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Growth and Distribution of the Macroalgae Gracilaria salicornia
and G. parvispora (Rhodophyta) Established from Aquaculture

Introductions at Moloka‘i, Hawai‘i1

Stephen G. Nelson,2,3 Edward P. Glenn,3 David Moore,3 and Brendan Ambrose3

Abstract: Gracilaria salicornia and G. parvispora were introduced to the south
reef of Moloka‘i, Hawai‘i, in the past 15–20 yr for aquaculture development.
Both species have naturalized on the reef. Gracilaria salicornia is now considered
an invasive species on O‘ahu due to its tendency to grow in dense beds that pro-
duce undesirable windrows of thalli on the beach. There is also concern that it
reduces biodiversity and degrades habitats of reefs. We surveyed the south coast
of Moloka‘i, where both species were introduced, and measured biomass den-
sity, growth rates, and thallus nutrient contents of G. salicornia in established
beds. Both species are found in the silt-laden, nearshore zone of the reef within
50 m of shore. Gracilaria salicornia grows in dense beds containing 475 g dry
weight m�2 of biomass, but growth rates are low, 0.03%–1.28% day�1. Tissue
nitrogen levels are low, suggesting that these populations are nitrogen limited.
Nevertheless, populations of G. salicornia persist and grow slowly on the reef,
whereas those of G. parvsipora are only found in areas of local nitrogen enrich-
ment from anthropogenic sources. Currently, G. salicornia does not appear to be
negatively affecting the reef ecology on Moloka‘i, because it is confined to the
disturbed, nearshore zone. However, its ability to grow slowly and persist under
low-nitrogen conditions allows it to form dense beds and suggests that it will
eventually spread farther along the coast.

Introduced macroalgae have become a
threat to biodiversity on many tropical reefs
and other areas (reviewed in Schaffelke et al.
2006, Williams and Smith 2007) with life
strategies that allow them to proliferate rap-
idly in new environments and to disrupt na-
tive ecosystems by monopolizing space and
altering food webs. Despite the importance
of the problem, there is a paucity of informa-

tion on the distribution and ecology of the
less-conspicuous cases of introduced macro-
algae at specific locations. The original intro-
duction event is often not documented, and
few studies go beyond noting the presence
or absence of an introduced species at a given
location until a problem is perceived.

Seaweeds are traditionally valued in Ha-
wai‘i, and several species of the red algal ge-
nus Gracilaria are grown or collected for sale
as fresh produce (Abbott 1999) valued at
about 1 million dollars annually ( J. Corbin,
Hawai‘i State Aquaculture Coordinator, pers.
comm.). Species of Gracilaria are also sources
of food-grade agar (Nelson et al. 1983), a po-
tential economic resource. In conjunction
with resource development efforts, two spe-
cies, G. parvispora Abbott and G. salicornia
(C. Agardh) E. Y. Dawson (Gracilariaceae),
were introduced from other islands in Ha-
wai‘i to the coasts of Moloka‘i where they
have established populations.

Although earlier considered as a resource,
G. salicornia is currently considered to be an
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invasive, nuisance species in Hawai‘i (Rodgers
and Cox 1999, Smith et al. 2002, 2004). This
is a large, mat- or clump-forming seaweed
found on reefs in the tropical western Pacific
and Indian oceans (see Lim et al. 2001, Liao
and Hammersand 2003, Guiry and Guiry
2007). The distribution of G. salicornia within
its range is disjunct. It has been reported in
Micronesia from the Mariana Islands, Palau,
Yap, and Pohnpei (Meneses and Abbott
1987) and in the South Pacific from Fiji
(South and Skelton 2003) and the Solomon
Islands (Womersley and Bailey 1970). The
species, however, has not been reported, and
is presumably absent, from many islands in
the central Pacific (e.g., Samoa [Skelton
2004], French Polynesia [Payri and N’Yeurt
1997], Marshall Islands [Tsuda 2002], Line
Islands [Dawson 1959], and Phoenix Islands
[South et al. 2001]). The near exclusion of
the genus Gracilaria around coral islands and
atolls (e.g., Marshall Islands, Line Islands, and
Phoenix Islands) has been recognized previ-
ously (Tsuda 1982).

Background on Gracilaria Introductions to
Hawai‘i

The introduction of G. salicornia to Hawai‘i
was before 1946, when it was recorded from
the eastern shore of the island of O‘ahu (Ab-
bott 1999), possibly from ships originating
from the Philippines. This species was also
collected in Hilo Harbor on the island of Ha-
wai‘i around the same time (see Smith et al.
2004), so there may have been multiple sites
of introduction. In the 1970s, thalli of this
species that were collected from the island
of Hawai‘i were introduced to Waikı̄kı̄ and
Kāne‘ohe Bay on the island of O‘ahu in sup-
port of aquaculture development (Smith et al.
2002, 2004). In the early 1990s, thalli of G.
salicornia collected on O‘ahu were transported
to Moloka‘i to establish populations that
could be harvested by local residents.

As a result of these activities, large popula-
tions of this seaweed have become established
in several shallow, nearshore locations on
the islands of O‘ahu, Moloka‘i, and Hawai‘i
(Rodgers and Cox 1999, Smith et al. 2002,
2004). In recent years, concern has developed

over the dense stands of this species that have
developed in some areas, particularly on the
island of O‘ahu. In these areas, the seaweed
forms dense mats, up to 10 cm thick, that are
reported to exclude other benthic organisms
and reduce local biodiversity (Smith et al.
2004). This alga is also considered a problem
because thalli, dislodged during storms or
swells, wash up on the beaches in large quan-
tities. For example, Smith et al. (2004) re-
ported that, after one large swell, over 1,800
kg of G. salicornia was deposited on a 120 m2

area of the beach near the Waikı̄kı̄ Aquarium.
There is also concern that dense stands of G.
salicornia degrade the habitats for reef fishes
and corals (Williams et al. 2006). Recent
studies have focused on the G. salicornia pop-
ulations on O‘ahu (Smith et al. 2004), but
information on populations in other areas is
largely lacking.

The origin of G. parvispora in Hawai‘i
is unclear. Abbott (1999) considered it en-
demic to Hawai‘i. However, it was formerly
classified as G. bursapastoris (e.g., Doty et al.
1986), a species found throughout Asia and
the Pacific. The earliest herbarium specimen
at the Bishop Museum was collected in 1908
(from Honolulu Harbor), and there is no Ha-
waiian name for this species. It has been avail-
able in Hawaiian fish markets since about
1945, although the first published record
from Hawai‘i was Abbott and Williamson
(1974). It has a disjunct distribution in the Is-
lands and the Japanese name is ogo nori (or
long ogo in Hawai‘i fish markets); so it may
have been introduced to Hawai‘i by Japanese
contract workers brought in to tend sugar-
cane fields starting in 1885. By contrast, the
morphologically similar, native species G. co-
ronopifolia is present on all the islands and, as
noted by Abbott (1999), was recorded from
Hawai‘i as early as 1851. In addition, C. coro-
nopifolia has a Hawaiian name: limu manauea.
However, it is possible that G. parvispora is
also an endemic species, but one that previ-
ously had very limited distribution (Abbott
1999) and was overlooked by early Hawaiians
and botanists. Thalli of this species were de-
liberately spread to several locations due to its
desirable qualities as an edible seaweed, but it
was absent from Moloka‘i until its introduc-
tion in the 1980s (Doty et al. 1986).
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Background on Gracilaria salicornia at
Moloka‘i

Introduction of G. salicornia to Moloka‘i oc-
curred at Pūko‘o Lagoon in 1992 from trans-
planted thalli that were collected from a
population (described by Smith et al. [2004])
in front of the Waikı̄kı̄ Aquarium on O‘ahu.
The introduction was associated with re-
search to develop seaweed aquaculture on
Moloka‘i (Glenn et al. 1996, 1998, Nelson
and Glenn 2000). Two Gracilaria species, G.
salicornia (gorilla ogo) and G. parvispora (long
ogo), were experimentally grown in cage cul-
ture in Pūko‘o Lagoon. The effort to grow
G. salicornia was short-lived and discontinued,
but fragments of the seaweed established
populations in the lagoon. Several popula-
tions of G. salicornia have since become estab-
lished at other locations on the reef. These
may have been dispersed inadvertently along
with G. parvispora sporelings that were being
planted by local residents. No cystocarps have
been observed on G. salicornia thalli on Molo-
ka‘i or elsewhere in Hawai‘i (Rodgers and
Cox 1999, Smith et al. 2002, 2004), so propa-
gation is presumably through fragmentation
(Nishimura 2001).

Background on Gracilaria parvispora at
Moloka‘i

The second species surveyed, G. parvispora,
was introduced from O‘ahu to Moloka‘i
between 1983 and 1985, by University of
Hawai‘i scientists in cooperation with the
Moloka‘i office of the Hawai‘i Department
of Natural Resources (Doty et al. 1986).
Small rocks were inoculated with G. parvi-
spora spores in a hatchery on O‘ahu and trans-
planted to Moloka‘i at six nearshore locations
between Kaunakakai and Pūko‘o, similar to
the sites of the G. salicornia introductions.
The effort to grow G. parvispora was success-
ful, and for several years it was commercially
propagated in a shoreside hatchery at Pūko‘o
Lagoon and distributed as sporelings on small
rocks to potential seaweed growers along the
coastline (Glenn et al. 1996, 1998). It is now
found at several locations on the reef (Doty
et al. 1986, Glenn et al. 1999) and apparently
reproduces sexually, because 25% of thalli on

the reef exhibit cystocarps at any given time
(Glenn et al. 1996).

Project Objectives

Our objectives were to document the current
distributions of G. salicornia and G. parvispora
around Moloka‘i and to examine the ecologi-
cal consequences of the introductions. We
determined densities and growth rates of G.
salicornia from populations established ap-
proximately 15 yr ago in Pūko‘o Lagoon on
the southern coast of Moloka‘i. We show
that the growth rates of G. salicornia thalli in
the established beds are slow, but this allows
them to persist and to achieve high densities
in some areas. We conducted surveys of G.
salicornia and G. parvispora along the south
reef, where both were deliberately planted,
to determine their distributions. We also
compared the growth responses of these two
species to nitrogen enrichment because dif-
ferences between their growth and nutrient-
acquisition strategies may help to explain
differences in distribution and their capacity
to produce nuisance populations on the reef.

materials and methods

Study Site

The southern shore of Moloka‘i supports a
fringing coral reef approximately 50 km in
length that extends as far as 1.5 km from
shore (Bothner et al. 2006). The nearshore
portion of the reef is heavily silted due to
land use that brings sediments onto the reef.
The shoreline also supports about 60 an-
cient Hawaiian rock-walled fishponds, most
of which have fallen into disrepair. The dis-
persed wall rocks provide points of attach-
ment for seaweeds, as do small (1–5 cm)
pieces of coral rubble in the nearshore zone.
The water adjacent to the shore is murky.
However, approximately 50 m from shore,
the water clears, and from there seaward the
reef flat contains calcareous sand with iso-
lated coral heads and large blocks of reef rub-
ble colonized by macroalgae and corals. The
reef margin supports a well-developed algal
ridge and coral ecosystem (Bothner et al.
2006).
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Our study area was a 28 km stretch of reef
from the town of Kaunakakai to Pūko’o La-
goon, the site of introduction of G. salicornia.
Pūko‘o Lagoon is part of a facility operated
by Ke Kua‘āina Hanauna Hou, a nonprofit
organization involved in community develop-
ment and fostering sustainable aquaculture
and fishery enterprises for native Hawaiians.
Pūko‘o Lagoon was a coastal fishpond that
was later dredged and partially backfilled as
part of a failed resort development. It consists
of a dredged main channel leading to three
circular bays laid out in a cloverleaf pattern.
Water depth in the channel and in the deep-
est parts of the bays is about 3 m. Outside the
lagoon, the fringing coral reef extends ap-
proximately 800 m from shore.

Coastal Survey

We conducted visual surveys in 2005 to de-
termine the distribution of the two species
along the southern coast of Moloka‘i. Acces-
sible sites along the shoreline were surveyed
at low tide by wading or snorkeling along
transects from the shore to 100 m onto the
reef at low tide. The survey sites were identi-
fied by the presence of landmarks on shore
and by the nearest mile marker sign on the
coastal highway (see Table 1). The presence
of established beds of G. salicornia and G.
parvispora was noted, along with qualitative
estimates of abundance and the presence of
beach-wash thalli. In addition, divers operat-
ing from a small boat and snorkeling in a
circular pattern around each sample point
surveyed the nearby reef areas from the
shoreline to the reef edge. These survey
points were determined by laying a grid of
nine points, representing intervals of 200 m,
over a map of the lagoon. We also surveyed
the main channel and bays within Pūko‘o
Lagoon.

Density Estimates

To estimate biomass densities in established
beds of G. salicornia near Pūko‘o Lagoon, we
laid out a 5 by 5 m grid made of PVC pipe in
each of three areas where the seaweed was
abundant. Within each grid, a 30 cm diame-

ter ring was tossed 20 times, five times in
each quarter of the grid, and the G. salicornia
within was collected and dried to constant
weight in a drying oven (67�C). The seaweed
density within each ring was then calculated
as g dry weight (dw) m�2.

Growth in Established Beds and in Line Culture

We estimated growth (% d�1) of G. salicornia
near Pūko‘o Lagoon by placing weighed
thalli within large beds, during winter ( Janu-
ary) and summer ( July) of 2005. For these
trials, six samples of G. salicornia mats were
taken at each of three locations. From each,
200 g was used to determine growth, and 50
g was analyzed for nitrogen and phosphorus.
For the growth trials, we placed 200 g (fresh
weight) clumps of seaweed into net baskets
(see Nagler et al. 2003) suspended just over
the beds. The thalli were weighed weekly for
3 weeks and relative growth rates calculated
as 100[ln(final mass) � ln(initial mass)]/days.

We used these methods to compare the
growth rates of fertilized thalli of G. salicornia
and G. parvispora that were suspended from
lines within the lagoon. Before the growth
trial, these thalli were fertilized over a 3-day
period in tanks with ammonium sulphate and
diammonium phosphate fertilizer at daily
rates of 100 g m�2 and 20 g m�2, respectively.
For these trials, four baskets of each species
were suspended at a depth of approximately
0.5 m from near shore toward the mouth of
the lagoon.

In both growth trials, we measured water
motion (cm sec�1) and nutrient content of
the thalli. Water motion was determined
from the weight loss of plaster cubes (clod
cards) placed in the water for 24 hr at each
site once per week (Thompson and Glenn
1994, Ryder et al. 2004). Nitrogen and phos-
phorus contents of the thalli were determined
by a commercial laboratory (IAS Laborato-
ries, Tempe, Arizona).

Environmental Conditions during the Growth
Comparisons

Typical north to northeast trade winds pre-
vailed during the experiment, with a mean
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wind speed of 11.9 km hr�1 (SD ¼ 6). Mean
air temperature was 26.3�C (SD ¼ 2:4), and
skies were generally clear, with mean daily ra-
diation of 22 MJ m�2 day�1 (SD ¼ 4). Water
motion in the lagoon was moderate, because
the large area of shallow reef in front of the
lagoon attenuates the strength of wave surge
entering the lagoon. Mean water motion was
7.8 cm sec�1 (SD ¼ 1:1), compared with
values of 20–40 cm sec�1 recorded on Ha-
wai‘i reef edges in other studies (Thompson
and Glenn 1994). Neither fouling of the
cages nor sediment accumulation presented
problems because of the short time between
weighings.

Statistical Analyses

Statistical comparisons were performed with
the data analysis software package Statistix
(Analytical Software, P.O. Box 12185, Talla-
hassee, Florida). Comparisons between
groups were made with analysis of variance
(ANOVA). To compare seaweed densities

among sites, one-way ANOVA was used
with site as the independent fixed variable.
To compare growth rates of G. salicornia
thalli among sites and season, two-way AN-
OVA was used, with site and month as inde-
pendent fixed variables. Similarly, two-way
ANOVA was also used to compare water mo-
tion between sites and month. The degree of
associations between nitrogen content and
phosphorus content of the thalli and between
thallus nitrogen content and growth were
determined by Pearson product moment cor-
relations.

results

Distribution Surveys

Both G. salicornia and G. parvispora have
become established at several sites in the
nearshore waters of Moloka‘i (Table 1). Gra-
cilaria salicornia tends to grow in dense beds,
whereas G. parivspora primarily grows as iso-
lated individual plants attached to rocks. Gra-

TABLE 1

Survey of Moloka‘i’s South Reef for Two Introduced Gracilaria Species

Site No. Location (Mile Marker)a G. salicornia G. parvispora Comments

1 Coconut grove (1 West) Present Absent Only one thallus found; other seaweeds
abundant; predominantly mud and rubble
bottom

2 Yacht club at Kaunakakai
Pier (0)

Common Common Scattered large rocks over a mud and rubble
bottom; other seaweeds also common

3 Hotel Moloka‘i (2) Common Absent Rubble bottom
4 One Ali‘i Pond (3) Absent Absent Fishpond with breached walls; searched

inside and outside the walls
5 (4) Absent Absent Rubble and mud bottom; other seaweeds

present
6 Stream entrance (5) Absent Absent Rubble and rocky bottom; G. parvispora was

found here in previous surveys
7 (7) Absent Absent Broken fishpond walls; G. parvispora found

here in previous surveys
8 Mangrove swamp (8) Absent Absent Mud and rubble bottom seaward of

mangroves; other seaweeds present
9 Kamalō Wharf (10) Absent Absent Rocky bottom near abandoned pier; G.

parvispora found here in previous surveys
10 Wavecrest Condominiums

(13)
Absent Common Rock and rubble bottom over mud; other

seaweeds common
11 Pūko‘o Lagoon (16) Common Present Dredged lagoon, sandy bottom with rocks

at mouth; other seaweeds present

a Nearest mile marker along the coastal highway.
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cilaria salicornia is established in at least three
sites on the island: near the yacht club west of
the Kaunakakai Pier (site 2), near the Molo-
ka‘i Hotel (site 3, just east of the pier), and
at the mouth of Pūko‘o Lagoon (site 11). All
of these sites had dense beds of G. salicornia
within 20 m of shore at low tide, and conspic-
uous amounts of beach-washed thalli were
windrowed along the shoreline. A single thal-
lus was found in the water at the site west of
Kaunakakai Pier (site 1), and no beach wash
was present there. Gracilaria salicornia was
absent at sites between the Moloka‘i Hotel
(site 3) and Pūko‘o Lagoon (site 11). How-
ever, it was common in Pūko‘o Lagoon and
along the broken fishpond wall immediately
west of the mouth of the lagoon. A dense
patch was also found at the eastern side of
the lagoon entrance. It appeared to be absent
east of that point; however, the reef east of
Pūko‘o was not surveyed extensively. When
present, G. salicornia was found growing at-
tached to reef rubble or unattached on the
bottom.

A survey of points on the reef seaward of
Pūko‘o Lagoon failed to detect any G. salicor-
nia beyond the immediate nearshore area.
Within Pūko‘o Lagoon, G. salicornia was
found growing both attached to rocks along
the shoreline or as loose thalli on the sandy
bottom in low areas. No thalli were found
attached to or growing over live coral.

Gracilaria parvispora was common only at
sites (Table 1) receiving influxes of nutrients
(Glenn et al. 1999): one near the yacht
club (site 2) and the other adjacent to residen-
tial development (Wavecrest Condominiums
[site 10]). The seaweeds in each of these areas
were growing attached to rocks or coral rub-
ble. Occasional thalli of G. parvispora were
found attached to small rocks within Pūko‘o
Lagoon, a site that was once used for com-
mercial production of this species. There
was no substantial accumulation of G. parvi-
spora thalli in the beach wash at any location.

Densities and Growth Rates of G. salicornia in
Established Beds

The mean biomass of G. salicornia within the
0.71 m�2 rings in the three beds located at
the eastern side of the mouth of Pūko‘o La-

goon ranged from 29 to 35 g dw (Table 2),
and there were no significant differences in
seaweed density among sites (F ¼ 0:842;
df ¼ 2;51; P ¼ :437). The overall mean bio-
mass per ring was 33.7 g dw (n ¼ 54, SEM ¼
2:8), which is equivalent to a mean density
of 475 g dw m�2 (approximately 5.6 kg fresh
weight m�2), representative of the biomass
density in established beds of G. salicornia,
not the overall density in the lagoon.

Our initial analysis showed that the rela-
tive growth rates differed significantly among
the three sites in the lagoon (F ¼ 4:15;
df ¼ 2;30; P ¼ :026) and between months
(F ¼ 8:11; df ¼ 1;30; P ¼ :008). There was
also a significant interaction between month
and site (F ¼ 3:66; df ¼ 2;30; P ¼ :038).
However, mean growth rates for site A in
January were negative. We suspect that, in
this case, portions of the thalli may have
been lost to rough water, so the results may
be misleading. Excluding that sampling,
mean growth rates ranged from 0.03% to
1.28% day�1 (Table 3). Water motion did
not differ significantly by site (F ¼ 0:12;
df ¼ 2;11; P ¼ :88) or month (F ¼ 0.14;
df ¼ 1;11; P ¼ :72), and the mean value over
the study was 11.7 cm sec�1 (SEM ¼ 0:55).

Nitrogen and Phosphorus Levels in Field
Populations of G. salicornia

Nitrogen contents of thalli in the established
beds were all low. For the 18 samples of thalli
collected in January, nitrogen content ranged
from 1.1% to 1.5%, and phosphorus content

TABLE 2

Biomass of Gracilaria salicornia in Established Beds in
Nearshore Areas of South Coast of Moloka‘i

Site
Sample

Size

Sample
Biomass

(g dw
ring�1)a (SD)

Estimated
Mean

Density
(g dw m�2)

A 19 34.5 (18.1) 485.9
B 19 37.2 (22.1) 523.9
C 16 28.7 (18.3) 404.2
Pooled data 54 33.7 (19.6) 474.6

a Biomass (g dw) within 35 cm diameter sample rings (0.071
m�2).
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ranged from 0.1% to 0.4% (Figure 1). N : P
ratios ranged from 3.5 to 8.5 with a mean of
6.0 (SEM ¼ 0:34). The N and P contents
were significantly correlated (r 2 ¼ 0:30,
P ¼ :02).

Growth of G. salicornia and G. parvispora in
the Lagoon

Fertilized thalli of both species increased in
weight to over 300 g per basket (Figure 2a)

Figure 1. Phosphorus versus nitrogen content of G. salicornia thalli from Pūko‘o Lagoon, Moloka‘i. Results are on a
dry mass basis.

TABLE 3

Relative Growth Rates (RGR) of Gracilaria salicornia Thalli and Water Motion Estimates at Three Sites within Pūko‘o
Lagoon at Moloka‘i

Site Month na
RGR (% day�1)

(Mean [SE])
Water Motion

(cm sec�1) (Mean [SE])

A January 6 �1.78 (0.76) 11.2 (1.4)
B January 6 1.28 (0.19) 13.2 (1.1)
C January 6 0.41 (0.36) 11.2 (1.9)
A June 6 0.025 (0.20) 11.4 (1.6)
B June 6 0.13 (0.14) 10.8 (1.5)
C June 6 0.15 (0.19) 12.0 (1.6)

Note: Growth rates were determined from clumps of thalli held in net baskets, and water motion was determined from the disso-
lution of plaster clod cards.

a Number of baskets and number of clod cards.
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over the 21-day growth period. During the
first week, G. parvispora had a relative growth
rate approaching 5% day�1, but it decreased
to 2% day�1 for the second and third weeks;
by contrast, G. salicornia had a relatively
constant relative growth rate of about 2.5%
day�1 over the experiment (Figure 2b). Un-
fertilized thalli of G. salicornia showed little

weight increase, and relative growth rates
were under 1% day�1 over the course of the
experiment. We had previously determined
that unfertilized thalli of G. parvispora deteri-
orate in Pūko‘o Lagoon (Nelson et al. 2001).

Nitrogen Budgets for G. salicornia and G.
parvispora

Fertilized thalli of G. salicornia and G. parvi-
spora had initial N contents of 2.8% and 2.5%,
respectively, whereas unfertilized G. salicornia
thalli had about 1% N (Figure 3a). By week 3,
fertilized thalli had decreased in N content,
but fertilized G. salicornia thalli had higher N
content than fertilized G. parvispora thalli
throughout the grow-out period. Unfertilized
G. salicornia thalli had the lowest N content.
The amount of N maintained in the thalli
was also compared (Figure 3b). Fertilized
thalli of both species maintained about 85%
of their initial nitrogen content during the
grow-out period. Although percentage N in
tissues declined, most of the initial N was ap-
parently redistributed within the thalli to sup-
port biomass growth. The amount of N in
unfertilized relative growth rate was signifi-
cantly correlated with percentage N in tissues
(Figure 4a), whereas G. salicornia relative
growth rate was independent of percentage
N over the range of values found in fertilized
thalli over the grow-out period (Figure 4b).
During the growth trial, approximately 15%
of the nitrogen initially in the tissues was
lost and did not contribute to the growth of
the thalli.

discussion

Distribution and Zonation of G. salicornia on
Moloka‘i

The populations of G. salicornia at Moloka‘i
are found in the silt and rubble zone and, at
some sites, reach densities that allow the for-
mation of conspicuous windrows of beach
wash, 1 to 2 m wide. For the founder popula-
tion, near the War Memorial Natatorium at
Waikı̄kı̄, Smith et al. (2002) found G. salicor-
nia in dense mats (ca. 60% cover) up to 50 m
from the natatorium wall (the fore reef is

Figure 2. (a) Comparison of biomass increase over time
between fertilized thalli of G. salicornia and G. parvispora
and unfertilized thalli of G. salicornia in established popu-
lations on Moloka‘i. ( b) Comparison of the relative
growth rates (RGR).
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approximately 350 m from shore at that
location). Thalli there were found attached
to coral rubble or loose in crevices between
blocks of rubble and over sandy bottoms, es-
pecially in a nearshore swimming channel
parallel to shore.

At Moloka‘i, G. salicornia populations were

restricted to nearshore locations and were
not found growing on or over live coral, as
has been a concern at other sites in Hawai‘i
(Rodgers and Cox 1999, Smith et al. 2002,

Figure 3. (a) Change in nitrogen content among fertil-
ized thalli of G. salicornia and G. parvispora and unfertil-
ized thalli of G. salicornia in established populations on
Moloka‘i. (b) Comparison of the nitrogen retained dur-
ing the growth trial. Figure 4. (a) Relationship between relative growth rate

and thallus nitrogen content for Gracilaria parvispora. (b)
Relation between relative growth rate and thallus nitro-
gen content for G. salicornia.
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2004). In its native habitats, it is a back-reef
species growing over sand and rubble or in
sea grass and mangrove stands (e.g., Lim et
al. 2001, Coppejans et al. 1992). On Guam,
G. salicornia is most abundant near river
mouths, where thalli are subject to low salin-
ities and heavy siltation (Tsuda 1982). How-
ever, because of its growth form, G. salicornia
can negatively affect corals, even though the
two groups do not usually occupy the same
zone. For example, on a eutrophic reef on
Réunion Island in the Indian Ocean, G. sali-
cornia (¼ G. crassa Harvey ex J. Agardh) pro-
duces dense blooms on the back reef. Thalli
are seasonally detached by waves from their
mats and swept seaward, lodging among liv-
ing corals in the fore-reef zone (Naim 1993).
There, the detached thalli contribute to coral
mortality by overgrowing the corals and by
breakage as the seaweed clumps are swept by
waves through the corals. In addition, as algal
biomass increases on reefs, corals may be
stressed by indirect effects of elevated micro-
bial activity (Smith et al. 2006).

Growth Rates, Productivity, and Nutrient
Relations of G. salicornia

The growth rates of G. salicornia at Moloka‘i
(0.4% day�1) were about an order of magni-
tude lower than those of fertilized G. parvi-
spora (4% day�1) on the same reef (Nagler et
al. 2003). The calculated annual productivity
(475 g dw m�2) is similar to that estimated
for Sargassum spp. on the Waikı̄kı̄ reef in
front of the War Memorial Natatorium in
the 1970s (Glenn et al. 1990). Standing bio-
mass of G. salicornia at the same reef area re-
ported in Smith et al. (2004) was 5.1 kg m�2

wet weight, similar to the standing biomass
estimates of this species at Moloka‘i. Al-
though Smith et al. (2004) reported much
higher growth rates of G. salicornia at Wai-
kı̄kı̄, these were for apical tips. We believe
that our data, based on clumps of seaweed,
better represent relative growth rates within
the mats of G. salicornia because only a small
percentage of the algal biomass is made up of
rapidly growing apical tips. Water motion,
which was typical of back-reef environments
in Hawai‘i (Glenn et al. 1999, Ryder et al.

2004), did not appear to be a limiting factor
in the growth of G. salicornia at Moloka‘i.

In culture, growth rates of Gracilaria thalli
are substantially affected by thallus nitrogen
content (Glenn et al. 1999, Nagler et al.
2003), and the rate of photosynthesis in-
creases almost immediately upon exposure to
elevated levels of ammonia (Nelson 1985).
Hence, populations of G. salicornia appear
to be nitrogen limited on Moloka‘i because
thalli are low in nitrogen and grow slowly.
This is supported by the low N : P ratios of
the G. salicornia thalli. For seaweeds, the me-
dian N : P atomic ratio is approximately 30 : 1
(Atkinson and Smith 1983); however, the
mean N : P ratios we found in the G. salicornia
thalli were just over 8 : 1 based on mass, which
is approximately 14.6 : 1 based on the atomic
ratio. Generally, seaweeds and other benthic
plants are considered nitrogen limited if their
tissue N : P atomic ratios are less that 25–30
( Johnson et al. 2006). Larned (1998) found
that G. salicornia was nitrogen limited in Kā-
ne‘ohe Bay, O‘ahu, and took up remineral-
ized nitrogen and other nutrients from the
water near the sediments.

Comparison of G. salicornia and G. parvispora
Niche Requirements on Moloka‘i

Both G. salicornia and G. parvispora have be-
come self-sustaining species on the south
reef of Moloka‘i. They are both found pri-
marily in the nearshore zone. However, they
differ in niche requirements and growth strat-
egies. Gracilaria parvispora reproduces pri-
marily by tetraspores and carpospores, and
requires attachment sites on the reef. There-
fore, it occurs as isolated plants attached to
rocks or other substrates present on the
muddy bottom (Glenn et al. 1996). It grows
rapidly when ammonia level is above 2 mM
in the water column but deteriorates at the
usual reef ammonia levels of <1 mM (Glenn
et al. 1999). Therefore, it is restricted to
locations on the reef that receive nitrogen en-
richment, which on Moloka‘i is from anthro-
pogenic sources such as sewage effluent and
runoff from cattle pastures and land clearing
(Glenn et al. 1999, Nelson et al. 2001).

Gracilaria salicornia, however, reproduces
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mainly by fragmentation. It can grow either
attached to substrates or as loose thalli in de-
pressions on the reef. It has a mat-forming
growth habit that allows it to form dense
beds near shore even in the absence of an-
chorage points on the bottom. Gracilaria sali-
cornia is able to persist and grow slowly under
low nitrogen levels; hence it has the potential
to occupy more sites on the reef than G. par-
vispora.

Implications for Macroalgae Growth Patterns on
Hawai‘i’s Reefs

Gracilaria parvispora and G. salicornia appear
to have different growth and nutrient acquisi-
tion strategies for survival in oligotrophic reef
environments. The greater dependence of
relative growth rate on tissue N content for
G. parvsipora may contribute to its patchy dis-
tribution on Hawai‘i’s reefs (noted in Abbott
[1999]). In a previous study, G. parvispora
thalli were planted at a series of sites on
Moloka‘i’s south reef; positive growth rates
were only observed at 15% of the sites: those
where ammonium levels exceeded 2 mM
(Glenn et al. 1999). The productive sites all
had some local source of anthropogenic N
loading from the land. Thalli placed at sites
with less ammonium enrichment, such as in
Pūko‘o Lagoon, lost biomass and tended to
fragment over a period of several weeks (Na-
gler et al. 2003). Gracilaria salicornia, how-
ever, exhibited positive ( but low) growth
rates in Pūko‘o Lagoon in our study reported
here.

The results suggest that G. parvsipora is
able to rapidly exploit temporally and spa-
tially variable sources of nitrogen enrichment
on the reef. Consistent with this growth strat-
egy, surveys of thalli on the reef show that
they are always in a reproductive stage, pro-
ducing either carpospores or tetraspores for
wide dispersal in the environment (Hoyle
1978, Glenn et al. 1996). On the other hand,
G. salicornia is able to persist and spread
slowly by fragmentation. Other macroalgae
are generally not present in G. salicornia
mats, although the mats support a wide
variety of benthic invertebrates (Smith et al.
2004). It appears that, on Moloka‘i, these

algal beds are nutrient sinks and that develop-
ment of large standing crops of either species
of Gracilaria would require substantial nutri-
ent input.

Relevance of the Results to Invasive Species
Control in Hawai‘i

The problem of introduced macroalgae on
tropical reefs is part of the larger problem
of coral-algal phase shifts (reviewed in
McManus and Polsenberg [2004]). Corals
often dominate pristine reefs, because fleshy
macroalgae are often nutrient-limited and
often controlled by herbivory. But overfish-
ing and nutrient enrichment can shift the bal-
ance toward macroalgae dominance to the
detriment of corals. Hawai‘i has experienced
a series of nuisance macroalgae blooms of
both native (e.g., Stimson and Larned 2000,
Stimson et al. 2001, Smith et al. 2004) and
nonnative (Russell 1983, Smith et al. 2002)
species since the 1970s. Many of these
blooms can be traced to land-use patterns
that increase nitrogen levels on usually oligo-
trophic reefs and to overfishing herbivorous
populations (Hunter and Evans 1995).

Burkepile and Hay (2006) reviewed field
experiments aimed at determining the effects
of changes in nutrient enrichment and herbi-
vory on algal abundance. Tropical macroal-
gae, in general, were affected by nutrient
enrichment to a greater degree in the absence
of herbivory. One explanation is that, in areas
of low productivity, herbivores keep pre-
ferred algae at low levels; and macroalgae
may be only weakly influenced by short-term
increases in nutrients (Pfister and Van Al-
styne 2003). The habitat of G. salicornia is
oligotrophic (shallow areas and with few
herbivores), so it would be predicted that nu-
trient enrichment would have substantial ef-
fects on biomass accumulation. For species
of Gracilaria, nutrient enrichment is particu-
larly influential because thalli of these species,
unlike those of most macroalgae, have the
ability to rapidly take up nitrogen, store it in
accesssory pigments (Bird et al. 1982), and
use it to support growth after the disappear-
ance of the nutrient pulse, a characteristic
that has been exploited in cultivation schemes
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for these species (Nelson et al. 2001, Nagler
et al. 2003).

Macroalgae have a variety of nitrogen uti-
lization strategies. Larned (1998) showed that
some species in Kāne‘ohe Bay utilize N from
the water column and grow best in areas of
strong water motion, which stimulates diffu-
sive uptake. Other species, such as G. salicor-
nia, are able to acquire N released from
sediments and can grow in areas of low water
motion. Six of the seven species tested by
Larned (1998), including G. salicornia, re-
sponded positively to fertilization with nitro-
gen but not with phosphorus. Therefore,
where excess nitrogen is available on the
reef macroalgae will proliferate, so control
of macroalgae populations will require reduc-
tion of N entering the reefs by eliminating
sources of pollution and sediment loading
(Grigg 1994, Laws et al. 2004).

In addition, there are interactions between
the nutrient enrichment and level of herbiv-
ory on the abundance of macroalgae (Burke-
pile and Hay 2006, Williams and Smith
2007) that are relevant to gaining a better
understanding of management strategies
needed to protect coral reef ecosystems. For
example, increases in algal biomass resulting
from nutrient enrichment would be damp-
ened, perhaps even prevented, in areas where
herbivory remains high. Therefore, conserva-
tion of fish and invertebrate herbivore popu-
lations through tighter control of fishing
(Grigg 1994, Williams et al. 2006) could sub-
stantially negate the effects of nutrient en-
richment in oligotrophic marine ecosystems.
In areas where herbivory is naturally low, such
as backwaters and disturbed areas near shore,
control of nutrient inputs is more critical.

As is true for introduced seaweeds on
a global scale (Williams and Smith 2007),
many of the problematic species in the islands
of Hawai‘i were introduced for aquaculture
development. However, in nearly all cases,
the aquaculture potential was not realized.
The only commercial seaweed aquaculture in
Hawai‘i centers on providing seaweeds (pri-
marily Gracilaria spp.) as fresh produce, a
market that can be satisfied by just a few
growers and wild harvesters. Protection of
the reefs must be a major priority for
aquaculture development in Hawai‘i and else-

where; developing means of effective over-
sight of species introductions for commercial
development would be prudent.
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