrence of cover type and abundance
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Fig. 3  Three-dimensional
image models of geomorphic
features representing a T6,
and b T1 for visualization.
Images were reconstructed
using Metashape Professional
(Agisoft, LLC) from photographic data collected during
the drop camera transects

and groove zone (Fig. 1), approximately 500 m seaward
from the proposed submerged breakwater installation
site (PSB). About 40% and nearly 20% of images included
live coral cover on T1 and T2, respectively; but the majority of images were in the category none (< 10% cover, S2)
or sparse (10 to < 50% cover, S3) and a very small fraction
of images included patchy (50 to < 90%) cover. No live
coral was observed on T3, 4, or 5.
The most abundant live coral cover on observed transects was the genus Montipora (rice coral) which include
M. capitata, M. flabellata, and M. patula. The relative abundance of Montipora species was high on T6 and T7, comprising nearly 70% of live corals, and about 50% on T1 and
T2 where live corals were also found. M. flabellata (blue rice
coral) was particularly abundant on T6 and T7. The genus
Porites was common, but not as abundant as Montipora
species, and comprised nearly 25% of live corals on transects on which live corals were found. Species included in
this genus are Porites compressa (finger coral) and the less

dominant P. lobata (lobe coral). Pocilloporidae, including
Pocillopora meandrina (cauliflower coral), were less common than the former two genera comprising < 5% of all
live corals on images of T1, T6, and T7, and about 10% of
live corals on T2. Zoanthids, including Palythoa caesia and
Protopalythoa heliodiscus, comprised 11–16% of live colonial cnidarians on T1 and T2 and < 5% on T6 and T7. Patchy
and sparse cover of coralline and turf algae was found in
< 25% of transect areas on T1, T2, T6, and T7 (Fig. 2b, c).
Results of in situ observations confirmed that most
areas with hard bottom, rocks, and rubble were sparsely
covered by coralline or turf algae in the absence of corals
and other sessile organisms. No coralline and turf algae
were observed on images on T3, T4, and T5. Sand was the
most frequently observed geomorphic feature in the study
area. It appeared in between > 60% and 100% of images
obtained from T1 through T5 (Fig. 2d). T5 consisted entirely
of sand. Over 50% and 70% of images showed no substantial sand cover (< 10% cover) on T6 and T7. Sparse
Vol.:(0123456789)
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carbonate rocks and reef rubble mixed with sand were
observed mainly on T2, T3, and T4 (Fig. 2e, f ). These rocks
and rubble generally increased in coverage toward the
harbor breakwater. Scattered carbonate rocks void of corals were common between the sand channel and pavement, and only hard substrate was available for epilithic
organisms.
In summary, geomorphic characteristics (consolidated
substrate, carbonate rock, reef rubble, and sand) shifted
along a gradient of hard bottom from east to west near
the entrance of the Kahului Commercial Harbor. A substantial number of images included scattered small carbonate
rock and reef rubble between the shipping channel and
the consolidated natural reef. The proposed submerged
breakwater site fell within habitat characterized by a continuous to patchy mix of carbonate rock, reef rubble, and
sand lacking in live coral coverage. A high proportion of
continuous live coral occurred on the outer natural reef
approximately 1 km from the harbor entrance. The occurrence and cover of live corals on the natural reef decreased
near the harbor. The most abundant corals were from the
genus Montipora that comprised a high proportion of
continuous cover. P. lobata and P. compressa were common, while P. meandrina was least common on the natural
reef observed during this evaluation. These benthic characteristics of various habitats were consistent with in situ
observations.

3.2 Water quality characterization
Water quality measurements and sampling were conducted on May 30, 2013, between the slack outgoing tide
and the incoming tide. Relatively clear weather and calm
seas with an average wave height of 1.3 m (CDIP, Scripps
Table 1  Means of physical
water quality variables,
nutrients (µmol−1), and
chlorophyll a (µg l−1) at five
in situ survey sites

Variable

Temp. (˚C)
Salinity (ppt)
Turbidity (NTU)
ODO (mg/l)
Depth (m)
Nitrate–Nitrite
Ammonia
Total nitrogen
Inorganic phosphate
Total phosphorus
Silicate
Chlorophyll α
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Institution of Oceanography, UC San Diego) [54] and wind
speed of 1.6 m/s from directions ranging between 325°
and 16° (Station KLIH1-1615685, NOAA National Data Buoy
Center) [55] were recorded during the sampling period.
Mean temperatures were affected by depth that was
related to a sampling site. Temperature was inversely
related to depth, indicating that the shallower IC was
warmer than the deeper sites near the bottom with sunny
and less windy condition. However, this among-site variation is relatively small when compared to the difference
among monthly means, which may vary by 1–2 °C within a
year. At all sites, the average salinity and dissolved oxygen
were within the range of observed values in coastal water
exposed to open seas.
The highest turbidity occurred at IC (1.6 NTU), while
relatively low at other sites (0.1–0.8 NTU) (Table 1). The
coefficient of variation was high within and across site
for turbidity. In situ horizontal visibility appeared particularly low at IC, IHB, and OHB. Stratification of turbidity was
observed at OC. Excess deposition of fine-grained sediment and silt on coral and other benthic organisms was
also clearly evident at IHB, although no measurements
were taken at these sites.
Average nutrient concentrations were relatively low
(Table 1), compared to reported nearby inshore locations
in Kahului Bay in the existing literature.
Mean concentrations of all nutrients were numerically
higher at OHB with greater variability than other sites.
Variations in nutrient levels were particularly high for
nitrate + nitrite and ammonia at sites where these were
detected. Chlorophyll a did not exhibit an obvious association with salinity.
The first three principle components (PC1, PC2, and
PC3) explained 87.3% of the total variation. Temperature

Site
IC

OC

OHB

PSB

NRF

25.4 (0.1)
35.6 (0.0)
1.6 (46.2)
6.95 (1.0)
9.1 (7.3)
0.00 (NA)
0.01(173.2)
4.91 (14.2)
0.11 (10.0)
0.14 (34.3)
3.9 (23.0)
0.74 (3.4)

25.1 (0.3)
35.6 (0.0)
0.8 (92.0)
7.01 (0.9)
11.8 (10.2)
0.02 (141.4)
0.07 (141.4)
3.55 (14.0)
0.07 (1.0)
0.13 (5.3)
6.1 (50.5)
0.79 (28.6)

25.2 (0.2)
35.7 (0.1)
< 0.1 (0.0)
6.90 (1.0)
11.7 (5.5)
0.41 (141.4)
0.94 (128.7)
5.04 (48.0)
0.07 (1.0)
0.33 (61.9)
26.2 (126.7)
0.51 (15.3)

25.0 (0.1)
35.7 (0.0)
0.1 (180.7)
6.93 (0.3)
13.5 (4.2)
0.03 (141.4)
0.15 (141.4)
4.57 (22.4)
0.09 (40.2)
0.25 (8.6)
3.3 (32.1)
1.00 (10.0)

25.0 (0.0)
35.7 (0.0)
0.3 (167.3)
6.96 (0.4)
13.0 (2.6)
0.00(NA)
0.20 (141.4)
3.37 (6.1)
0.05 (25.6)
0.26 (1.1)
1.9 (21.5)
1.24 (48.7)

The coefficient of variation (%) is indicated in parentheses. ODO optical dissolved oxygen. Turbidity at
OHB might have the potential for interference using optical readings
Vol:.(1234567890)
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and turbidity were positively correlated, while depth and
salinity were negatively correlated along PC1, accounting
for 46.8% of the variation (Fig. 4). The greatest contributor was water temperature followed by depth, turbidity,
and salinity to PC1. Dissolved oxygen and pH were the
two largest contributors that inversely correlated along
PC2 accounting for 25.1% of the variation. The PCA biplot
indicated that IC and OC were mainly influenced by water
temperature and turbidity along PC1, and the characteristics of the physical environment were distinct from other
sites for IC and OC (Fig. 4). While NRF and PSB clustered
along PC1, OHB positioned between OC and correlated
with PC2. OHB shared the physical water characteristics
with NRF and PSB.

3.3 Reef biota
A total of 101 species, including algae (16), macro-invertebrates (37), and fishes (48), were identified among all
sites during the field evaluation. A total of 13 hermatypic
coral species were found among all sites (S1). The total
number of observed species at each site is summarized
in Table 2. Five benthic species recorded were introduced
or potentially introduced, while only one introduced fish
species was found throughout the observations. Five of

Table 2  Number of species observed at each site
Site

Total

Epilithic benthos Hermatypic
(all)
coral

Fish

NRF
OHB
IHB
PSB
IC
OC

43
34
30
13
1
0

19
16
15
11
1
0

24
18
15
2
0
0

8
6
7
0
0
0

The number of epilithic benthos include hermatypic coral species.
Site Codes: shipping channels outside (OC), inside the channel (IC),
the proposed submerged breakwater installation site (PSB), the
outer harbor breakwater (OHB), the inner harbor breakwater (IHB),
and the natural vertical reef and reef flat (NRF) adjacent to the proposed site in the Kahului Bay area

these six species, including Acanthophora spicifera (spiny
seaweed), Carijoa riisei (snowflake coral), Mycale armata
(orange keyhole sponge), Pennaria disticha (Christmas tree
hydroid), and Lutjanus kasmira (blueline snapper), are also
considered invasive in Hawai‘i [56].
The overall similarity in the presence of species was
low, resulting in about 2–26% among sites (Table 3). A
maximum of only two species were found to be common

Fig. 4  A PCA biplot of physical
oceanographic parameters
including water temperature,
turbidity, salinity, depth, dissolved oxygen, and pH. Each
ellipse corresponds to each
site, representing the 0.95
probability that a random variable falls within two standard
deviations of its mean when
normally distributed
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Table 3  Pair-wise comparison of species in common and similarity
(%) in species present between two given sites
Site

Number of species

Similarity
(%)

PSB-OHB
PSB-IHB
PSB-NRF
OHB-IHB
OHB-NRF
IHB-NRF

2
1
1
13
15
13

4.4
1.7
1.8
25.5
24.2
21.7

No species and only one species were observed at OC and IC,
respectively; thus, these sites were excluded from the comparison.
Site Codes: shipping channels outside (OC), inside the channel (IC),
the proposed submerged breakwater installation site (PSB), the
outer harbor breakwater (OHB), the inner harbor breakwater (IHB),
and the natural vertical reef and reef flat (NRF) adjacent to the proposed site in the Kahului Bay area

between PSB and all other sites. Species at PSB were the
least similar to those at NRF. Species at OHB and IHB were
the most similar. Species composition observed at PSB
is distinct from those observed on consolidated natural
reef and the artificial habitat. Only Thalassoma duperrey
(saddle wrasse), Acanthurus nigrofuscus (lavender surgeonfish), Ctenochaetus strigosus (goldring surgeonfish), and M.
Fig. 5  A bar plot of variable
contributions to the explained
total variation along the first
principle component axis
when chemical parameters
were included at site level
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capitata (brown rice coral) were common to these three
sites. Similarly, OHB, IHB, and NRF were predominantly
influenced by fishes but not benthic species.
The RDA model was specified with total phosphorus,
salinity, and turbidity as the explanatory variables according to the result of the PCA including nutrient parameters.
Total phosphorus, salinity, and turbidity were the three
most correlated variables with the first principle component which explained 48.2% of total variation (Fig. 5). The
unconstrained ordination included a number of macroalgae, hermatypic corals, macro-invertebrates, and reef
fish observed at each site as response variables, and the
specified RDA model resulted in the adjusted R2 = 0.11.
The first redundancy axis (RDA1) accounted for 54.5% of
the variance contributing to the correlations followed by
22.7% of the second RDA axis (RDA2). The three RDA axes
accounted for approximately 78% of the total variance,
while the unconstrained axis contributed approximately
22%. Total phosphorus and salinity were positively correlated, while turbidity was negatively correlated with RDA1
(Fig. 6). Macro-invertebrates, hermatypic corals, and reef
fish were also associated with RDA1, while macroalgae
was strongly associated with RDA2. Results of the F-statistic permutation test were not statistically significant
for all three RDA axes. The best performing simple linear
regression models included total phosphorus (adjusted
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Fig. 6  A triplot of the RDA
model describing the relative
contributions to correlations of
environmental and functional
groups with RDA axis 1 and
2. Numbered yellow points
indicate sites: 1 = IC, 2 = OC,
4 = PSB, and 5 = NRF. Although
OHB is labeled as 3, it is not
included in the triplot since it
is treated as a reference level of
the regression in the statistical
software R

R2 = 0.63), followed by pH (adjusted R2 = 0.63), turbidity
(adjusted R2 = 0.45), and salinity (adjusted R2 = 0.22) as
explanatory variables for total number of species. Total
phosphorus, pH, and salinity showed positive relationships
with total number of species, while a negative relationship
was observed with turbidity. However, the relationships
between total number of species and total phosphorus,
pH, turbidity, and salinity were not statistically significant.

3.4 Characterization of epilithic benthos
The highest number of epilithic species was found at NRF,
followed by OHB, IHB, PSB, and IC (Table 2). The highest
proportion of continuous live coral cover was also found
at NRF. An abundance of multiple coral species, including
M. flabellata found in well-circulated high wave energy
zones, was present on the shallow reef top. A vertical wall
that faces the shipping channel and extends to the sandy
seafloor adjacent to PSB was predominantly colonized
by coralline algae and M. capitata. These colonies of M.
capitata were characterized with platelike morphology
(S5). The observed epilithic community was dominated
by non-indigenous and introduced species at PSB. These
were mainly filter feeders such as sponges, tunicates, bryozoans, deposit-feeding worms as well as the invasive Acanthophora spicifera (spiny seaweed). However, the overall
relative abundance of these organisms was low because
suitable substrates, primarily carbonate rock, were scattered. M. capitata, M. patula, and Pocillopora meandrina

were relatively common, while Pocillopora grandis was
rarely observed at OHB.
Live corals were sparsely distributed from 3 to 5 m
depth on the breakwater at OHB. The breakwater structure was also colonized by non-indigenous species. These
were mainly comprised of sponges and soft corals that
were common on shaded surfaces of the breakwater. Carijoa riisei (snowflake coral) was documented for the first
time in Hawai‘i in 1972 [57] and is known for its invasive
nature throughout the Hawaiian Archipelago. Zoanthids
(Palythoa caesia), frequently observed at NRF, were also
present on the breakwater. Mobile invertebrates including spiny lobster and sea cucumbers were also present.
Historical colonization and growth of M. capitata were
evident at IHB with live corals growing on dead colonies.
Pocillopora damicornis (lace coral) and Porites brighami
(Brigham’s coral) were relatively rare during the present
study and only observed at this site. M. capitata had poor
physical conditions here compared to colonies at OHB and
NRF. Many colonies of this species on the inside harbor
wall exhibited a disease referred to as Montipora White
Syndrome [58], which causes acute or chronic loss of their
living tissue, often leading to partial or full mortality of a
colony.

3.5 Characterization of reef fishes
Number of reef fish species was highest at NRF, followed
by OHB, IHB, and PSB (Table 2). Fishes associated with
natural reefs were similar in composition and relative
presence to other natural reefs with similar depth ranges
Vol.:(0123456789)
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in Hawai‘i. Fishes were abundant at NRF on natural reefs,
including small herbivores, planktivores, and corallivores
such as surgeonfish, juvenile parrotfish, damsel fish, and
butterfly fish. Sighting of larger carnivorous fishes was
uncommon on the natural reef, but large reef fishes and
mobile invertebrates, such as bluefin trevally, goatfish, and
spiny lobsters, were commonly observed at OHB and IHB,
frequently utilizing it as habitat both inside and outside
the breakwater. Aggregations of popular fisheries species,
such as convict tang and bluefin trevally, were locally common during in situ surveys on the artificial structure. The
presence of reef fishes was extremely sparse in PSB, consisting of habitat with unconsolidated fine sand/mud, carbonate rock, and rubble. Observed fish species included
Chaetodon miliaris (milletseed butterflyfish), aggregated
Lutjanus kasmira (blue stripe snapper, an introduced invasive species), Foa brachygramma (bay cardinalfish, commonly seen around dead corals), sponges, and dense algae
in harbors.

4 Discussion
4.1 Reef community patterns and application
of a multi‑purpose submerged breakwater
Although there is no lack of studies on structural engineering or coral reef habitat restoration, the absence of
research on merging structural design with ecological reef
enhancement to surrounding reefs is minimal. This prevented the use of similar, established methodology and
required the adaptation and combination of coral reef
techniques and structural engineering principles and to
assess the benthic communities, environmental conditions, and topography for design of a multi-purpose reef
structure.
The present field survey provided the updated information on the ecological and environmental characteristics of the varying benthic habitats inside and outside
Kahului Commercial Harbor and examined ecological
and engineering potentials for how a submerged breakwater at Kahului could be designed as a multi-purpose
‘reef structure’ for harbor protection, while replacing a
deeper barren-disturbed soft-bottom area with an optimal
shallow-water coral reef habitat. Our results agreed with
geomorphic features and habitat characteristics classified
in the NOAA benthic habitat map [40] and Kahului reef
tract description [59]. Live coral cover increased and was
continuously high on natural reefs with rugose (high complexity) hard substrate that was further outside and distant
from Kahului Commercial Harbor. Distribution patterns of
geomorphic features, live coral cover, and non-indigenous
organisms were spatially distinct among transects and
Vol:.(1234567890)
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survey sites and can be predominantly explained by differences in geology [59], hydrodynamic regime, substrate
type, morphology, and water quality. The proposed submerged breakwater in this area would increase shallow
hard bottom and water motion, which favors reef coral
community development as observed on the neighboring natural reef.
The physical environment of the Kahului reef was found
to be distinctly characterized by a gradient in temperature,
turbidity, and salinity between habitats, with consolidated
(the natural reef, NRF, and open harbor breakwall, OHB)
and unconsolidated (the inside channel, IC, and outside
channel, OC) substrates in addition to geomorphic and
benthic features. While the substrate of the proposed
submerged breakwater site (PSB) consisted mainly of reef
rubble and small carbonate rock, it shared physical seawater characteristics with NRF. Such similarity in the physical environment would help facilitate the settlement and
presence of reef organisms on the submerged breakwater
within proximity of the natural reef. A relatively large influence of habitat types was observed regarding the presence and composition of species. Salinity, turbidity, and
nutrients such as total phosphorus appeared to be influential factors on the number of reef organisms present in
a given habitat in Kahului.
There are several key environmental and ecological
considerations for engineering designs of the submerged
breakwater in Kahului. Differences in epibenthic community compositions between artificial and natural habitats
are associated with multiple factors, including human disturbance [60], the age of artificial structures and succession [61, 62], the spatial orientation and design of artificial
structures [61, 63], their proximity to open-water conditions [43, 44], localized wave exposure, and environmental
differences [64]. An observed gradient in composition of
epibenthic communities highlighted the importance of
the wave dynamics and water flow characteristics across
highly complex reef topography for a formation of natural reef community. In the shallow natural reef in Kahului,
the abundance of coralline algae, live coral, and low-coral
morphology indicates that the dominant environmental processes were constant high-wave disturbance and
prevailing open-sea-like conditions. In particular, the distribution of Montipora flabellata is sensitive to hydrodynamics of the reefs and commonly associated with high
water motion [65, 66]. While the species ranks as the sixth
most abundant species statewide [41], the relatively high
abundance of M. flabellata on the exposed outer natural
reef in Kahului was linked with a high-wave exposure and
well-circulated water flow that favors this species [67].
Nevertheless, M. flabellata was abundant at rugose areas
of the natural reef, but was absent on the outer breakwater, although the site is also exposed to constant, intense
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wave energy. Preferential colonization of M. flabellata may
be due to wave exposure and pressure as well as differences in types, directions, velocities, and turbulence of
wave-driven water flow over colonizing surface, influenced by macro- and micro-habitat structures. Patterns
in water flow are an influential factor for this species in
optimal feeding, particle removal, competition, and niche
partitioning.
A number of hermatypic corals, macro-invertebrates,
and reef fishes were negatively associated with turbidity
during this study. Sediment resuspension and turbidity
dynamics are important factors on the design of a submerged breakwater to promote coral settlement and
growth. Corals on a vertical wall adjacent to the proposed
submerged breakwater installation also showed platelike morphology [68, 69], likely responding to low light
condition caused by attenuation from suspended matter,
sediment, and depth. The vertical wall adjacent to soft bottom is open to sediment resuspension. Water quality data
and in situ observations suggested that light penetration
(lower turbidity) increased further from the shipping channel. Highly turbid water will reduce light available for coral
photosynthesis [70–72] and reduce the energy used for
competition against other opportunistic organisms, such
as the non-indigenous or introduced filter feeders and
deposit feeders prevalent in the harbor [43, 44]. Sediment
deposition prevents coral larvae from settling on a surface
and strongly impacts post-recruitment survival of corals
[73, 74]. Recruitment, mortality, and growth of corals were
found to be equivalent to the natural reef on the windward
breakwater, while the coral community on the leeward
side experienced low cover, small size, and high mortality, indicating effects of wave exposure and sedimentation [64]. A shallow and gradual sloping of hard substrate
will receive higher levels of irradiance, which favors coral
growth. Sediment transport and suspension would greatly
differ by ‘large roughness’ created by canopies of corals
and reef organisms, but ‘large roughness’ is rarely taken
into account in numerical hydrodynamic models [75]. Both
macro- and microstructural elements need to be reflected
in a design of a submerged breakwater to facilitate optimal water flow and circulation while minimizing sediment
deposition and resuspension to facilitate colonization and
growth of symbiotic corals.
There is a potential for elevated nutrient levels around
Kahului Commercial Harbor. High levels of fresh water and
nutrients were not detected during this study but may be
a long-term concern during storm events. It’s been documented that heavy rains in October 2002 caused lower
salinity and higher turbidity [38]. Moreover, the submerged groundwater discharge (SGD) is another pathway to introduce nitrogen in surrounding coastal waters
in Kahului. The nitrogen in SGD was identified and linked
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to a mix of groundwater and treated effluent water from
injection wells of the Kahului Wastewater Treatment [76],
which is located approximately 1400 m southeast of the
proposed deployment location for the submerged breakwater. The higher mean nitrate-nitrite and ammonia values of the outer harbor breakwall site may indicate the
local influence of SGD with land-based sources of nitrogen when compared to other sampling sites. Prolonged
freshwater and associated high levels of nutrients with
limited water circulation can favor eutrophic conditions
that are detrimental to coral reef development [77]. Surfaces of the outer and inner harbor breakwater modules
were noticeably covered by encrusting sponges that may
indicate abundance in supply of organic matter and nutrients in the water. Invasive organisms such as Carijoa riisei,
snowflake soft coral, and macro-algae, Acanthophora spicifera, can become abundant due to prolonged high nutrient levels and could potentially have negative impacts
on the development of coral-dominated communities.
Minimizing shady surfaces and holes favored by nonphotosynthetic and/or heterotrophic invasive species
(e.g., Carijoa riisei) is another consideration in the design
of the submerged breakwater in a potential nutrient-rich
environment.
It is interesting to note, however, that elevated nutrient
by itself might not be a primary concern for coral health,
but it is the imbalanced ratio of inorganic nitrogen to
phosphate (N/P) due to a phosphate deficiency [78]. An
Indo-Pacific hermatypic coral, Euphyllia paradivisa, maintained normal symbiont density, photosynthetic capacity,
polyp size, and non-bleaching status under high nitrogen–high phosphate and low nitrogen–high phosphate
conditions, while normal coral health was compromised
in the high nitrogen–low phosphate environment [78].
The nutrient environment identified at NRF and PSB was
nitrogen-limited, with small N/P, and total phosphorus was
positively correlated with the number of species present
during this study. The presence and abundance of symbiotic hermatypic corals is expected on a submerged breakwater at PSB if the N/P is small as at NRF.
Salinity of seawater is another crucial environmental
factor for the presence and survival of coral reef organisms. Effects of lowered salinity due to flash floods, as is
a common occurrence in Hawai‘i, can be detrimental to a
reef community [79, 80]. A decline in salinity can interfere
with the osmotic regulation of reef organisms. In particular, corals tolerate a narrow range of salinity between 25
and 40‰ depending on the regional distribution, and
salinity less than 15–20‰ over a 24-h period is lethal to
most species corals [81]. However, the development and
high coverage of hermatypic corals on Kahului’s undisturbed natural reef suggest that low salinity due to surface
runoff may not be a serious concern outside the harbor,
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not limiting the potential settlement and prevalence of
hermatypic corals and reef organisms. The proposed submerged breakwater deployment site faces the open ocean;
thus, the seawater mixing would help maintain the salinity
level that is normal for the Kahului reef.
The shading effect is another consideration in submerged breakwater designs serving as an artificial habitat. It influences the adaptation of symbiotic corals to
light regimes and their photosynthetic performance. The
observed difference in the composition and their phenotypic morphology of symbiotic corals inside and outside
breakwall was likely a response to shading in addition
to intense wave energy. The encrusting Montipora capitata and M. patula and the depressed and/or horizontally
extended branching form of Pocillopora meandrina on the
outer breakwater imply adaptation of corals to consistently high-wave disturbance and shading environments
[68, 69]. While P. meandrina is prevalent in high surf zones
on the natural reef, its morphology is normally spherical
rather than depressed. Structural modules of the large
harbor breakwater in Kahului [52] may create potentially
strong shading effects due to its height and void among
its concrete modules. However, partial shading can be a
beneficial factor in coral growth and survivorship. Corals with large polyps such as M. capitata can absorb up
to 99.9% of incident light, but less than 0.1% penetrates
to the skeleton, while corals with small polyps such as M.
flabellata can become light-saturated at very low light levels, effectively amplifying light availability for its photosynthetic algal symbionts [82–84]. Corals living in shaded
conditions flourish with only 1% of surface light [85] and
adapt rapidly from high light to shaded conditions with
greater photosynthetic capacity [86]. Corals in high light,
shallow waters have lower primary production due to light
saturation than coral in low light regimes. Due to rapid
light saturation, corals use only approximately 1% of available light [85] and many Hawaiian coral species become
saturated by the early morning [87].
Utilization of harbor breakwaters and large pier pilings
as habitat by reef fishes has been commonly observed,
and these results were expected in our study. Biomass and
abundance of reef fishes are greatly influenced by depth,
complexity of reef topography, and interstitial space [88].
Area and volume of holes were found to be strong predictors for overall biomass and biomass of most feeding and
mobility guilds, while low fish biomass was associated with
habitat characterized by simple topography and minimal
shelter space away from the reef edge [88]. In this study,
frequent fish utilization of the breakwater is likely due to
high three-dimensionality and available interstitial holes
provided by the breakwater modules, while adjacent habitat is characterized by low relief with unconsolidated rubble at OHB and fine-grained sediment at IHB.
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Overall, the relatively intact offshore coral communities
demonstrate that water quality is sufficient to support a
healthy coral reef community on the submerged breakwater insofar as the design reflects the environmental
characteristics of adjacent natural reefs with similar spatial orientation and depth [25, 61]. Average salinity, dissolved oxygen, water temperatures, and nutrients would
be expected to be similar between the natural reef and
the submerged breakwater site outside the Kahului harbor
due to a mixing by prevailing trade winds. There are engineering designs and technological considerations that
can be easily combined to facilitate the development of
a local reef community in Kahului reflecting the structural
characteristics favored by the natural reef community on
the adjacent reef. The optimal orientation, size, depth, and
types of a submerged breakwater were examined by Foley
[52] through numerical and physical modeling of wave
dynamics focusing on harbor protection. The design can
incorporate macro- and microhabitats of reef characteristics, such as topographic complexity, spatial orientation,
materials, and texture mimicking natural reef components.
The proposed submerged breakwater will also function as
a fish habitat, adding three-dimensional complexities to
the two-dimensional rubble field, likely increasing local
fish density and biomass [88, 89]. The composition and
morphology of the coral community that would eventually develop on the proposed submerged breakwater are
expected to be similar to those observed on the outer
breakwater and vertical wall of an adjacent reef. The outside harbor breakwater may be seen as an example of a
transitional habitat for both native and introduced benthic
organisms and reflects the potential community composition on the submerged breakwater. This would be a considerable improvement over the present situation in that
area. The multi-purpose submerged breakwater will provide suitable substrate, enhance hydrodynamic conditions,
increase irradiance, and provide optimal water quality for
recruitment, growth, and survival of coral in the 5–7 m
depth range, while minimizing colonizing space favored
by non-indigenous invertebrates and algae. The existing
unconsolidated mud–sand bottom will be replaced by a
coral reef. A properly designed breakwater could enhance
coral reef resources in the region, which would serve to
offset and mitigate other impacts in Kahului.
The scope of the present study was limited to a firsthand environmental snapshot and ecological characterizations to inform the preliminary engineering design of
a proposed submerged breakwater as a multi-purpose
reef adjacent to Kahului Commercial Harbor. Long-term
ecological studies and monitoring of surrounding natural
reefs and the existing harbor breakwater would be useful
to assess the development and succession of a coral reef
community on the submerged breakwater if implemented.
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Coral recruitment and community development on artificial reefs, engineered infrastructures, and surrounding
natural reefs have been compared within other regions
(e.g., the Red Sea) to assess the ecological performance of
designed artificial structures [90]. However, such studies
are relatively rare in Hawai‘i. Spatiotemporal dynamics of
the environmental quality and reef communities can be
quantified to determine the performance of a submerged
breakwater designed as a means of coral reef restoration
in addition to coastal protection of the Kahului area. Engineering designs of submerged breakwaters can be tested
using machine-aided model simulations of community
dynamics, e.g., [91, 92], employing ecological, environmental, and hydrodynamic parameters derived for a candidate design. While little support was found by statistical
models applied during this study, there may be additional
environmental variables to be tested for model improvement. For example, many reef organisms are found in
rugose hard substrates. However, structural complexity
was not measured and included in the statistical model. A
future study is needed to quantify and estimate ecological
parameters for developing such predictive models.

4.2 Management considerations
A successful multi-purpose project must be based on the
development of clear objectives, potential management
approaches, and well-defined and delegated responsibilities [21]. There are several key short-term and long-term
management issues that must be considered, including
construction and deployment methods [93] and their
impacts, changes in water quality patterns including the
distribution of sediment and nutrients, the propagation of
non-indigenous and harmful invasive species, recreational
access, use as a de facto fish aggregation site, and hazardous scenarios for potential users in the proximity to the
main shipping lane. In addition, the methods for evaluating performance of the reef structure need to be clearly
defined and quantified. In the case of the submerged
breakwater at Kahului, this would involve continual monitoring of the developing coral reef community on the
surface of the structure. The resulting data would guide
management and contribute needed information, since
artificial reef programs often lack testable objectives and
do not perform follow-up monitoring [21].
The following are the essential components that the
authors have followed when developing a multi-purpose
reef structure program in Kahului Bay and Hawai‘i:
1. The objectives of building a multi-purpose submerged
breakwater should be stated clearly, with a solid
design and results supported by the scientific literature.
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2. Stake holders, research groups, and regulatory authorities need to be identified and coordinated in a cohesive manner according to objectives, potential issues,
and responsibilities during planning, implementation,
and management of the proposed reef structure. Support of the community, regulatory agencies, environmentalists, and scientists is critical to the success of the
undertaking.
3. The design should improve water circulation, increase
irradiance, increase area of suitable hard substratum,
and minimize sedimentation to produce the optimal
habitat quality for corals. Such design may incorporate
characteristics of adjacent natural reef by including
textual and structural complexity.
4. Ecological assessment and quantitative long-term
monitoring should be included in the development
and management of the reef structure, to assess structural performance and determine the level of success
according to management goals. Ecological monitoring of the submerged breakwater and the adjacent
reference reef should be conducted before and during
installation, and periodically thereafter.

5 Conclusions
The proposed Kahului project provides a valuable opportunity to demonstrate the validity of an ecological engineering approach, integrating goals for harbor protection
and conservation of coral reefs in Hawai‘i. This study documents and discusses what can be learned about ecological
applications of artificial reefs and coastal defense structures. It is crucial to consider and implement the design of
a multi-purpose reef in anticipation of different ecological
consequences for the conservation and long-term management of Maui’s declining coral reefs. The artificial reef
can resemble the adjacent natural reef community when
structural characteristics of an artificial reef are similar
to those of the adjacent natural reef. There is considerable ecological information on coral reefs that supports
the concept of building a suitable structure that leads to
the recruitment of organisms and the development of a
reef community. In Hawai‘i, existing studies have focused
on determining patterns of early fouling and coral communities on artificial reefs, but these study sites were not
located near man-made infrastructures similar to the harbor jetty in Kahului Harbor. Explicit comparisons of the
community assemblage on a coastal defense structure
and an adjacent natural reef are rarely found. As impacts
of sea level rise and decline of coral reefs have been widely
witnessed in the Pacific, a submerged breakwater will play
an important role as artificial substrate for enhancement
of coral reef communities by adding to topographic and
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microhabitat complexities while benefitting the coastal
community with hazard protection. Results of the current study present updated habitat information and ecological insights, in relation to the design of a submerged
breakwater, as a multi-purpose reef adjacent to Kahului
Commercial Harbor. The data represent a vital baseline
for the future planning and formal environmental assessment required prior to installation and modification of the
nearshore benthic habitat. This integrative project considers combined ecological, environmental, and engineering
aspects of a coastal defense structure and can serve as a
guide for adaptive planning and management decisions
at Kahului, and as the example for other harbor development and shoreline construction projects throughout the
tropics.
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