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Spatial and Temporal Variation in Rocky Intertidal Communities
along the Main Hawaiian Islands'

Traci Erin Cox,™® Joanna Philippoff,;’ Erin Baumgartner,* Chela J. Zabin,’ and Celia M. Smith’

Abstract: Thirteen benthic rocky intertidal communities were quantitatively
assessed on Maui, Moloka‘i, O‘ahu, and Hawai‘i Island between the years 2004
and 2007. Our goals were to test for differences in invertebrate and macroalgal
abundance and composition to understand how these tropical communities are
organized. Percentage cover surveys revealed a diverse intertidal system with 49
macroalgal, 1 cyanobacterial, and 31 invertebrate taxa. Shores were frequently
dominated by a few macroalgae and mollusks, and at two sites these organisms
were distributed in discrete vertical bands. Common intertidal taxa included the
introduced alga Acanthophora spicifera; species in the macroalgal genera Padina,
Sargassum, and Laurencia; turf forms of algae; and the mollusks Siphonaria nor-
malis, Nerita picea, and species of littorine snails. Multivariate statistics found
community structure to vary among sites and years, but there was lack of evi-
dence for island-specific or substratum-specific assemblages. SIMPROF analysis
revealed support for 11 different types of structure. This first description of
community-level patterns at multiple intertidal sites along the Main Hawaiian
Islands documents substantial spatial variation both among and within shores, as
well as substantial temporal variation for select sites. These findings are in con-
trast to the characterization of a homogeneous tropical system and thus suggest
that biotic and abiotic factors in the Main Hawaiian Islands act on a local scale to

drive structure.

SYSTEMATIC MONITORING of ecological
communities provides a baseline from which
to measure human impacts in the long term
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(Murray et al. 2006) and in the short term
allows for early detection and potential eradi-
cation of invasive species (Simberloff et al.
2005). In addition, large to mesoscale spatial
and temporal community studies have pro-
vided much needed ecological information on
how communities are formed and maintained.
For example, surveys conducted over 10 to
hundreds of km over multiple years have
found patterns within communities related
to global climate change (Barry et al. 1995,
Sagarin et al. 1999), recruitment (Broitman
et al. 2008), and coastal processes (Blanchette
et al. 2008). Furthermore, spatial descriptions
of marine communities are needed for ade-
quate design of reserves, as efforts are made to
include sites that are representative of, or
unique to, specific areas (Airame et al. 2003).
Intertidal habitats are model systems for
examining spatial and temporal structure be-
cause physical conditions fluctuate with the
tides and abundance and diversity of organisms
can vary among and across shores. Also, these
habitats are particularly vulnerable to human
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threats because they lie at the interface be-
tween terrestrial and subtidal habitats and
thus bear the impact of both terrestrial and
marine alterations. For these reasons, large to
mesoscale survey efforts of benthic organisms
are being conducted in temperate intertidal
areas (Barry et al. 1995, Sink et al. 2005,
Nakaoka et al. 2006, Blanchette et al. 2008,
Broitman et al. 2008, Delaney et al. 2008).
Fewer surveys have been conducted in trop-
ical intertidal habitats, yet early investigations
have characterized these habitats as homoge-
neous with minimal spatial or temporal varia-
tion and shores dominated by crustose algal
forms, which harbor sedentary grazers (Gar-
rity and Levings 1981, Lubchenco and Gaines
1981, Williams 1993, but see Vinueza et al.
2006).

Hawaiian nearshore habitats appear to be
lush with fleshy macroalgae (McDermid 1988,
Smith 1992), and these habitats are unique in
part because the isolation of the archipelago
has resulted in a high number of endemic spe-
cies. However, Hawaiian intertidal habitats
are not insulated from threats. Boat traffic and
interest in aquaculture has resulted in nu-
merous alien species introductions (Eldredge
and Smith 2001, Eldredge and Carlton 2004).
A total of 343 species is known to have been
introduced to Hawai‘i’s waters; these include
287 species of invertebrates and 27 species of
macroalgae (Eldredge and Smith 2001, El-
dredge and Carlton 2004). Three species of
introduced macroalgae particularly invasive
in shallow-water habitats (Smith et al. 2002)
are Acanthophora spicifiera, Gracilaria salicornia,
and Hypnea musciformis, which are visually
abundant in Hawai‘i’s intertidal zone along
with the introduced barnacle Chthalamus pro-
teus (Zabin et al. 20075). The biogeographic
status of a fourth nuisance alga, Avrainvillea
amaldelpha, is unknown, but past records indi-
cate that it was not common in shallow-water
habitats. The tropical beauty of Hawaiian
shores has attracted human visitation, har-
vesting of organisms, and development of
oceanside resorts. Furthermore, sewage over-
flows have led to shallow-water macroalgal
blooms of nuisance native and introduced
species (Stimson et al. 2001, Dailer et al.
2010). However, to our knowledge there have
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been only a few studies that describe both the
invertebrate and algal communities of inter-
tidal habitats in Hawai‘i (Bird 2006, Zabin
et al. 20074). These were short-term studies
that either did not involve the systematic col-
lection of quantitative data or did not describe
the algal community beyond functional form
(algal forms described by Littler and Littler
[1984]) at multiple sites. Thus it is difficult to
assess any possible impacts to the community
as a whole.

In marine environments, factors such as
ocean transport (Blanchette et al. 2008), wave
exposure (Bustamante and Branch 1996), and
productivity (Menge et al. 1997) can explain
patterns in communities across large geo-
graphic scales, and physical and biological
conditions, such as predation (Bertness 1981,
Menge and Lubchenco 1981), competition
(Connell 1961), wave action (Bustamante and
Branch 1996), and facilitation (i.e., an interac-
tion between two organisms that benefits one
organism and causes harm to neither) (Menge
2000) influence structure at local scales. The
main islands in the archipelago of Hawai‘i are
separated by a maximum distance of ~104 km.
Current velocity and direction and wave
heights are often variable and determined by
wind direction (http://www.soest.hawaii.edu/
hioos/oceanatlas/). These physical factors
could influence the abundance and diversity
of organisms among islands. Furthermore, in-
teractions between large-scale and local-scale
factors could contribute to structure among
sites. Contrary to early descriptions of stasis
in tropical intertidal zones, the oceanic islands
of the Galdpagos experience substantial tem-
poral and spatial variability from the com-
bined interaction of herbivory and, more
prominently, the oscillation of El Nifio cur-
rents (Vinueza et al. 2006). Similar synergisms
could shape structure across the archipelago
of Hawai'‘i.

In Hawai‘i there are a variety of shore types
that vary in both composition and profile.
Shores can be composed of basalt or limestone
substrate and may be covered with varying
amounts of sand. Tidal benches can be flat,
raised reef platforms; gently sloped; or cliff-
like, and boulder- to cobble-sized fields are
made up of dead coral heads and/or basaltic
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rocks (Kay 1979, Abbott 1999). These vari-
able habitats may suit the survival of different
species, resulting in unique communities.
Smith (1992) found differences in macroalgal
diversity among sites within a single island’s
intertidal habitat, and Zabin et al. (20075)
found that intertidal species assemblages at
bench sites were more similar to each other
than to those found at cobble sites. Other
studies on nearshore benthic communities
have found that distributions or abundances
of benthic organisms can vary with island
habitat (Vroom et al. 2010), depth (Littler
and Doty 1975), temperature (Cox and Smith
2011), and wave exposure (Bird 2006). We
might expect similar findings for the benthic
intertidal community.

In addition to the large-scale variation in
structure among shores, organisms in inter-
tidal habitats are often zoned or are distrib-
uted into discrete vertical bands at a landscape
level (Doty 1946, Stephenson and Stephenson
1949, Connell 1961, Benson 2002 [review]).
These bands are a result of complex interac-
tions between biotic and abiotic factors that
are influenced by the fluctuating tide and
wave activity (Benson 2002). Vertical distri-
bution of organisms has been documented in
a few tropical localities (Mak and Williams
1999, Bird 2006, Sibaja-Cordera 2008). The
zonation pattern typically described is as fol-
lows: littorine mollusks and nerites dominate
the upper littoral zone, crustose algal forms
dominate midshore and in areas with high
wave activity, and fleshy macroalgae generally
occur lower on the shore in more-sheltered
areas (Mak and Williams 1999, Sibaja-
Cordera 2008). Yet in the Main Hawaiian
Islands organisms experience microtides that
fluctuate by a maximum of +1 m. Because of
this limited tidal range, seasonal wave activity,
and often relatively flat and narrow benches,
intertidal organisms are often underwater or
whole shores are unaccessible for sampling.
Despite the narrow intertidal zone, earlier
studies have suggested that there is structure
at this fine spatial scale: temperature is variable
at a landscape level (Cox and Smith 2011),
barnacles and mollusks compete to occupy
preferential microhabitats (Zabin and Altieri
2007, Zabin 2009), and on a man-made shore
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algal and invertebrate functional groups oc-
cupy different thermal zones influenced by
wave activity (Bird 2006). However, the inter-
tidal community as a whole has not been
quantitatively assessed at multiple locations to
identify any vertical community patterns that
are repeated and temporally consistent.

The research goal of this study was to
describe the benthic intertidal community on
several Main Hawaiian Islands to investigate
whether these habitats are homogeneous sys-
tems or if these habitats harbor variability at
multiple scales related to island, hard substra-
tum type, or microtides. Specifically, we ex-
amined these data to test three hypotheses: (1)
invertebrate and macroalgal abundance and
composition will vary among sites, as would
be predicted if biotic or abiotic factors varied
among islands and shores; (2) temporal varia-
tion is limited, because physical factors have
remained relatively similar during the length
of the monitoring program; (3) organisms are
distributed into discrete vertical bands, as
would be predicted if microtidal fluctuations
influenced structure at fine spatial scales. In
addition, we describe the presence and abun-
dance of alien species at our study sites.

MATERIALS AND METHODS
Site Description

Thirteen rocky intertidal sites located on the
islands of Hawai‘i, Maui, Moloka‘i, and O‘ahu
(Figure 1, Table 1) were sampled by an educa-
tional citizen-scientist program called OPIHI
or Our Project in Hawaii’s Intertidal during
the years 2004-2007 (described in detail in
Baumgartner et al. [2009]). A previous case
study (Cox et al. 2012) showed that the com-
munity data collected by these trained sec-
ondary students are robust and, at the level of
detail sampled, similar to those of more expe-
rienced professional researchers. Some sites
were sampled multiple times within a year,
and not every site was sampled each year.
Sites were selected to represent a variety of
rocky intertidal habitats but also had to be
easily accessible by students. Each site
spanned a minimum of 15 m along the coast
and was at least 10 m from the top of the
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Ficure 1. Location of intertidal sites sampled throughout the Main Hawaiian Islands by the citizen-scientist monitor-

ing program, OPIHI.

littorine zone to the water’s edge at mean low
water.

Sites can be described as gently sloped
basalt or limestone bedrock benches, bedrock
surrounded by patches of sand, or boulder- to
cobble-sized rocky habitats (Table 1). These
shores are located on all sides of the islands,
and seasonal onshore waves are common at all
sites. However, some sites such as Diamond
Head (DH) have offshore reefs that provide
some protection. The Wai‘Gpae (WOP)
monitoring site is located within a Marine
Life Conservation District where collection
of any kind is prohibited. Species richness
varies among sites (Zabin et al. 20074).

OPIHI Data Collection

Trained secondary students (grades 6-12)
supported by researchers sampled sites on low

tides ranging from 0.0 to —0.15 m that oc-
curred in February—June each year and col-
lected abundance data for macroalgae and
invertebrates using traditional ecological
sampling methods. At each site, depending
upon the number of students available and the
geography of the site, three to seven transect
lines were placed ~2 m apart, perpendicular to
shore and extended up to 30 m. Between 5
and 12 0.25 m* quadrats (each with five hor-
izontal and five vertical strings, creating
25 intercepts) were placed at evenly spaced
intervals along each transect. The percentage
cover of algae and invertebrates in each quad-
rat was sampled by one of two methods: visual
estimation or point contact. Specific methods
are described in detail in Baumgartner and
Zabin (2006). In the visual estimation method,
the grid was used as a reference to assist stu-
dents in estimation of the percentage cover of
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TABLE 1

Site Name, Description, Number of Times Sampled within the Month(s) for Each Year, and Sampling Method Used
within Quadrat

27

No. of Times Sampled in Years

Month(s) Sampled

Method Used (VE or PC)
Shore Habitat Substrate
Site Name Type Composition 2004 2005 2006 2007
Barbers Point (BP) Bench Limestone 3 2 5
Mar.-May  Apr.—-May May
VE VE VE
Diamond Head (DH)  Bench Limestone and 2 4 4 4
basalt Feb. Feb.—Mar. Apr. Apr.
VE, PC* VE, PC*  VE,PC* VE,PC*
‘Ewa Beach (EB) Bench Limestone 2
May
VE
Kahana Bay (KB) Sand and bedrock  Limestone 2 2
Feb.—Mar.  Feb.—Mar.
VE, PC VE, PC
Ma¢ili Point (MPT) Bench Limestone 2
Apr.
PC
Mapulehu (M) Silt and cobble Basalt 2
Apr.
VE, PC*
Morris Point (MP) Sand and bedrock  Limestone 1
May
PC
Onekahakaha (O) Bench Basalt 2
May
PC
Sand Island (SI) Bedrock/Cobble Basalt 2 2 5
and sand Apr.-May  Apr.—May May
VE VE VE
*Sandy Beach (SB) Sand and bedrock  Basalt 2 2
May Apr.
VE VE
Turtle Bay (TB) Bench Limestone 3
May—June
PC
Wai‘opae (WOP) Bench Basalt 1
May
PC
Waipu‘ilani Beach Coral rubble and ~ Limestone 2 1 2
(WB) sand May Apr. Apr.—May
VE, PC* PC PC

Note: VE, visual estimate; PC, point contact. The presence and number of asterisks (*) indicates the visits and the number of com-
parisons (*, 1; **, 2) used in method bias evaluation (see Figure 2 [e.g., data collected by VE and PC methods on the same day at DH
occurred 6 times (once in 2004 and 2005 and twice in 2006 and 2007) and are used in analyses]). +, SB 2007 sampling was not included
in community analyses because large waves prevented full access to the exact 2006 monitoring site.

each organism or “bare” substratum (i.e., sub-
stratum that lacked obvious macrocover)
encountered. In the point-contact method
students recorded the taxa or bare substratum

that occurred under each of the 25 intercepts
within the quadrats. The density per area (the
number of individuals per quadrat) and size
measurements of macroinvertebrates were
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not recorded. Nonetheless, the methodology
applied in this study accurately represents the
spatial cover of all macrobenthic organisms
encountered (for discussion of techniques see
Meese and Tomich [1992]).

Students were trained to identify species to
the lowest taxon possible for their abilities
under field conditions using the keys and
characteristics described in Abbott (1999),
Hoover (2002), Abbott and Huisman (2004),
and Huisman et al. (2007). Some taxa were
identified only to genus because identification
at the species level often requires careful ex-
amination of microscopic features. Bare sub-
stratum that lacked obvious macrocover was
recorded as rock or sand (if it could not be
swept away by hands) along with other cate-
gorical data. Categories included “other/
unknown algae”; “other/unknown inverte-
brates”; crustose coralline, brown crust (which
includes species of Ralfsia and Peyssonnelia);
cyanobacteria; and algal turf (mixture of
macroalgal species 1-2 cm tall). Furthermore,
taxa such as Sargassum aquifolium (formerly
Sargassum  echinocarpum [see Mattio et al.
2009]) and Sargassum polyphyllum, which have
few distinguishing characteristics and can
be confused by less-experienced collectors
(Cox et al. 2012), were pooled by a more-
experienced researcher (T.E.C.), after data
collection, into a single genus (e.g., Sargassum
spp.) or a common taxonomic or functional
form group (e.g., Galaxaura/Liagora both are
red, calcified erect forms that are dichoto-
mously branched). If an organism was diffi-
cult to identify, students photographed it
and attempted to identify the taxon at a later
date.

Evaluation of Two Survey Methods

Before examination of community patterns,
the appropriateness of comparing or combin-
ing percentage cover data collected from the
two sampling approaches (visual estimation or
point contact) within a gridded quadrat were
evaluated. For eight sampling trips to three
sites (DH, n=6; Mapulehu (M), n=1;
Waipu‘ilani Beach (WB), z = 1) over multiple
years, students collected data using both vi-
sual estimation and point-contact methodolo-
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gies in the 5 to 12 quadrats placed along the
three to seven transect lines (Table 1). Using
one of the two methods (point contact or
visual estimation), students collected data in
quadrats placed along a transect line, then
repositioned the quadrats and resampled the
same transect line using the second method.

The percentage cover of each taxon was
calculated for each methodological approach
by pooling the quadrat data over the entire
site from the multiple transects. Data were
analyzed for similarity using the statistical
package PRIMER-E+ (Clarke and Warwick
2001). For each site, the percentage cover
data were square-root transformed to down-
weight common taxa and account for the
patchy nature of intertidal species. Using the
Bray-Curtis index, a resemblance matrix was
constructed to compare similarity between
methods and among sampling visits. A non-
metric multidimensional scaling (nMDS) plot
was created to visually examine for any bias
that may have been introduced into the
community structure estimates using these
two methodological approaches. For DH, the
only location visited more than once, a one-
way analysis of similarity (ANOSIM) was
used to examine statistical differences in esti-
mates of community similarity that may have
resulted from the two methods.

Large-Scale Community Comparisons

Before determining large-scale community
patterns, the percentage cover of each taxon
was calculated from the data produced from
each sampling visit. Because sampling oc-
curred between the months of February—June,
a two-way ANOSIM (site x month) was used
to screen the data for monthly variation.
Based upon the results from that screening,
monthly repeated samplings were combined
to produce a year by site average of percent-
age cover for each taxon. These values were
calculated by pooling data from all quadrats
from the entire site over the multiple transect
lines for each sampling visit. When two sam-
pling methodologies were employed in one
visit, the percentage cover for each taxon was
calculated for each method and then aver-
aged. Similarly, if repeated sampling occurred
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within the same month, the percentage cover
for each taxon was calculated for each visit
and then averaged to produce one percentage
cover value for each taxon in the month
sampled.

The statistical program Primer-E* was
used to analyze and compare abundance and
distribution patterns among sites and years
(Clarke and Warwick 2001). A square-root
transformation was performed to decrease the
influence of the abundant taxa and account
for the patchy nature of invertebrate species
but keep the emphasis on dominant species,
because earlier efforts (Cox et al. 2012) had
revealed that students were best able to quan-
tify abundant taxa. A Bray-Curtis similarity
matrix among sites and years was generated.
In addition, similarities among sites were
compared separately by year to ensure that
patterns among sites remained similar when
additional sites were added to the monitoring
program.

Multivariate statistics were used to investi-
gate if assemblages varied with islands, sites,
years, and hard substratum type. A PER-
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MANOVA with 999 permutations was used
to test for statistical differences in assemblages
across years, sites, and islands. Islands, sites
nested within islands, and year were fixed fac-
tors, and interaction terms were included in
the model. Due to limited degrees of freedom,
a separate one-way ANOSIM was used to in-
vestigate any statistical differences in commu-
nities at shores with differing hard substratum
of either basalt, limestone, or mixed basalt
and limestone. An nMDS and a cluster dia-
gram were produced from Bray-Curtis simi-
larities to examine community patterns. The
SIMPROF routine was used to further iden-
tify significant multivariate structure, and the
SIMPER routine was used to examine which
species contributed to the structure observed.
Certain species have narrow requirements for
growth (such as corals) or are possible indi-
cators of nutrient enrichment or herbivory
levels (e.g., A. spicifera) (Stimson et al. 2001,
Fong et al. 2003, Smith 2003), thus the results
from the SIMPER routine can be used to
facilitate the identification of abiotic or biotic
conditions that determine structure.

15 8 2D Stress: 0.04 || Site
+ m DH
1.0 4 8 +M
+ 7 * WB
*
05 = 7
*
0.0 -
Z 05 A 3 3
=
410 - 4 1
4m -
15 - = 22
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Ficure 2. A nMDS plot based on Bray-Curtis similarity values generated from square-root transformed abundance
data collected on the same day (same day = same number) made using two methodologies (point contact or visual esti-
mation) at three sites sampled by trained citizen scientists from the OPIHI program. Percentage cover values for each
taxon were pooled over the entire site. Note the limited variation in multidimensional space around samples collected

at the same site and same day using the two methodologies.
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SIS SESISISIS NS 88 an overall site average and standard error
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(standard deviation divided by number of
years sampled) of relative taxon abundance
(%). The relative taxon abundance is present-
ed for the dominant taxa at the site.

RESULTS
Evaluation of Two Survey Methods

Visual estimation and point-contact methods
revealed similar percentage cover results (Fig-
ure 2). The community structure that resulted
from each method did not differ statistically
for collections that occurred at DH (one-way
ANOSIM: DH, Global R, -0.15, P-value =
.94). Furthermore, data collected on the same
day with both methods resulted in estimates
of community structure that were represented
closer in multidimensional space (in the
nMDS) than sampling made on a different
day or at a different site. The two methods
employed in one visit resulted in 86.2% simi-
larity in community structure for data col-
lected at M and 89.1% similarity in commu-
nity structure for data collected at WB. The
limited variation in community structure
estimates and results by Meese and Tomich
(1992) allowed us to confidently pool (com-
pare or average) data collected using the two
methodologies.

Large-Scale Community Comparisons

Monthly variation in community structure
was not evident in repeated sampling (two-
way ANOSIM: month, Global R —0.075,
P-value = .72). Therefore we were confident
in pooling the percentage cover data by year
for the large-scale community comparisons.
Forty-nine macroalgal, one cyanobacterial,
and 31 invertebrate taxa were recorded from
the 13 intertidal sites (Tables 2, 3). Most sites
were dominated by a few macroalgae and
mollusks, with the exception of WOP, where
coral cover was abundant. Common taxa or
functional forms at other sites included species
in the macroalgal genera Padina, Sargassum,
Laurencia, and the introduced Acanthophora
spicifera; turf forms of algae; the pulmonate
limpet Siphonaria normalis; the nerite snail
Nerita picea; and species of littorine snails.

PACIFIC SCIENCE - January 2013

Introduced or alien macroalgae were found
at many intertidal sites, and these invaded
sites were located on all sampled islands
(Table 2). Acanthophora spicifera was the most
common introduced species, found at 10 out
of 13 sites. This species was also abundant,
with greater than 10% cover at five of these
sites. There were only two sites without intro-
duced benthic species, Morris Point (MP) and
WOP. Avrainvillea amadelpha was found at
two sampled intertidal sites (Sand Island [SI]
and DH), both of which were located on the
island of O‘ahu. Hypnea musciformis was abun-
dant at WB, and Gracilaria salicornia was abun-
dant at Onekahakaha (O). Aside from C. proteus
(which, if found, would have been recorded as
“barnacle”), no other introduced benthic in-
vertebrates were found using these methods.

The abundance and composition of taxa
varied among sites and by year as evident in
the cluster and nMDS plots. Despite the dis-
tinct cluster of three samplings from the one
Maui site (WB) in the nMDS plot, structure
did not statistically vary by island or hard
substratum type (Figure 3, Table 4). Further-
more, sites by year clustered into statistically
distinct communities (Figure 3).

The SIMPROF routine (999 permutations,
alpha = .05) recognized 11 distinct community
assemblages. Statistically recognized clusters
did not reveal assemblage patterns with island
or substratum type (Figure 3). The composi-
tion and abundance of organisms at M (Clus-
ter A), WOP (Cluster C), MPT (Ma‘ili Point,
Cluster D), O (Cluster E), WB 2007 (Cluster
F), and EB (‘Ewa Beach, Cluster K) are statis-
tically distinct and do not form genuine clus-
ters with other samplings. The community
structure at KB (Kahana Bay, Cluster B) is
also unique because the 2004 and 2005 collec-
tions made at that site form a genuine cluster
sharing 56.4% similarity. This community
can be characterized by the presence and
abundance of A. spicifera, Astronema breviar-
ticulatum, barnacles, and N. picea. In contrast
to KB, the composition and abundance of or-
ganisms at WB in 2005 and 2006 (Cluster G)
were statistically distinguishable from the
WB 2007 estimate (Cluster F). Forty-one
percent of the overall dissimilarity was due to
the decrease in abundance of H. musciformis,
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Island

H = Hawai'i
Ma = Maui
Mo = Moloka'i
0 =0'ahu

Hard Substratum
B = Basalt
L = Limestone L
M = Mixed L
L L
8 L
B

Site x Year 271

BP = Barber's Point
DH = Diamond Head
EB = ‘Ewa Beach
KB = Kahana Bay
MPT = Maili Point
M = Mapulehu

0 = Onckahakaha
MP = Morris Point
SI = Sand Island

SB = Sandy Beach
TB = Turtle Bay
WOP = Wai*Opae
WB = Waipuilani Beach

40+

Similarity (%)
[+
o

80

4=2004
5=2005
6= 2006
T=2007

100+ N
o]

WB 7

O WOP7Y

&
H
DEF G H | J K

Sites by year

Frcure 3. nMDS and cluster diagrams revealed community structure among sites and years. The data cloud in the
nMDS represents the Bray-Curtis resemblance of transformed abundance values occurring at each site for every year
sampled. The three plots contain the same data cloud labeled in a different manner: island location (upper left), hard
substratum type (upper right), and site by year (lower left) (see Table 1 for abbreviations). The cluster diagram (lower
right) shows the similarity among samplings. Letter groups (A-K) and gray boxes demonstrate indistinguishable com-
munity structure based on the results of a SIMPROF routine with 999 permutations at an alpha of .05.

TABLE 4

Results from Multivariate Statistics Revealing That Communities Vary among Sites and Year

PERMANOVA
Factors Tested df SS MS Pseudo-F Unique Permutations P (Permutations)
Island 3 14313.0 4770.8 1.5 999 167
Year 3 4913.5 1637.8 1.4 999 261
Site (Island) 9 41039.0 4559.9 8.5 998 .001*
Island x Year 2 16249.9 812.4 0.7 998 523
Site (Island) x Year 5 6849.9 1370.0 2.6 998 .001*
One-way ANOSIM
Global R P-value
Hard substratum type —-0.009 .56

* Indicates significant findings.
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the increase in turf algal forms, and the pres-
ence of Lyngbya that were recorded in 2007.
Despite these differences in community struc-
ture the year samplings at WB are most sim-
ilar to each other than to other sites.

Clusters 1, J, and K include sites located on
the island of O‘ahu, and these three clusters
were adjoined into a single larger cluster that
lacked statistical support but shared 54.7%
similarity (Figure 3, Table 5). The benthic
communities at BP and DH (all years), located
on the south shore of O‘ahu, are statistically
indistinguishable from one another and form
a genuine cluster with another south-shore
community, SI in 2006 (Cluster J). These
sites share a similar abundance of A. spicifera
and species from the algal genera Padina, Lau-
rencia, and Sargassum. However, in 2005 and
2007 the community at SI was more similar in
structure to the community at MP, which is

located on the island of Moloka‘i. This cluster
(H), shares 55% similarity, and 76.9% of this
similarity is because of the similar abundance
of turf algal forms and species from the brown
alga genus Padina. EB is also located on the
south shore of O‘ahu and, although distinct in
structure, is most similar to Clusters J and .
Last, the presence and abundance of turf algal
forms and species from the brown algal genera
Padina and Sargassum contribute 69.3% to the
similarity between TB (Turtle Bay) and SB
(Sandy Beach) on the north and east shores of
Ofahu. These two sites form a genuine cluster
(D) that is most similar to Cluster J.

Results from the SIMPER analyses reveal
the top three taxa or functional forms with
the largest proportional contribution to the
dissimilarities among clusters (Table 6). The
category “Cladophora/Cladophoropsis” and spe-
cies of cyanobacteria from the genus Lynghya

TABLE 5
SIMPER Results: Sites by Year with Statistically Similar Structure and Taxa That Contribute (70%) to Similarity

Clusters with More Than 1
Sample (% Similar)

Taxa Sampling Included in Cluster” Island Location % Contribution
B (56.4) KB4,KB5 O‘ahu
Acanthophora spicifera 219
Barnacles 20.2
Astronema breviarticulatum 15.9
Nerita picea 11.0
G (744 WBS5, 6 Maui
Crustose coralline 23.6
Ulva lactuca 19.9
Hypnea musciformis 12.6
Sargassum spp. 9.8
Acantbophora spicifera 9.5
H (55.1) MP6,S15,S17 Moloka‘i and O‘ahu
Turf (mix of 1-2 cm tall species) 50.3
Padina spp. 26.6
I1(554) TB 6, SB 6 O‘ahu
Turf (mix of 1-2 cm tall species) 37.8
Padina spp. 19.1
Sargassum spp. 124
J(64.7) SI6,BP 5-7, DH 5-7 O‘ahu
Padina spp. 26.3
Turf (mix of 1-2 cm tall species) 16.1
Laurencia spp. 11.7
Sargassum spp. 11.6
Acanthophora spicifera 6.1

“ BP, Barbers Point; DH, Diamond Head; KB, Kahana Bay; MP, Morris Point; SB, Sandy Beach; SI, Sand Island; T'B, Tuurtle Bay;

WB, Waipu‘ilani Beach; 4, 2004; 5, 2005; 6, 2006; 7, 2007.



6’898~ 'S peds
gorerd-  H9SI] (T°D qns
g0rML,  L7IML| (0) 151
L8S X4 I
['60L} 06NETr 89 STN—
901 ®°d4 €6 Teg- '8 Teg— (gD qns
g0IneTr ¢TI 6'6 eI (O ‘0) ISI
0°ZL ¥'6S €SS H
L8 ey €6 TN+ $'8ern- 8600
ggorar 00100 8600 'Irern+ (@) qns
rirera- ¢7Ipedt rSImig AVARLN B (eI 181
819 819 6°0L €L D
¢Loear +'900] 7900 8'9 JeG+ 0'LInL)
€6 eI g9 nep 0'8 pedt L'L pedt ["L nurHp (D ans
rorerd-  I¢rpedt  L0IInI4 L7rAngg g uATT+ (eN) 11
0°L9 €79 6'89 819 3 (7 ad
0’8 ergp 0°6 TeS— I°L Teg- 8L ped) 9°01 "D+ €800~
66 dsy— 0°6 NeT- ggne - [l es D+ 71 ped 9°6 eSO+ (@ ans
zorneT-  poresD)  I'8TMIp  LI7mIg 0€100-  §TIPEd] (H) 181
918 9 $'69 €69 +'18 €8L c!
0°Lowd- T6Pedt  10IInLp ¥6 I 7600 €900 L8 pedt
¢gerg- r6dsvy  90I1v0Ol  FI1dsy] yordsy,  ordsyy LTIVOY (D qns
PEIVOH  CIIVOl  TIrdsy)  ¢2Ivol 0SIVO, 0+vIVO]  Spldsy+ (0) 151
¥'L9 1'89 $°69 €8L 6°0L 8'99 SLL a
['Lerd- LLord+ 9°LD0] ¥'6 L] QeI+ L8N+ €800+ 86V O
I dsy- 98 Pedt  LLBINT L0 BINF €60 d+ 6 ord+ v8ord+ 66 ds'y— (@ ans
grrmry,  ¢zrmr) '8 ord+ ¢CIIord+ Ieramy  gSrang] ['gramy|  07rinLy (1) 1851
I'8L 8'¥L 1'89 L09 9'1L 99 958 708 D
062 d- [',mrs b e~ ['freg+ L] DWH- pomrs 011 dsy+ 6’ LNET- gL N
L01 8- §'gne - L'6Pedt 01 pedp 011 erNg L9Ieg]  gpresH— [l dsyp 80rd- (D ans
601~ 79I Pedr 6 SIINLA  607INILA 0+ 0D 1 L8001 g0zpedt  LTUVO4L  §L1mIA (0) 151
L8L 0L €78 TIL SIL 6'99 £0L €IL 568 q
pIrerd- $ITudT) CTTudT) $7rudTy 01 e~ ['6M]~ rapedt  LOTuATH  ogdsy+ L9dsyy
gETUAT+  0¢reD] LTI ¥D+ 9 €1 B0 L'ST ubTy 6'6 UAT) §¢1 ub+ €11 ¥+ 96D+ 69T UAT+ (@ qns
OpIeD+  EIPEdY  SLIANI~ 007N~ 9918  9FI D] CPLED+ $PIVO-  T8IMI~  6LIED+ (o) 181
6'€9 0°€L 1'8L ¥'18 YL 1°0L $°S6 I'SL 8'88 1'08 A%
! [ I H D | c! a o) q suostiedwory

SINLIR[IWISSI(T 03 (%) WONNQINUOY) 19818 oY) [IIM BXE ], 991, oY) PU. J[—Y SI121sN[7) Suoure XLNe]y ALIR[TUIISSI(]

9 d'14V.L



Community Structure of Hawai‘i’s Rocky Intertidal Zones - Cox et 4. 37

were always within the top three taxa with the
largest proportional contribution to dissimi-
larity of M (Cluster A) for each community
comparison. The increased abundance of turf
or crustose algal forms and the presence of
coral species contributed to the uniqueness of
WOP (Cluster C) because these taxa occurred
as the top three contributors to dissimilarity
in 7 of 10 cluster comparisons. An invasive
alga, A. spicifera, and “unknown” algal species
were dominant at MPT' (Cluster D) and con-
tributed substantially to dissimilarity of MPT
from nine other community clusters. Also, the
introduced red alga G. salicornia was a top
three contributor to the dissimilarity of O
from five other clusters. The presence and
increased abundance of Ulva lactuca, Hypnea
musciformis, and crustose coralline species
repeatedly (occurred within the top three 5, 2,
and 6 out of 11 instances, respectively) con-
tributed to the dissimilarity of WB 2005-2006
(Cluster G). Algal turf forms occurred as a top
three contributor in 7 out of 11 comparisons
of dissimilarity with Cluster H. The increased
abundance and presence of species from the
algal genera Padina, Laurencia, and Sargassum
were often (7, 4, and 2 respectively out of 11
comparisons) included within the top three
taxa with the largest proportional contribution
to dissimilarity of Cluster J, but the decreased
abundance of algal turf, increased abundance
of Microdictyon setchellianum, and species of
Padina contributed 24% to the dissimilarity of
Cluster J from Cluster I. Cluster K had a
comparatively high abundance of Dictyosphae-
ria cavernosa and Dictyota acutiloba.

TPad 10.0
ID.ac 9.3

54.3
ID.call.l

, O‘ahu) and hard substratum

type (Sub) (B, basalt; L, limestone; M, mixed) of sites within clusters are specified in row. Abbreviations: A.sp, 4. spicifera; Bar, barnacle; CC, crustose coralline forms; Cla, Cladophora/Cladopho-
ropsis; D.ac, D. acutiloba; D.ca, D. cavernosa; G.sa, G. salicornia; H.mu, H. musciformis; Lau, Laurencia; Lyn, Lyngbya spp.; M.ca, M. capitata; M.se, M. setchellianum; Pad, Padina; P lo, P. lobata; O

A, other algae; Sar, Sargassum spp.; Tur, turf algal form; Ulla, U. lactuca.

Fine-Scale Distributions and Abundances

Taxa varied in relative abundance vertically
(up the shore), and these patterns were consis-
tent among years (Figure 4). The community
at both sites revealed similar zonation of mac-
roalgae and mollusks. The macroalgae Sar-
gassum and Laurencia were common close to
the submerged subtidal zone; Padina was dis-
tributed closer to the high-tide line. The ver-
metid Dendropoma gregaria, pulmonate limpet
Siphonaria normalis, and snails Nerita picea and
Echinolittorina hawaiiensis dominated the area
nearest to the high-tide line.

Note: Symbols indicate whether a taxon is present (+), absent (-), with increased (1) or decreased abundance (¥) at sites and years included in the cluster on the left (row). Boldface numbers

are the dissimilarity (%) between the row (left) labeled cluster and the column labeled cluster (top). Island location (Isl) (H, Hawai‘i; Ma, Maui; Mo, Moloka‘i;

Isl (O)
Sub (B, L, M)
K

Isl (0)

Sub (L)

J
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Ficure 4. Relative taxon abundance (+SE) of dominant macroalgae and invertebrates at distance from the subtidal
zone for two sites, BP (/eft) and DH (right). See Materials and Methods for data calculation. Taxa are arranged in order
of distribution from offshore (t0p) to onshore (bottom). Macroalgae: Padina, Sargassum, Laurencia, Acantbophora spicifera;
mollusks: Dendropoma gregaria, Siphonaria normalis, Echinolittorina hawaiiensis, Littoraria pintado, Nerita picea.
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DISCUSSION

We describe the community structure of ben-
thic organisms at 13 intertidal sites on four of
the Main Hawaiian Islands. Mollusks and
macroalgae dominate much of the Hawaiian
intertidal, and the invasive species Acan-
thophora spicifera is common. Benthic commu-
nities were found to differ among sites and
year but not with island or hard substratum
type. Multivariate statistics reveal distinct
community structure and 11 unique assem-
blages of benthic organisms. This substantial
variability among sites and temporal variation
for select sites by year suggests that physical
or biological factors act on a local scale to
shape community assemblages. Furthermore,
fine-scale vertical patterns were evident at
two narrow shores as would be predicted if
conditions varied with the microfluctuating
tides. These results are in contrast to several
earlier descriptions of homogeneous tropical
intertidal habitats (Garrity and Levings 1981,
Lubchenco and Gaines 1981, Williams 1993,
but see Vinueza et al. 2006) and are surprising
given the limited tidal range.

Community structure among sites and
years did not vary in a predictable manner with
island, as a measure of geographic distance, or
hard substratum type. Other studies examin-
ing intertidal structure have found distance
(Bustamante and Branch 1996, Nakaoka et al.
2006, Blanchette et al. 2008), currents (Busta-
mante and Branch 1996, Blanchette et al.
2008, Broitman et al. 2008), and large-scale
productivity (Menge et al. 1997) to correlate
with site similarities. The Main Hawaiian Is-
lands are within one biogeographic province
with relatively little variation in sea-surface
temperature, and large-scale currents bathe
islands in similarly productive waters (Kay
1979, Abbott 1999). In addition, organisms
had to cross vast oceanographic barriers to
reach these islands (Kay 1979, Abbott 1999).
Thus it is not surprising that community
composition does not diverge with island or
geographic distance, so high variation among
sites and for some years was unexpected.
Schoch and Dethier (1996) investigated tem-
perate intertidal zones over a scale similar to
that in this study and found habitat descriptor

(example: bench versus cobble habitat) a good
indicator of community structure. Hard sub-
stratum type could be an indicator of habitat
availability because rock types may erode or
form similarly, providing different types of
habitats suitable for different types of organ-
isms. Furthermore, intertidal fish assemblages
are known to vary with substratum type (Yo-
shiyama et al. 1986, MacPherson 1994, Cox
et al. 2010). However, for benthic organisms
abundance and composition did not vary
with substratum type. It should be noted that
Banks and Skilleter (2007) cautioned that
broad-scale categories of shorelines can fail to
capture microhabitat and species diversity
that occur at a shore.

Outlier communities (such as M, MPT,
KB, WOP, WB, EB), or those that did not
group with high similarity to other sites, may
provide insight into local factors that override
large-scale processes (Blanchette et al. 2008).
Based on the species assemblages and envi-
ronmental conditions at those sites we predict
that local scale factors such as recruitment,
predation, nutrient inputs, wave exposure,
and sand scour may alter and maintain these
communities. Small-scale current patterns
along the south shore of O‘ahu can contribute
to transmission of invertebrate larvae to dif-
ferent sites, and in turn these currents could
determine what adult species are present or
maintained at a site (Parnell 2000, Zabin
2005). Furthermore, sites are speculated to
differ in levels of freshwater input, herbivory,
and nutrients.

Bottom-up factors, such as nutrients, are
known to contribute to the variability of trop-
ical intertidal communities in the Galdpagos
(Vinueza et al. 2006) and could be driving
community differences in the Main Hawaiian
Islands. The communities that occurred at
WB, KB, M, and MPT may be indicative of
elevated nutrient inputs from different local
sources. Nuisance blooms of macroalgae
(Hypnea musciformis, Acanthophora spicifera,
and Ulva lactuca) are common on the reefs off
WB in Kihei, Maui (Smith 2003), and were
found at high abundance in the associated in-
tertidal zone (this study). These blooms have
been linked to localized eutrophication of
coastal waters from sewage inputs from a
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nearby injection well (Smith 2003). This site
is also the only coral-rubble habitat sampled.
KB is the only sampled intertidal site that is
located in a relatively clean bay, and it is situ-
ated near Kahana stream. This stream and
submarine groundwater discharge drain water
from the Ko‘olau mountain range that sur-
rounds the valley of Kahana (Garrison et al.
2003). An abstract reported by Zabin et al.
(20074) also found KB to have low species
richness compared with other intertidal sites
on O‘ahu. The freshwater input could account
for these observed differences in community
structure. Acanthophora spicifera was dominant
at M and MPT, but these sites lack other ob-
vious similarities. The benthic substrate at M
is silt and mud with cobbles near a fishpond
where edible algae are cultivated, and it sits at
the base of Mapulehu Gulch. Terrestrial sedi-
mentary input in shallow-water habitats is
common on the east side of Moloka‘i, where
this site is located (Bothner et al. 2006). MPT
is a limestone bench on the west side of O‘ahu,
located near a large drainage outlet. A home-
less camp surrounds the beach, where harvest-
ing of marine life is common and sanitation
appears to be a problem (T.E.C., pers. obs.).
The community at WOP was unique in
that it is free from introduced macroalgae,
and corals are in high abundance. WOP also
did not share high similarity with any other
site. Corals are often associated with warm,
low-nutrient oceanic waters where herbivory
is high (Smith et al. 2001), and WOP is
located within a permanent “no take” Marine
Life Conservation District. Perhaps conser-
vation efforts result in higher herbivory rates
than at the other sampled sites. Also, unlike
other sampled sites with few to many tide
pools of various depths, the habitat at WOP
can be characterized by numerous large and
often deep tide pools where coral resides.
Disturbance can contribute to spatial vari-
ation and temporal variation in tropical habi-
tats (Vinueza et al. 2006). ST 2005, 2007, and
MP were community samplings with low bi-
otic cover, dominated by turf. Turf algae are
specialized for areas with high physical stress
and moderate grazing pressure (Hay 1981),
and it is possible that for this shore habitat
type, scour and predation prevent the cover
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of lush macroalgae and abundance of small
mollusks that occurred at other sites. Also it is
plausible that boulders and sand that occur at
SI are tossed in large seasonal waves, creating
a disturbance that would alter the community
and account for the temporal variation. Fur-
ther physical measurements and experimental
testing should be examined with structure to
clarify factors that shape the community over
these mesoscales for the Main Hawaiian Islands.

Introduced macroalgae were common in
intertidal habitats, yet their impact on that
type of benthic community has been little
studied, and the successful invasion of these
alien species at some sites and not others
could account for the high spatial variability
among sites. Introduced species were found at
sites on all islands sampled, with A. spicifera
being the most common alien species found.
This species is known to have increased
growth rates in nutrient-rich waters (Fong
et al. 2003) and to be a preferred food of her-
bivores (Stimson et al. 2001). Its abundance at
sites suggests that herbivores in the intertidal
zone at certain sites are not present in high-
enough numbers to limit biomass production.
Avrainvillea amadelpha was found only at sam-
pled sites on O‘ahu. Recent observations of
this species in rocky habitats (T.E.C., pers.
obs.) where not previously noted are of con-
cern. Competition between native and intro-
duced species is likely; it has been described in
Hawai‘i’s rocky intertidal between an invasive
barnacle and a native limpet (Zabin and Alt-
ieri 2007) and is suggested to occur between
A. spicifera and native Laurencia species
(Russell 1992). Thus, future efforts should be
made to document and monitor any changes
in abundance of introduced species, to quan-
tify any impacts to the community, and to
assess the feasibility of removal in rocky
intertidal habitats—similar to efforts already
undertaken on Hawai‘i’s reefs (Conklin and
Smith 2005).

Zonation patterns on the two shores share
similarities to those documented by Sibaja-
Cordero (2008) in Costa Rica on a rugged
island coastline and by Bird (2006) on a
wave-dominated shore on O‘ahu but are very
different from the patterns described by
Menge and Lubchenco (1981) in Panama. In
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Panama, fleshy macroalgae are limited to
cracks and crevices. In our study fleshy mac-
roalgae were common on all surfaces in the
lower intertidal and were more common than
what is described by others elsewhere in the
tropics (Bertness 1981, Garrity and Levings
1981, Menge and Lubchenco 1981) or for a
wave-dominated Hawaiian shore (Bird 2006).
Bird (2006) also described a helmet urchin
(Colobocentrotus atratus) zone above the high-
tide line, which was not found at the sites
included in this study. Zonation patterns of
fleshy algal genera were also documented by
this study, and descriptions of this level of
vertical distributions are lacking for other
localities.

The zonation patterns observed at two
shores in Hawail suggest the importance of
local- to microhabitat-level interactions, in
shaping communities at finer spatial scales,
for even the narrowest of shores. Other
studies conducted in the tropics have posited
predation (Bertness 1981, Garrity and Lev-
ings 1981, Menge and Lubchenco 1981), nu-
trients (Vinueza et al. 2006), and temperature/
desiccation (Southward 1958, Vermeij 1973,
Garrity 1984) as determinants of distribu-
tions. In Hawai‘i, Cox and Smith (2011) de-
scribed several species of intertidal mollusks
that occur in cooler crevices near the high-
tide line, but lush algal beds cover the lower
shore. Hawai‘i’s microtidal regimes and wave
action could perhaps limit harsh conditions
and account for differences in algal fine-scale
distributions from those described in Panama
(Menge and Lubchenco 1981). In addition,
competition and partitioning are likely to
alter the distributions of Hawaiian mollusks
and macroalgae because these factors have
been described for O‘ahu (Zabin 2009) and
elsewhere in the tropics (Levings and Garrity
1983, Ortega 1985, Sutherland and Ortega
1986, Mak and Williams 1999). In Panama,
neritid species differ in their tolerances to
temperature, exposure, and predation and
when removed, co-occurring littorines in-
crease in size (Levings and Garrity 1983).
Similarly, in Hong Kong, littorines control
the abundance of biofilms and limit algal re-
cruitment from higher zones (Mak and Wil-
liams 1999). Along with the common neritid
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Nerita picea, Hawai‘i has two common litto-
rines in intertidal zones, Echinolittorina ha-
waiiensis and Littoraria pintado. Littoraria pin-
tado is often found higher on the shore than E.
hawaiiensis (Kay 1979), and this distribution
was observed at Diamond Head. In addition,
wave activity and subsequent lower tempera-
tures correlated with the distributions of
urchins, mollusks, and macroalgal functional
groups at a wave-exposed site on O‘ahu (Bird
2006). Further fine-scale experiments and
investigations are needed to discern which
factors contribute to this fine-scale zonation
in Hawai‘i.

The characterization of Hawaiian shores is
important for conservation of intertidal habi-
tats because it not only provides a better
understanding of the ecological processes that
shape these communities, but it also provides
a baseline from which to measure ecological
change. Eutrophication, climate change, in-
vasions, and harvesting are likely to impact
these intertidal habitats, and results from this
study suggest that some sites have already
been altered. Last, these findings stress the
importance of local factors in shaping struc-
ture at multiple scales and clearly indicate that
Hawaiian intertidal zones vary spatially and
can vary temporally.
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