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the most developed sections of Tutuila Island (Bardi
and Mann 2004; Gilman et al. 2007). Large portions
of Nu’uuli mangrove have been filled for develop-
ment since the early 1900s (Amerson et al. 1982;
American Samoa Coastal Management Program
1992). Nu’uuli mangrove could be further reduced
in area by as much as 67% by the year 2100 as a result
of the mangrove’s natural landward migration in
response to projected relative sea-level rise combined
with 68% of the mangrove’s landward margin being
obstructed by development (Gilman et al. 2007).
Williams (2004) quantified land uses in 1961, 1984,
and 2001 for the Tafuna Plain, Tutuila Island,
American Samoa, which is adjacent to the Nu'uuli
mangrove study site, finding that over the four
decades the area of forested land decreased by
52%, while the area of developed land increased by
367%. This may have altered sediment, freshwater,
and pollutant input levels into mangroves, causing
changes in boundary positions and reducing health.

The center of the restoration site is at
14°19 04.2 S, 170°42 09.2 W, located in the south-
eastern part of Nu'uuli mangrove. The restoration
site is approximately 1,650 m®* 55 m long (parallel
to the shoreline), and 30 m wide (from landward to
seaward margins).

PERIOD

Initial restoration activities took place from June
13 to 15, 2006. Monitoring was conducted five times
(July 13, August 20, October 5, November 24, and
December 8) over six months from initial restora-
tion activities.

SITE SELECTION AND COMMUNITY PARTICIPATION

We selected this site for the project because we
determined that the system has been altered to such
an extent that it could not self-correct. The site
contained only six mature B. gymnorrhizarees, two
B. gymnorrhizaaplings, and one R. manglesapling.
Very few seedlings and saplings were establishing
despite an ample supply of propagules from
adjacent relatively healthy mangroves. The site also
has easy access, making it convenient for training,
monitoring, and education. Through preproject
community consultation we determined that the
adjacent landowners, village mayor, village council,
and local community supported the project and
members of the local community were available to
participate in restoration and monitoring activities
as well as help minimize the risk of human
disturbance of the restoration site.

STRESSES THAT CAUSED MANGROVE DECLINE

We analyzed a time series of aerial photographs
showing Nu’uuli mangrove in 1961, 1971, 1984, and

1990, and 2001 Ikonos and 2004 QuickBird satellite
imagery to determine when mangrove vegetation
disappeared from the site; if mangrove vegetation
cover demonstrated a trend, such as continual
reduction in cover versus removal during a single
pulse; and if the historical imagery provides in-
formation to support an inference of the cause of
the loss of mangrove habitat from the restoration
area. The Ikonos and QuickBird satellite imagery
have been georeferenced to the UTM NADS83 Zone
2 South High Accuracy Reference Network (HARN)
projection and coordinate system. ERDAS Imagine
8.7 software was used to coregister the aerial photos
to the georeferenced 2001 Ikonos satellite imagery.
A minimum of 20 ground control points were used
per aerial photo for coregistration. A third order
polynomial model was used to coregister the aerial
photos.

We also interviewed the owners of the land
parcels located immediately landward of the project
site and adjacent landowners to attempt to de-
termine the cause of the mangrove loss.

TARGET SUBSTRATE ELEVATION AND VEGETATION
ZONE WIDTHS

We interpreted the historical aerial photos and
satellite imagery to determine the locations and
widths of historical mangrove vegetation zones at
the study site before the mangrove vegetation cover
was lost. We also measured the width of the
mangrove vegetation zones of an adjacent relatively
undisturbed reference mangrove site to help design
the location of the restoration site mangrove
vegetation zones.

We compared the elevation of the mangrove of
an adjacent reference mangrove site to the eleva-
tions of the corresponding sediment surface of the
restoration site to determine if disparities in
elevation might be preventing natural regeneration
and to determine what elevation to target for the
restoration site.

Because propagules are present but not establish-
ing at the study site, we assumed that the distur-
bance stress that caused the mangrove loss, or that is
preventing natural regeneration, was still present.
One hypothesis was that the sediment surface of the
restoration area is currently at a lower elevation
than that of the adjacent reference site, which is
preventing natural recruitment, and that by estab-
lishing mangrove trees the restoration site will
gradually build up sediment to reach a surface
elevation equivalent to that of the adjacent man-
grove areas. Vegetational friction on water move-
ment combined with flocculation of clays contri-
butes to substrate accretion (Furukawa and Wo-
lanski 1996; Furukawa et al. 1997). Excavation of fill
or backfilling of an excavated or eroded area to



achieve the same slope and elevations relative to
a reference site would be an optimal approach to
achieve the correct hydrology (Lewis and Streever
2000). This is expensive, and raises many additional
complexities; e.g., fill material must be of suitable
grain size and free of contaminants. The methods
employed in this study using infilled tires to achieve
target elevations and pipes to provide protection
from debris and human disturbance, presented
a more cost-effective and technologically appropri-
ate approach, the efficacy of which is being assessed
in this study.

RESTORING MANGROVE VEGETATION ZONES

In general, suitable species to be replanted are
those that naturally occurred at the site before
disturbance, with individual species located in the
correct zones. Individual mangrove species tend to
occur in zones according to their specific tolerance
levels for various environmental parameters, in-
cluding hydrologic and salinity regimes, wave
energy, soil and water pH, sediment composition
and stability, nutrient concentrations, and degree of
faunal predation, resulting in zonal distribution of
mangrove species (Tomlinson 1986; Naidoo 1990;
Duke 1992), in this case with R. mangleon the
seaward margin and B. gymnorrhizan the landward
margin. We analyzed historical aerial photographs
to identify the former extent of mangroves and the
constituent vegetation zones. The positions of B.
gymnorrhizaand R. manglezones in the restoration
area and target density of trees were determined
based on the review of the available historical
remotely sensed imagery and assessment of the
widths of these mangrove zones in adjacent man-
grove reference areas.

Saplings were transplanted from wild sources. B.
gymnorrhizaaplings were transplanted from a large
supply from mangrove areas proximate to the
restoration site within the Coconut Point area.
Due to a difficulty in locating suitable R. mangle
saplings for transplanting from adjacent mangrove
areas, about half of the restoration site R. mangle
saplings were taken from an area in Nu'uuli
mangrove outside of the Coconut Point area where
there was a substantially higher soil organic content
than at the restoration site. Mangrove saplings
for replanting were collected from large, mature
mangrove ecosystems where natural regeneration is
occurring. An attempt was made to collect saplings
only from areas within the forest with large
populations of shaded saplings, and from areas
where the mangrove mud was firm. This is because
sediment is removed with the sapling, so in narrow,
degraded, or sea margin areas, erosion and degra-
dation of the source area may occur if saplings are
removed. Saplings were also not collected from light
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gaps as these saplings have a relatively high likeli-
hood of surviving.

An attempt was made to choose saplings for
transplanting that were 0.5-0.8 m tall, with a straight
trunk, an intact growing tip, and several leaf pairs.
We avoided old saplings, with over 15 leaf scars on
the trunk (Duke and Pinzéon 1992), and those that
already have developed prop roots or side branches.
Older saplings are less likely to survive transplant-
ing, probably due to root disturbance (Hamilton
and Snedaker 1984). Saplings were transported to
the study site and transplanted within 30 min of
being extracted from their original site.

Saplings were planted by digging and placing the
sapling into a hole. An attempt was made to ensure
that the mud level after planting was the same as
at the original location. If a sapling were buried
deeper, it would likely not survive. Saplings were
removed and holes were dug by hand; digging tools
were rarely necessary.

We did not employ natural regeneration or plant
propagules (the fruit after falling from the parent
tree but not yet rooted in the substrate) in order to
reduce the amount of time to restore the mangrove
habitat to reference conditions and because use of
tires with elevated sediment surface inside in which
planting occurred prevents natural recruitment
mechanisms. We also decided not to raise saplings
from seedlings in a nursery. Raising the seedlings in
a nursery risks causing stress and low survivorship
when transplanting to the project site, as conditions
(e.g., hydrologic regime, wave energy, salinity,
nutrient levels, sun exposure) in the nursery versus
the project site are likely to differ. Advantages of
collection from the wild and transplanting are:
saplings can be collected at any time through the
year, they are suitable for higher energy sites, and
success rates are usually higher than planting seeds.

Three simple, technologically-appropriate treat-
ments using materials readily available in Pacific
Island countries and territories were employed to
restore mangrove vegetation to the restoration site:

Rebar or Other Support Structure Adjacent to Sapling

A single R. manglesapling, approximately three
years old, was observed growing next to a 0.6 m tall
pipe in the restoration study site. This was the only
R. manglesapling present in the restoration site
(there were also two existing B. gymnorrhizaaplings
each about one year old, in the study site),
supporting a hypothesis that sapling survival might
be enhanced when located adjacent to similar
support structures, perhaps by providing a degree
of protection from human disturbance and debris.
Based on this observation and hypothesis, we made
one of the restoration method treatments placing
a three-meter length rebar pipe into the sediment



where wave energy and exposure to impact from
debris is highest.

MONITORING AND MAINTENANCE

The survival of each sapling in the study area was
monitored five times over the six months following
project initiation. The Chi-square test of heteroge-
neity is used to determine any significant difference
for the survival of B. gymnorrhizarersus R. mangle
saplings and survival for each of the three treat-
ments (sapling next to a rebar, inside a tire, and no
support) for individual and combined mangrove
species. For saplings planted inside tires, the height
of sediment inside the tire relative to the sediment
elevation of the substrate adjacent to the tire was
measured at project initiation and again at six
months. Debris such as logs, garbage, timber, and
palm fronds were periodically removed from the
study site area. This was done to prevent the debris
from rolling at high tide and dislodging saplings.

PrOJECT COSTS

We itemize project costs in order to estimate a per
hectare cost for mangrove restoration with the
techniques employed in this study.

Results
CAUSE OF MANGROVE DECLINE

Analysis of a time series of remotely sensed
imagery of the study site at six points in time from
1961 through 2005 contributed to understanding
the cause of the mangrove ecosystem degradation. A
substantial loss of mangrove trees occurred between
1971 and 1984, with a further reduction in area of
a mangrove island between 1984 and 1990. The
mangrove area margins and cover remained rela-
tively unchanged between 1990 and 2004. In 1984
there was a substantial increase in development of
adjacent upland areas relative to 1971 along the
Coconut Point area near the study site.

Interviews with landowners adjacent to the
mangrove restoration study site identified the cause
of the original mangrove loss. In 1979, Leon and
Michael Malau’ulu, then eight and ten years old,
respectively, following their parent’s instructions,
over a one-month period, cut down the mangroves
fronting their property using machetes. The Ma-
lau’ulu family had decided to remove the mangrove
in order to provide a source of firewood, improve
boat access, and improve access to mudflat habitat
for collecting a marine worm (Ipo in Samoan) for
subsistence consumption (L. Malau’ulu personal
communication).

A covered structure is present on the shoreline
where the landowner loads provisions onto small
boats. The boat provisioning and other activities on
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the mudflat have likely contributed to preventing
the long-term survival of mangrove seedlings that
had become established through natural recruit-
ment since the Malau’ulu family cleared mangrove
trees from the area in 1979.

COMMUNITY PARTICIPATION

The American Samoa Department of Commerce,
Coastal Management Program obtained authoriza-
tion and expression of support from the Nu’uuli
mayor (Vaealuga Maae, Magele [High Talking
Chief] of Nu'uuli village), Nu’uuli village council,
and landowners adjacent to the study site to
conduct the mangrove restoration project. Leon
Malau’ulu, the landowner immediately adjacent to
the study site, directly participated in restoration
and monitoring activities. Leon explained that his
family’s main interests to help restore the mangrove
habitat fronting their property include: reducing
salt spray damage to their property, reducing debris
from washing up to their property line, improving
habitat conditions for mangrove crabs, and pro-
viding protection from storm energy and erosion
(L. Malau’ulu personal communication).

Through consultation with the Malau’ulu family,
a boat channel was included in the design of the
mangrove restoration site (Fig. 1) to allow for
continued boat access to the facility where the
family loads provisions onto small boats, in part, to
reduce the likelihood of future disturbance of the
reestablished mangrove vegetation. The borders of
the boat channel were lined with sufficiently tall
rebar with brightly colored flag tape attached to the
top ends to ensure visibility at high tide and
discourage the boat operators from traveling into
the mangrove area.

WIDTH OF REFERENCE VERSUS RESTORATION SITE
MANGROVE VEGETATION ZONES

The width perpendicular to the shoreline of the
reference B. gymnorrhizaone is 12.4 m, and width
of the R. manglezone is 19.1 m. The width of the
restoration B. gymnorrhizaone is 19.7 m, and width
of the R. manglezone is 9.5 m. Due to difficulties
encountered in locating suitable sources of R.
manglesaplings to transplant to the restoration site,
the R. manglecone of the restoration site is narrower
than in the reference site, and the B. gymnorrhiza
zone of the restoration site is wider and extends
7.3 m further seaward than the reference site.

ELEVATIONS OF REFERENCE MANGROVE AND
RESTORATION SITE

The lowest elevation of the R. manglereference
mangrove site is used as the 0 mm elevation for this
analysis. The seaward margin of the R. manglezone
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