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Project Scope
The scope of this project was limited to the evaluation of relative sensitivity of shallow
environments along the ‘Āhihi Kīna‘u Natural Area Reserve to trampling with emphasis on the
reef corals. Other anthropogenic impacts that may damage corals, invertebrates, and fishes are
outside the scope of this study. Observations were taken on relative abundance, species
presence, and species richness of corals. This was used to develop an index of trampling
sensitivity. These data were evaluated in reference to findings of various other studies including
research on skeletal strength, breakage rates, and direct human impact to corals. Therefore,
conclusions as to the relative sensitivity of various sites were based on what can be inferred from
these data. This study did not quantify factors such as the numbers of people using each site and
did not measure direct human impact on each site. Questions such as carrying capacity at each
site are beyond the scope of this work and will require extensive additional research.
Nevertheless, the study identified the sites most sensitive to human trampling. The data will be
useful in making decisions relevant to the broader questions of management.
Introduction
Tourism, which is Hawai‘i’s number one industry, can negatively impact shallow water coral
reefs through overuse of the nearshore environment. A large percent of Hawai‘i’s reefs are
located within close proximity to major urban centers and are easily accessible. Use by
residential and visitor populations have increased on both spatial and temporal scales, with
potential damage to the reefs (Gulko 1999). Of the nearly 7.5 million visitors that selected
Hawai‘i as their vacation spot in 2006, over 85% engaged in nearshore marine activities
(DBEDT 2007). Over 1,000 ocean recreation companies exist to accommodate the 6 million
tourists a year that use our marine resources. Although statewide averages have increased a
nominal 0.6% from 2005 to 2006, Maui has experienced a 7.6% increase in this same time
period (DBEDT 2007).
In recent years, an increasingly popular concept has been integrated into the tourism industry.
“Ecotourism” is a term applied to visitor activities that provide a terrestrial or aquatic wilderness
experience (Magnuson1993, Fullard-Leo 1996, Essoyan1997, Kitchen 1995, 1999) and brings
people into areas that otherwise would remain undisturbed. Ecotourism is growing worldwide.
Anthropogenic impacts on reefs of Hawai‘i have been linked to the tourism industry (Rodgers
2001). Barrus (1995) acknowledges the negative impact on the environment and the social
consequences involved in ecotourism. There are increasing concerns about sustainability and
carrying capacities that have generated research within the industry (DBEDT 2007). The
preservation of Hawai‘i’s nearshore ecosystem is critical to the continuation of this industry.
These businesses are dependent on the health of the reefs.
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Due to the complexity of coastal marine ecosystems and spatial and temporal variation, it is
extremely difficult to isolate specific impacts. Interest in coral reefs as a recreational resource
has increased, yet inadequate data are available as to the consequences of increased human
activity. Even no-take regions can be of concern, due to resource damage and environmental
degradation caused by trampling. Studies on carrying capacities have indicted a growing
concern for the environmental resources in these areas. Ecotourism has expanded into more
pristine and less accessible regions. Marine protected areas have become increasingly attractive
to tourists.
‘Āhihi-Kīna‘u Natural Area Reserve System (NARS) has become a popular ecotourist
destination. When it was designated in 1973 it became the first NAR in the State of Hawai‘i. It
has the unique distinction of being the only reserve in the system which includes a marine
component. The 807 acres of protected marine ecosystems embrace distinctive environments
including anchialine ponds, unique underwater formations, and high marine species diversity.
A reconnaissance survey (Basch et al. 2002) of the area from Keone‘ō‘io to Kanaloa Point
portrays a pristine coastline with high coral diversity and high coral cover, and has been
described as one of the most pristine in the Main Hawaiian Islands (MHI). Very high coral
species richness (31 species) was reported especially in shallow, wave-protected regions. The
most commonly occurring corals are Porites lobata, Porites compressa, Montipora capitata, and
Pocillopora meandrina. These 4 species are among the top 6 most common species found in
Hawai‘i (Rodgers 2005). Basch et al. (2002) found several extremely rare species and other
highly significant resources within the survey area, including Fungia granulosa reported from
shallow waters near Kanaloa Point. The pristine ecological conditions can be attributed to
excellent water quality, low fishing pressure, lack of coastal development, and low levels of
terrestrial runoff. Algal cover is extremely low compared to other parts of the Maui coastline
that have been subjected to nutrient enrichment and over fishing of herbivores.
Along with the ecological reconnaissance survey an extensive Human Use Study was conducted
by the Hawai‘i Wildlife Fund, commencing in 2001 in response to concerns of overuse and to
document human use patterns within the ‘Āhihi-Kīna‘u Natural Area Reserve. A continuation
and update of this work was subsequently initiated in September 2004 by the Hawai‘i Tourism
Authority (Vann et al. 2006). Visitor usage is currently being monitored by the Makai Watch
Program, officially recognized by DLNR. The data provided by these reports supply an estimate
of the average daily use of visitors to this area.
According to the State of Hawai‘i’s Department of Business, Economic Development and
Tourism (DBEDT), Maui received nearly 2.5 million visitors in 2006. Data from the Hawai‘i
Wildlife Fund (Vann et al. 2006) estimate approximately 8-10% of Maui tourists visit the
Keone‘ō‘io area within the ‘Āhihi-Kīna‘u Natural Area Reserve. More than 250,000 tourists a
year visit the area in addition to the local residential kama‘aina population.
A ban on commercial kayak activity within the reserve in 2003 reduced limited visitor usage for
several years, but visitor use in 2006 has now surpassed 2003 levels. Due to increased visitors,
there is concern for the conservation and sustainability of marine resources within the reserve.
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With over 20,000 visitors a month (Vann et al. 2006), data evaluating anthropogenic impacts of
human activity is vital to properly manage these resources. Nearshore trampling damage has
been identified as a major concern at popular snorkeling destinations. Trampling impact can
inflict damage to corals at both sub-lethal and lethal levels. High mortality was recorded from
trampling at Heron Island in Australia, reducing the coral cover from 41% to 8% in a short
period (Woodland and Hooper 1977). Several studies found that even low levels of trampling
can severely damage reef habitats (Brosnan and Crumrine 1994, Brown and Taylor 1999).
Direct and indirect effects of trampling can affect mortality, tissue damage, growth rates,
reproductive success and community structure. Brown and Taylor (1999) demonstrated a loss of
colonizable habitat subsequent to trampling, to reefs in north-eastern New Zealand. Tissue
damage to the coral Porites lutea was described by Liddle and Kay (1987) in studies on the
Great Barrier Reef in Australia. Studies conducted in the Hawaiian Islands also show
considerable damage to reefs subjected to trampling impacts (Harrington 1999, Rodgers 2001).
Various ecological, oceanographic, and geographic factors influence trampling sensitivity of a
reef. Different coral species respond differently to trampling impacts (Rodgers et al. 2003).
Established factors that can affect coral vulnerability to damage from trampling include
morphology, branch geometry, wave exposure, depth, colony size, branch thickness, density,
porosity, bioerosion, composition and skeletal strength. High skeletal strength reduces breakage
and mortality. Wave forces, depth, temperature, salinity and light are the dominant factors that
influence growth and structure of reefs. Anthropogenic factors such as trampling are superimposed on these major forcing functions and are normally important only in areas where wave
forces are not the primary controlling factor. Coral community structure in Hawai‘i is primarily
controlled by high wave energy, with only about 10% of the coastline occurring in sheltered
areas not impacted by waves (Grigg 1998). Shallow lagoons, pools and embayments are popular
recreation sites and receive the brunt of trampling impact. Most Hawaiian coral reefs are located
in deeper, offshore waters and are not subjected to trampling.
Natural environmental factors have led to limitations in size and morphology of corals and have
determined the range of conditions in which certain coral species can survive. Corals evolved
colony morphologies long before recent human interactions that result in skeletal breakage
(Chamberlain 1978). Differences in shape and skeletal strength are adaptations that affect
response, resilience, and recovery to trampling impact. Colony size and shape are a result of
adaptations, genetics, physiology, resource availability and habitat location.
Fragile, highly branched corals are more prone to breakage. In the natural environment, many
corals fracture in tension (Vosburgh 1977). Compressive and tensile stresses in corals can be
caused by forces applied in various directions or by bending due to applied forces. Corals
exposed to current or wave impacts are subjected primarily to bending, while those exposed to
trampling are subjected to both compressive forces and to bending (Massel 1999). Colonies with
branched morphologies tended to fracture in tension caused by bending of the branches.
Colonies with lobate morphologies fracture in compression. Based on the results from
mechanical tests measuring both tensile and compressive forces (Rodgers 2001), the average
load required to break Montipora capitata is 241 Newtons. This ranges from between 75 N and
446 N. These values are substantially less than the average weight of a human (670 N), so this
species will suffer significant breakage when subjected to trampling. Weight is reduced by
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buoyancy, but is still substantial in areas where humans can stand on the bottom. P. lobata
demonstrated a compression failure at over 6689 N. P. meandrina can withstand forces of
between 892 N and 2453 N, averaging 2006 N of pressure to break. The force necessary to
break Porites compressa averages 444 N with a range of between 75 N and 759 N. The skeletal
strength of Porites lobata is less than the strength of Pocillopora meandrina, but the lobate
morphology of this coral makes breakage difficult.
The mechanical test results are consistent with in situ trampling experiments that were conducted
to quantify the amount of breakage due to trampling (Rodgers 2001). Montipora capitata
colonies produced the most fragments, followed by Porites compressa. Trampling produced few
fragments from Porites lobata and Pocillopora meandrina. Ranking of the most common coral
species from strongest to weakest based on tensile and compressive tests is shown in Fig. 1.

Figure 1Ranking of skeletal strengths of common Hawaiian coral species from strongest to weakest.

These test results indicate that the weight of the average human (approximately 670 N for a 70
kg person) will break M. capitata and P. compressa when the person is standing directly on the
colony (Fig. 2, 3).
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Figure 2 Comparison of Skeletal Strength of Hawaiian Coral Species

However, in high wave energy environments, P. compressa will adopt a shorter branch
morphology making it difficult to fracture. P. lobata and P. meandrina can resist constant, steady
forces greater than the weight of an average human. Thus, regions dominated by these species of
corals are much less susceptible to breakage due to trampling, although the surfaces of the corals
will still be abraded.

Figure 3 Human skin divers in shallows of ‘Āhihi-Kīna‘u Natural Area Reserve System
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A comparison with other carbonate materials shows that coral skeleton is among the weakest.
Corals rank slightly below concrete and echinoderms. The high strength of mollusk shell and
compact bone reflect significant levels of a combination of viscoelastic organics and ceramics.
Biological materials with high percentages of organic matter have higher skeletal strength.
Wainwright et al. (1976) found the strength of skeleton can be augmented by particular
combinations of viscoelastic materials.
Lobate and encrusting morphologies and colonies with thick branches are subjected primarily to
compressive forces while finely branched corals also are subject to bending tensile forces. Thus
the more massive corals are better able to withstand physical damage as a result of their form
rather than as a function of the physiology of the skeleton (Chamberlain 1978). Disturbance
directly attributed to trampling by humans can be highly localized and may not be a severe
problem in some habitats due to species morphology. For example, the lobate and encrusting
forms found in high wave-energy environments are more resistant to breakage than calm-water
branching and plate-like or foliaceous forms. Morphology of corals plays an important role in
fracturing due to stress exerted by weight or hydrodynamic forces. Natural catastrophic events,
such as hurricanes have left massive or encrusting forms intact while decimating corals of
branched morphology (Stoddart 1963, 1965). However, human induced trampling can cause
abrasive damage to tissues without physical breakage in massive forms (Liddle and Kay 1987).
The geometric arrangement of branches can also affect damage rates. Force is applied to highly
branched colonies primarily through bending or tension while force is applied to massive forms
through compression. Increased skeletal strength is more important to branched colonies,
because massive forms can achieve breakage resistance through massive geometry (Chamberlain
1978). Branch arrangements are also important to survival. Vertical branches may minimize
fractures more than horizontal orientation. Large colonies with elongated, thin branches have
more surface area for hydraulic forces to act upon. Variation in branch morphology between
different colonies of the same species can range greatly. Montipora capitata (rice coral) can
exhibit a morphological range from plate to highly branched forms. This can affect the range of
vulnerability of corals exposed to breakage.
Although morphology and branch geometry are significant factors in how corals respond to
trampling, they combine with mechanical properties to provide protection against natural and
anthropogenic forces. Coral skeletal strength reflects the wave environment in the regions they
inhabit suggesting that skeletal strength is an adaptive response to hydraulic stress. The species
found in environments with high wave energy are more resistant in stress fracture tests than
those residing in habitats indicative of limited energy regimes (Rodgers et al. 2003). Skeletal
strength varies among the most common species reported from ‘Āhihi-Kīna‘u Natural Area
Reserve. Porites lobata (lobe coral) and Pocillopora meandrina (cauliflower coral) are found in
high energy environments and have skeletal strengths and morphologies that resist breakage
(Rodgers et al. 2003)(Fig. 4). The thick, flat branches of P. meandrina and high skeletal strength
allow recruitment into high energy environments. Higher coral cover of P. meandrina in
exposed areas has been documented from statewide monitoring sites (Coral Reef Assessment and
Monitoring Program 2007). The most widespread of the Hawaiian species, P. lobata can be
found from intertidal to deeper waters, with depth limited only by light penetration and suitable
substrate. This species is common in both protected and exposed regions (Coral Reef
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Assessment and Monitoring Program 2007). The encrusting or massive forms of this coral make
it highly resistant to breakage. Results of skeletal strength are consistent with its ability to
withstand strong forces (Rodgers et al. 2003).

Figure 4 Pocillopora meandrina (cauliflower coral) and Porites lobata (lobe coral), two of the most dominate corals
in the ‘Āhihi-Kīna‘u Natural Area Reserve and the entire Main Hawaiian Islands.

Montipora capitata (rice coral) and Porites compressa (finger coral) are found in lower
disturbance regimes and areas protected from strong wave action (Fig. 5). High coverage of
these species are found at protected sites throughout the state while extremely low cover of these
corals are reported from exposed shores (Coral Reef Assessment and Monitoring Program 2007).
The highly branched delicate corals that are adapted to lowered wave disturbance of near-shore
regions are more vulnerable to human trampling.
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Figure 5 Montipora capitata (rice coral) and Porites compressa (finger coral) two of the most dominate corals in the
‘Āhihi-Kīna‘u Natural Area Reserve and the entire Main Hawaiian Islands

Other adaptations related to breakage play a role in maintaining coral populations. Natural
fragmentation can be an adaptive factor. Highsmith (1982) found that fragmentation by corals
expands horizontal extent of a given genotype and creates cloned colonies that allow for rapid
recovery from perturbations. Fragmentation can be caused by oceanographic disturbances such
as currents, waves or storms. Biological disturbances can also produce fragments from contact
with sea turtles, fishes and boring organisms or from anthropogenic sources including breakage
from trampling, anchors or boat groundings. Trampling forces may affect the top of corals while
natural wave forces may be applied in a direction to include the sides of corals (Liddle and Kay
1987). Yet, breakage may not be indicative only of damage from biological or physical
disturbances. Some rapidly growing corals may break away from the parent colony from the
pressure of their own weight (Maragos 1972). Ramets, which are cloned replicates of the coral
colony produced through fragmentation, may be an effective way of increasing survivorship of
the coral genotype. This means of asexual reproduction is especially important for species
exhibiting rapid and indeterminate growth, long life spans, large colony size, relatively late
sexual maturity, low larval recruitment and limited seasonal reproduction (Highsmith 1982).
Although fragmentation for corals may be a means of expanding territory, some habitats may not
be conducive to colonization by fragmentation. Fragments may be too unstable in high energy
environments to effectively colonize these areas. Vertical faces or highly impacted areas may be
more likely to be initially colonized by sexual recruits.
Fragment survival has been shown to be influenced by environmental and physiological factors.
Abrasion from movement and smothering by sediments has caused high mortality in unattached
fragments. Mortality was reduced in fragments that rapidly attached to the bottom (Wallace
1985). Fragment growth rates have also been shown to be heavily influenced by location and
species (Maragos 1974). Fragment survival is also size dependent with larger pieces having a
higher survival rate (Highsmith et al. 1980, Rodgers 2001).
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Many corals have adapted to natural conditions by using fragmentation strategies to their
advantage. However, breakage caused by anthropogenic disturbances such as trampling can
overwhelm corals causing damage and mortality to both colonies and fragments.
Recovery from trampling forces is also dependent on growth rates. Growth rates vary among
different coral species. Of the four dominant species found in the ‘Āhihi-Kīna‘u Natural Area
Reserve Montipora capitata has the highest annual linear extension rates (24 mm/yr), followed
by Porites compressa (17 mm/yr), Porites lobata (7 mm/yr), and Pocillopora meandrina (6
mm/yr) (Rodgers 2001). Figure 6 shows ranking of major coral species. Measurements were
taken in Kāne‘ohe Bay and will vary by habitat and wave exposure.

Figure 6 Ranking of common Hawaiian corals growth rates.

Different management strategies have been used to address trampling impacts. These include
spatial and temporal solutions as well as involving socio-economic factors.
•
•
•
•
•
•
•

limiting access
controlling the type of activities that can occur in the protected areas
designating specific days and times for use
dispersing use among larger areas
providing additional sites
educating users
exploring other options
10

•
•
•
•
•
•

involving community groups
rotating opening/closing periods
self-monitoring of commercial users
using visitor industry influence
community reef tenure
closed seasons

Problems involving enforcement, insufficient data, regulatory unresponsiveness, loopholes in
regulations, political will, and multiple jurisdictions complicate matters. These problems are
compounded by an increase in user numbers and activities. In order to develop sound
management strategies, baseline survey data and information on human and biological
populations are necessary.
In response to this need, a trampling sensitivity assessment was conducted in the ‘Āhihi-Kīna‘u
Natural Area Reserve (NAR) on September 15-17, 2006 and September 5-7, 2007 by the Coral
Reef Assessment and Monitoring Program (CRAMP), Hawai‘i Institute of Marine Biology
(HIMB), University of Hawai‘i (UH). This evaluation of trampling sensitivity in nearshore areas
was made possible through funding provided by the Department of Land and Natural Resources.
This study represents a portion of the larger project that involves a human impact evaluation, a
biological inventory and assessment, and an information synthesis of the ‘Āhihi-Kīna‘u, Maui
Area Reserve. This project was conducted in collaboration with Ranger Matthew J. Ramsey of
the Division of Forestry and Wildlife, Maui.
Methods
Eighteen sites were selected between La Perouse Bay and Waiala Cove aka (Kanahena Bay).
These included the most popular snorkeling sites, Kalaeloa aka (“Aquarium”), Mokuha
(“Fishbowl”), and Waiala Cove (Kanahena Bay) (Fig. 7). Site selection criteria were based on
expert accounts of visitor usage and accessibility (Matthew Ramsey pers com).
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Figure 7. Survey sites within ‘Āhihi-Kīna‘u Natural Area Reserve.
Site Key for Fig. 7:
Site Number Location
1 La Perouse Bay
2 around point of La Perouse Bay
3 Carter's Cove/ Keone‘ō‘io
4 Keone‘ō‘io Boundary
5 Fishpond
6 First Cove Entry
7 First Cove Interior
8 Second Cove
9 Inlet between 2st and 3nd cove
10 Third Cove
11 Montipora pond
12 Fifth cove (Anchialline pond behind and just before Kalaeloa Point)
13 Kalaeloa aka (Aquarium) cove seaward of entry
14 Kalaeloa aka (Aquarium)
15 Mokuha aka (Fishbowl)
16 Entry area before Dumps
17 Maunakala aka Dumps
18 Waiala Cove aka (Kanahena Bay)

A qualitative trampling evaluation was conducted by snorkeling the nearshore regions listed
above and determining coral species present, percent coral cover, coral species richness (number
of species), unusual coral species, and an index of trampling sensitivity. The index of coral
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trampling sensitivity was based on depth, species skeletal strength (Rodgers et. al 2003), species
morphology, rare coral species, and percent coral cover.
Results
An evaluation of 18 sites identified areas most vulnerable to damage from trampling (Fig. 8).

Figure 8. Map of trampling sensitivity sites showing a gradient of trampling vulnerability.
Site key for Fig. 8.
Site Number Location
Sensitivity Index
1 La Perouse Bay
1
2 around point of La Perouse Bay
2
3 Carter's Cove/Keone‘ō‘io
1
4 Keone‘ō‘io Boundary
0
5 Fishpond
1
6 First Cove Entry
0
7 First Cove Interior
0
8 Second Cove
0
9 Inlet between 2st and 3nd cove
0
10 Third Cove
4
11 Montipora pond
9
Fifth cove (Anchialine pond behind and just before
12 Kalaeloa Point)
1
13 Kalaeloa aka (Aquarium) cove seaward of entry
4
14 Kalaeloa aka (Aquarium)
1
15 Mokuha aka (Fishbowl)
1
16 Entry area before Maunakala
1
17 Maunakala aka (Dumps)
0
18 Waiala Cove aka (Kanahena Bay)
1
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This trampling evaluation found few sites at high risk of trampling damage. Only 3 of the 18
sites (17%) have some sensitivity to trampling impacts. Only one site, the “Montipora Pond”,
has extremely high vulnerability (Fig. 8, site11). This site was found to consist of large
Montipora capitata populations around the entire perimeter and bottom of the pond with the
exception of a small sand patch near the center.
Indication of abrasion was also clearly evident on the tops of the M. capitata colonies along
entry areas (Fig. 9, site 11).

Figure 9. Montipora capitata mortality near entry areas in the “Montipora Pond”.

The tops of colonies distant from entry areas in less accessible sections of the perimeter showed
no signs of abrasion (Fig. 10, site11).
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Figure 10. Montipora capitata colonies furthest from entry areas.

Colonies residing in waters deep enough to exclude trampling were also not affected, providing
further evidence of trampling damage to corals near entry areas (Fig. 11, site 11).

Figure 11. Montipora capitata colonies in deeper waters.

Additional confirmation of trampling impacts was documented with the occurrence of numerous
mobile coralliths or rolling stones in the most heavily used entry area. These are initially
produced by fragmentation from nearby colonies. This phenomena was described by Glynn
(1974) for several species of the genus Porites and Pavona. Montipora capitata has also been
15

reported to form these mobile coralliths from fragment breakage caused by trampling stress
(Rodgers 2001). Movement of fragments allows exposure to sunlight and nutrients on all sides
of the fragments, favoring a circular or cylindrical shape. Thus, skeletal accretion may occur on
all surfaces. Due to their mobility, they may posses the advantage to expand their horizons by
invading areas not available to their sessile counterparts if substrate to settle is available.
No risk of trampling exists in 6 of the 18 areas surveyed (Fig. 8, sites 4, 6-9, 17). These include:
the Keone‘ō‘io boundary, the entry and interior of the “1st Cove”, the “2nd Cove”, the inlet
between the 2nd and 3rd coves, and the Maunakala entries. These areas either have substrate not
conducive to coral recruitment and growth such as sand, rubble, or uncolonized hardbottom, or
no coral cover was found in waters shallow enough to be affected by trampling damage (Fig. 12).

Figure 12. Hardbottom in shallow waters uncolonized by coral.

Sites found to be at low risk of trampling damage include the region from La Perouse Bay to
Waiala Cove (Kanahena Bay) with the exception of the “Montipora Pond”, a portion of Kalaeloa
(“Aquarium”), and the “3rd Cove” (Fig. 8, sites 1-3,5,12,13,15,16,18). Areas between sites are
extremely low risk areas due to either high wave energy or difficult accessibility (Fig. 13).
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Figure 13. Inaccessible coastline and high wave energy.

Where populated, these areas contain either lobate or encrusting corals or other species of coral
such as Pocillopora meandrina that are highly resistant to trampling (Fig. 14).

Figure 14. Pocillopora meandrina inhabiting high wave energy environments is highly resistant to damage.

Areas with moderate sensitivity to trampling are the “3rd Cove” and the section of Kalaeloa
(“Aquarium”) east of the main entry beach (Fig. 8, sites10, 14).
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A number of coral colonies situated away from entry areas in the “3rd Cove were found to have
heavily abraded surfaces. This is most likely a natural condition due to high wave energy that
suspends sand particles that scour corals. Evidence of high water motion is supported by the
short and thick Porites compressa branch morphology and other lobate and encrusting species of
corals found there. Colonies found in deeper waters also displayed this abrasion.
Mortality of several Pocillopora meandrina colonies were a result of feeding by Acanthaster
planci (Crown of Thorns) (Fig. 15).

Figure 15. Acanthaster planci (Crown of Thorns) residing in “3rd cove”.

Shallow entry areas in the 3rd Cove are heavily populated by corals (Fig. 8, site 10). Although
these regions contain high coral cover, the species and morphological structure of the corals are
highly resistant to breakage. The susceptibility to trampling from abrasion and the high coral
cover in these shallow waters make corals moderately sensitive to damage.
The section of Kalaeloa (“Aquarium”) east of the main entry is also moderately sensitive to
damage Fig. 16, site13). This high wave energy area has high coral cover in shallow waters.
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Figure 16. East section of Kalaeloa (“Aquarium”) most prone to trampling damage.

The remainder of Kalaeloa (“Aquarium”) has low coral cover near entry areas and corals
resistant to breakage in shallow waters show no signs of abrasion (Fig. 17, site14).

Figure 17. Kalaeloa (“Aquarium”) has sparse coral in shallow entry areas with substrate and boulders mainly
colonized by calcareous coralline algae.

The sites with the highest visitor counts are Kalaeloa (“Aquarium”), Mokuha (“Fishbowl”), and
Waiala Cove (Kanahena Bay). These sites were found to have low coral cover in shallow waters
(Figure 7, sites14, 15, 18).
19

The main bowl of Kalaeloa (“Aquarium”) has less than 1% total coral cover on the colonized
basaltic hardbottom of the shallow entry areas. This sparse coverage is mainly comprised of
Pocillopora meandrina, a species with high skeletal strength and low breakage rates (Rodgers et
al 2003).
The small black sand beach at Mokuha (“Fishbowl”) serves as the main entry point for
snorkelers. This sand extends into the shallow water preventing coral colonization. Almost no
coral cover was recorded from other shallow areas.
The most heavily utilized paved entry to Waiala Cove (Kanahena Bay) is easily accessible and
uncolonized (Fig. 18, site 18). Other entries along the shoreline have few corals. The species
found in these areas are highly resistant to trampling impacts.

Figure 18. Waiala Cove (Kanahena Bay).

These three heavily used areas, Kalaeloa (“Aquarium”), Mokuha (“Fishbowl”), and Waiala Cove
(Kanahena Bay) (Fig. 7, sites14, 15, 18) are ideal for snorkeling due to the high fish and coral
diversity outside the range of trampling depths and the wave sheltered protection of their
configuration. Shallow areas have relatively high trampling resistance due to lack of or low
coral cover and species with high skeletal strengths (Fig. 19).
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Figure 19. Lobate coral morphology of Porites lobata resistant to trampling stress.

A quantitative ranking of trampling sensitivity was generated by multiplying relative species
abundance by skeletal strength. This produced a relative composite index for 11 sites within the
‘Āhihi-Kīna‘u Natural Area Reserve (Fig. 20).

Figure 20. Relative composite index based on species relative abundance and skeletal strength.
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Discussion
Corals developed and adapted to competing adaptive forces in habitats that originally did not
include anthropogenic stresses (Liddle and Kay1987). This led to size, morphology and skeletal
limitations that determined the conditions they could be exposed to. They did not develop
adaptive responses to withstand recent human interactions that result in breakage.
Two types of anthropogenic impact to corals, due to trampling can occur, chronic or acute
disturbance. Acute disturbances are episodic disruptions that are of a temporary nature and are
not temporally sustained, as in a flood event or oil spill. Chronic disturbances are sustained over
time as in sewage outfalls. Corals may receive periodic stress, a series of repeated pulses or
continuous pressure (Keough and Quinn 1991). Popular sites within the ‘Āhihi-Kīna‘u Natural
Area Reserve contain attributes of chronic, sustained disturbance from year-round visitors.
Recurrent disturbance associated with trampling activity may inhibit recovery due to its
persistent nature.
At tourist destinations, impact is concentrated in a small area and high mortality can occur.
Severe consequences for higher trophic levels are inevitable when damage is inflicted upon reefs.
As the local population and visitor industry expands, increased trampling pressure will intensify.
Marine protected areas, frequented by tourists, are designed to protect the environment and
conserve the resources. Conservation efforts often attempt to maintain natural conditions.
Removal of marine organisms is often prohibited, yet, public accessibility is not limited. Since
even low levels of trampling can inflict damage to coral reefs, it is in their best interest for
coastal management agencies to consider the effects of trampling to corals in creating policy
decisions. However, there are few areas that are affected by trampling impacts within the ‘ĀhihiKīna‘u Natural Area Reserve. Over 83% of the sites surveyed show little or no sensitivity to
trampling (Fig. 7). Among these are the main snorkeling destinations, “Kalaeloa (”Aquarium”),
Mokuha (“Fishbowl”), and Waiala Cove (Kanahena Bay) that show little impact from trampling.
These areas are populated with corals with morphologies that can best withstand these types of
impacts. Few colonies reside in shallow waters most prone to damage from trampling stress.
Three other less popular snorkeling destinations, “3rd Cove”, “Montipora Pond”, and the small
area to the east of Kalaeloa (“Aquarium”) are more susceptible to trampling damage (Fig. 7),
sites10,11,13). Signs of impact are highly visible in the “Montipora Pond”. Damage is likely to
continue if the status quo is retained. However, corals can recover and mortality can be low once
the impact has been removed and a sufficient recovery period allowed (Rodgers and Cox 2003).
These vulnerable, near-shore environments that receive continuous chronic-type impacts with
little or no time for undisturbed recovery can be expected to continue to decline.
In the shallow, protected areas within the reserve, disturbance directly attributed to snorkelers is
highly localized. Species morphology, branch arrangement and skeletal strength may reduce the
impact to some species of corals. Large or encrusting forms found in high wave-energy
environments are more resistant to damage than branched or foliaceous forms that occur in
calmer water. This is the case in most shallow water regions within the reserve. Although,
massive and encrusting morphology and colonies with thick branches have the advantage in
being able to resist physical damage, growth rates are significantly slower in Montipora capitata,
Porites compressa and Pocillopora meandrina when exposed to trampling stress even after a
one-year recovery period as compared to corals not exposed to trampling. However, growth in
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Porites lobata is unaffected by trampling, exhibiting analogous linear extension rates in paired
comparisons between impacted and unimpacted colonies. The lobate, massive form of this
species may provide protection from damage by physical forces (Rodgers and Cox 2003). P.
lobata is one of the most dominant species within the reserve along with M. capitata, P.
compressa and P. meandrina (Basch et al. 2002).
Coral resistance has also been associated with skeletal composition (Chamberlain 1978, Vosburg
1982). The weight of the average human (approximately 150 lbs.) will break M. capitata and P.
compressa when the person is standing directly on the colony. P. lobata and P. meandrina can
accept constant, steady forces greater than the weight of an average human (Rodgers et al. 2003).
Carrying Capacity
A clear pattern of decreasing coral cover with increased visitor use has been reported in Hawai‘i
(Rodgers 2001). Keough and Quinn (1991) also described this gradient along sites with high
cover and low use in Australia. Sites with a long history of high use are also expected to have
lower coral cover due to trampling. At Kahalu‘u Beach Park on Hawai‘i Island that receives
approximately 350,000 visitors a year, less than 2% coral cover was found in surveys. A nearby
site with few visitors was reported to have nearly 35% coral cover (Rodgers 2001). The state
average for total coral cover is 22% (CRAMP 2007). Experiments indicated that coral mortality
was 100% at use levels of 350,000 people/yr. Regions with low impact (<50,000 people/yr) may
exhibit retarded growth rates but mortality can be low. Although different regions respond
differently to trampling impacts, it has been established that high levels of use result in high
mortality. It is estimated that over 250,000 visitors frequent the Keone‘ō‘io area each year. This
high level of use however is spread out over a number of snorkeling areas (Vann et al. 2006), but
these are relatively small in size. Exact carrying capacities can not be determined without
quantified in situ skin diver use for each site, however it can be generalized that the higher the
coral vulnerability in an area, the lower the sustainable carrying capacity. Since it is time
intensive to gather quantitative data on carrying capacities is often wise to take proactive
management action to limit further damage in the interim.
Recommendations
1) Control access to vulnerable sites through use of strategically located parking areas.
2) Develop clearly marked trails from parking areas to designated areas where little impact will
occur.
3) Develop clearly marked skin diving entry areas located where coral cover is low in order to
minimize damage to vulnerable sections at snorkeling sites. For example, signage at the
beach entry to Kalaeloa (“Aquarium”) should be designed to focus traffic into the main basin
and direct activity away from the east section.
4) Close areas highly vulnerable to trampling.
5) Revise tourist media, maps and guidebooks identifying snorkeling locations in a manner that
will reduce traffic into the sensitive reef areas. Alternatives to sensitive areas should be
emphasized. Companies involved in marine activities (tours, diving rentals) should be made
aware of problems associated with promotion of snorkeling within the NAR.
6) The ongoing monitoring program of resources and activities should be expanded.
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