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Abstract

Mangroves in many parts of the world are subjected to frequent, large-scale disturbances. A possible exception is
Kosrae, Federated States of Micronesia (FSM), a small volcanic island in the west-central Pacific Ocean. Relative
sea level has been stable for most of the last 1000 years and the last tropical cyclone to affect the island was in
1905. Many trees on Kosrae, especially individuals of the species Sonneratia alba, therefore appear to die only
after reaching advanced ages and exceptional sizes. The most widespread anthropogenic disturbance is harvesting
of trees for fuelwood and poles, which is done selectively and generally creates small, dispersed gaps. Other
forms of anthropogenic disturbance, such as modifications of coastal landforms, alterations of freshwater inflows,
road construction, and conversion to residential or agricultural uses are still relatively minor but have led to some
irreversible losses. The economy of Kosrae is based to a large degree on income derived from a Compact of Free
Association between the FSM and the United States, an agreement that has an uncertain future. Many of the funding
provisions of the Compact expire in 2001 and, if not renewed, may have dramatic impacts on resource use. This
in turn may lead to a much greater level of anthropogenic disturbance of what are now some of the world’s most
intact mangrove swamps.

Introduction Mangroves in different parts of the world are sub-
ject to different patterns and degrees of natural and

anthropogenic disturbance. South Florida, the Carib-

Mangrove ecosystems are typically subject to dis-
turbance. Lightning, insects, disease, frost, tropical
storms, changes in sea level, and climate change are
natural factors that disturb mangroves at varying spa-
tial and temporal scales (Jiménez et al., 1985; Steinke
and Ward, 1989; Woodroffe and Grinrod, 1991; Smith,
1992; Twilley, 1998). At the same time that we
advance in our understanding of how these natural
disturbances influence mangrove forest structure and
function, we increase our own influence over these im-
portant ecosystems. Growing human populations are
increasingly converting, polluting, or otherwise dis-
turbing mangrove ecosystems, often with greater or
longer-term impacts than natural disturbances (Farns-
worth and Ellison, 1996, 1997; Twilley, 1998).

bean, and parts of Central America are particularly
prone to natural disturbances such as tropical cyclones
and lightning strikes (Roth, 1992; Smith 1992; Smith
et al., 1994; Sherman and Fahey, 1996). Likewise,
rates of relative sea level rise vary in different parts
of the world, depending on local or regional-scale
geomorphic processes, and may have very different
impacts on mangroves (Ellison and Stoddart, 1991;
Twilley, 1998). In some regions, anthropogenic dis-
turbances, particularly the conversion of mangroves to
aquaculture ponds, conversion to agricultural, urban
or industrial uses, and oil spills are the most important
forms of disturbance (Farnsworth and Ellison, 1996,
1997; Aubé and Caron, 2000).
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In this paper, we examine patterns of both natural
and anthropogenic disturbance on the small Pacific is-
land of Kosrae. By doing so, we seek to (1) contribute
to the growing body of literature on mangrove disturb-
ance ecology by documenting disturbance patterns in
a region where mangroves have been little studied, (2)
relate past and present patterns of disturbance to as-
pects of forest structure on the island, and (3) describe
how changing socioeconomic conditions are likely to
affect patterns of disturbance.

Theldand of Kosrae

Kosrae (5°19’ M, 163°00’ E) is a small (112 km?) high
volcanic island in the Federated States of Microne-
sia (FSM). It has a rugged, heavily forested interior
composed of Tertiary basaltic rock and is fringed by
a narrow coastal plain (Figure 1). Annual rainfall
is 5000-6000 mm and, while variable, is relatively
evenly distributed throughout the year (Segal, 1995).

Mangroves are a significant natural feature on Kos-
rae, covering 1562 ha (14% of the total land area) and
occupying approximately two-thirds of the shoreline
(Whitesell et al., 1986). Eleven mangrove tree spe-
cies, including one hybrid, are present on the island
(Duke, 1999), of which Sonneratia alba, Bruguiera
gymnorrhiza, and Rhizophora apiculata are the most
common (MacLean et al., 1988; Ewel et al., 1998a).
The mangroves of Kosrae can be divided into three
types based on geomorphic setting (Figure 1), using
the classification scheme of Miyagi (1992). The most
common is the backswamp type, which is located be-
hind barriers such as beach ridges. The estuary type is
located in areas with significant inflows of freshwater
from streams or rivers. The coral reef type develops
on reef or tidal flats in areas without significant in-
flows of freshwater. Individual mangrove stands on
the island can also be categorized as fringe, interior,
or riverine mangroves (cf. Woodroffe, 1992). More
detailed descriptions of Kosraean mangrove swamps
can be found in several recent publications (Ewel et
al., 19983, b; Cole et al., 1998; Pinzon, 1998; Kikuchi
et al., 1999).

Humans are believed to have first settled on Kos-
rae around 2000 years B.P. (Athens, 1995). European
contact was first made in 1824, at which time the pop-
ulation is believed to have been about 3000 (Ritter,
1981). Shortly after contact, the population of the is-
land went through a rapid decline, presumably due
to introduced diseases such as smallpox and influ-

enza, and reached a low of approximately 200 to 400
between 1870 and 1880 (Ritter, 1981). It has since
recovered, with the most recent census indicating a
population of 7317 for 1994 (Kosrae State Census
Report, 1996). The annual population growth rate
is about 3%, but emigration to Guam, Hawaii, and
the mainland United States keeps its net population
growth at 1%/yr (Kosrae State Census Report, 1996).

Since European contact, Kosrae has had several
different associations with foreign powers, some of
which have made significant use of the island’s man-
groves. These associations include colonial or trust-
eeship periods under Spain (1885-1899), Germany
(1899-1914), Japan (1914-1945), and the United
States (1945-1976). In 1976, Kosrae became one
of four states in the newly independent Federated
States of Micronesia. In 1986, the FSM entered into a
Compact of Free Association with the United States,
codified as U.S. Public Law 99-239, an agreement
by which the United States provides funds, emigra-
tion rights, and other assistance in return for exclusive
military access to FSM’s territorial waters. Approxim-
ately 54% of the FSM government revenue is derived
directly from payments through the Compact (Osman,
1995). Although the Compact does not have a definite
ending date, many of the funding provisions expire in
2001. The status and terms of future Compact funding
are currently under negotiation.

Natural disturbances

Sea level fluctuations

Because sediment inputs are not large on most small
Pacific islands, geomorphological development of
mangrove swamps in the region is driven mainly by
sea-level fluctuations (Woodroffe, 1987). In the case
of Kosrae, sea level change indeed appears to have
been the single largest factor influencing the extent and
distribution of mangroves. Depending on its rate and
direction, sea-level change may have both destroyed
large areas of mangroves and created ideal habitats for
their expansion.

Relative sea level on Kosrae is believed to have
fluctuated approximately 4 m over the last 5000 years
but to have been relatively stable over the last 800
(Kawana et al., 1995; Figure 2) to 1100 years (Athens,
1995). At approximately 3700 years B.P., when sea
level was at the highest level of the late Holocene,
mangroves were apparently much less extensive than
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Figure1. Major topographic features of the island of Kosrae, Federated States of Micronesia, and the distribution of mangrove forests (modified
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Figure 2. Late Holocene sea-level changes on Kosrae (modified from Kawana et al., 1995 and Fujimoto et al., 1996).
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they are today. Swamps existing earlier may have
failed to keep pace with the rapid rate of relative
sea-level rise of about 10 mm/yr between 4100 and
3700 B.P. (Fujimoto et al., 1996). Most of the man-
grove swamps currently in existence appear to have
developed between 2000 and 800 years B.P., during
a period with a more gradual increase in sea level of
about 1-2 mm/yr (Fujimoto et al., 1996).

The extensive backswamp type mangroves present
today (Figure 1) were probably no more than narrow
bands of fringing mangroves 3500 years B.P., as indic-
ated by a combination of sediment profile cores and
radiocarbon dating of sediments (Figure 3; Fujimoto
et al., 1996). Backswamp type mangroves began to
develop during the low sea-level phase approximately
2000 years B.P. and continued to expand as sea level
rose over the next 1200 years. The coral reef type
of mangrove is also believed to have developed al-
most entirely during the last 2000 years (Fujimoto and
Miyagi, 1993; Fujimoto et al., 1996).

A recent pollen core (‘Okat 2’) provides a vegeta-
tion record spanning about 3800 years, lending further
support to the conclusions of Fujimoto and colleagues
(Figure 4; Athens, 1995). The increase in Sonnera-
tia and Rhizophora pollen beginning at a depth of
between 2 and 3 m suggests an increase in the extent
of mangroves during much the same period proposed
by Fujimoto et al. (1996). A 2.7 m core obtained on
Kosrae, representing an approximately 2000 year re-
cord, indicates that mangrove pollen production was
relatively stable over the entire time period, with the
notable exception of an increase in Rhizophoraceae
pollen at the surface (Yamanaka and Kikuchi, 1995).

Tropical storms, lightning and drought

The mangroves on Kosrae are very rarely disturbed
by large tropical storms (Ray, 1999). The last trop-
ical cyclone known to have passed close to Kosrae
occurred in April, 1905 (Segal, 1995). We have not
been able to find any documentation of that tropical
cyclone’s impact on the mangroves, but one observer
reported that only one house was left standing, five
people were killed and many injured, fruit trees and
fields were desolated and 3/4 of the coconut trees an-
nihilated (Sarfert, 1919), suggesting that damage to
the mangroves may also have been extensive. Only
two other destructive tropical cyclones have been doc-
umented to any degree; one, known only from oral
histories, is believed to have occurred in the late 1700s
and another occurred in March, 1891. Another trop-

ical cyclone, or possibly a tsunami, may have struck
around 1825, but reports on this event are conflicting
(Sarfert, 1919). Smaller tropical storms are also un-
common; between 1945 and 1998 only one tropical
storm and three tropical depressions passed within 50
km of Kosrae (Ray, 1999).

Lightning is infrequent in the region of the Pacific
in which Kosrae occurs (Takahashi, 1983), and tree
mortality and gap formation due to lightning are be-
lieved to be rare occurrences. One gap, however, was
recently examined by the senior author and appears to
have been caused by lightning. Two large S. alba, one
with its top broken off, and 11 smaller B. gymnorrhiza
had been Kkilled in a roughly circular patch of about
30 m in diameter. Only three small B. gymnorrhiza
trees of <5 m in height survived within the gap. All
of the dead trees, except the one large S. alba with the
broken top, had intact branches but were completely
defoliated. The pattern and scale of the damage is sim-
ilar to that described by Magnusson et al. (1996) for a
neotropical forest in Brazil.

In spite of Kosrae’s high rainfall, occasional
droughts do occur and may impact the mangroves.
Diameter growth of S alba and B. gymnorrhiza de-
clined dramatically during the 1997/1998 El Nifio
(J.A. Allen, unpublished data), when rainfall was well
below average for a six month period. Although no
apparent drought related mortality was observed on
Kosrae during the EI Nifio, patches of recently killed
trees in landward edge mangroves on Chuuk and Yap
were observed during the same period (K.W. Krauss,
personal communation).

Effects of natural disturbances on forest structure

Over the last 1000 years, during which time relative
sea level has remained stable, the main large-scale
effect of natural disturbances has likely been from
the infrequent tropical cyclones. The rarity of stand-
destroying natural disturbances is apparent from the
exceptionally large sizes of the trees in most stands,
with many well in excess of 25 m in height and 1
m dbh (Cole et al., 1998). The relative lack of large
natural disturbances results in a phenomenon that may
be rare in more heavily-disturbed mangroves — the
creation of gaps by the fall of large, apparently old,
individual trees (Duke, 2000).

In some ways, most of the Kosraean mangroves
have an almost unchanging appearance, with massive,
apparently very old, epiphyte-laden S. alba trees dom-
inating an overstory consisting of more numerous but
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smaller R. apiculata and B. gymnorrhiza. At least su-
perficially, the current appearance of these swamps
still bears a remarkable resemblance to the written de-
scriptions and drawings of the first European explorers
to visit Kosrae (Ritter and Ritter, 1982).

Anthropogenic disturbances

Wood harvesting

Mangrove wood is widely used for a variety
of purposes throughout the world (Walsh, 1977,
Bandaranayake, 1998), and Kosrae is no exception.
Patterns of use of mangrove wood on the island can
be divided roughly into three phases: pre-European
contact, the colonial/trusteeship period, and post-
independence.

Little is known about pre-European contact use of
mangrove wood. The first European explorers repor-
ted extensive use of wood for cooking and building of
houses but apparently did not provide specifics on the
types of wood used or the quantity (Ritter and Ritter,
1982). More detail on traditional use of wood (albeit
well after initial European contact) was provided by
Sarfert (1919), including observations on the number
of cooking fires made per day and the design and
dimensions of various traditional structures, but in-
formation on the tree species used for various purposes
is lacking. Given the relatively small population that
was likely to have been present through much of the
pre-European contact period, use of mangrove wood
must have been relatively light. Harvesting most likely
would have been in the form of selective cutting of
preferred species and would have been limited by the
technology available primarily to smaller size classes.

During the colonial/trusteeship period, mangroves
continued to be used extensively for fuel and con-
struction material and also were used for lumber and
charcoal, as a source of tannin, and for other products
(Sarfert, 1919). Peak use of mangroves for other than
traditional purposes probably occurred during the Ja-
panese trusteeship period (1914-1945). Records from
that era show a pronounced increase in mangrove
wood consumption in the years immediately prior to
and during World War 1l and also indicate that a sub-
stantial amount of harvested wood was exported to
locations such as the Marshall Islands (K. Fujimoto,
personal communication).

Kosraeans involved in wood harvesting during that
period indicate that the pattern of use depended on

the particular product desired. Harvesting was highly
selective for quality lumber, with species such as Lum-
nitzera littorea being especially sought. Harvesting for
charcoal, for fuel to use in making salt, and for lower
quality lumber was much less selective, and there-
fore tended to result in larger openings. The legacy
of this era is apparent in present-day aerial photo-
graphs, which show a patchwork of differing canopy
textures in areas where harvesting was most active,
probably representing the different types of harvest-
ing that occurred. On other islands, most notably
in Chuuk, harvesting of vulnerable coral reef type
mangroves during this period may have resulted in per-
manent mangrove loss (Fischer and Fischer, 1957), but
most of the areas harvested on Kosrae appear to have
regenerated well despite the total lack of replanting.

Within the past 10-15 years (post-independence),
some B. gymnorrhiza and Rhizophora spp. have been
harvested for processing in a sawmill, and Rhizophora
spp. have been consistently harvested for housepoles
(Devoe, 1994). The predominant use, however, has
been the harvest of Rhizophora spp., particularly R.
apiculata, for fuel. Rhizophoraspp. are valued as fuel-
wood because of their clean burning properties and
relatively desirable effect on the flavor of food, and
they have apparently been harvested for this reason for
generations. Other species, especially B. gymnorrhiza,
can also be used as fuelwood, but are not selected
nearly as often. Currently, most people use kerosene
or electricity to cook food during the week. Because
no work is performed on Kosrae on Sunday, all the
cooking for the weekend is done on Saturday, and
much of this is done in a family’s uhm, or wood-fired
earthen oven. Also, funerals in Kosrae are charac-
terized by gatherings of family and friends that can
last for two or more days, and especially large quant-
ities of Rhizophora are harvested for these events.
Although alternative fuel sources are available and are
used extensively by families that are either wealthier
or located in the larger villages, total fuelwood use
may have increased as much as 40% between 1989
and 1996 (Naylor and Drew, 1998).

Harvesting pressure has had a significant influence
on the structure of Kosraean mangroves. On Pohnpei,
an island with similar mangrove species and climate
but much less mangrove harvesting, plotting the dia-
meter distribution of trees >2.5 cm dbh (Figure 5)
results in a nearly perfect j-shaped curve (cf. Smith,
1986). The pattern is very different on Kosrae, how-
ever, where many trees in the 10 to 30 cm diameter
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(from Cole et al., 1998).

classes have been harvested, but more trees are present
in the largest size classes (Figure 5).

Gap size and distribution are also being affected
by wood harvesting. Gaps created by wood harvesting
tend to be larger than natural gaps, and the largest har-
vested gaps make up an increasingly large proportion
of the total gap area (Figure 6). Large gaps created by
harvesting are most common where new roads have
been established, facilitating better access, and are
therefore more prevalent in interior mangroves, rather
than fringe or riverine mangroves (Pinzén, 1998). Al-
though regeneration is adequate in the smaller gaps
(Ewel et al., 1998b, Pinzon, 1998), this is not always
the case for larger gaps, such as those created along
the Okat Road on the northern side of the island. Nat-
ural regeneration in a large gap along this road — at
a site on the landward edge of the mangroves several
hundred meters inland from the ocean — has been slow,
although plantings by local resource managers appear
to have been successful.

The highly selective cutting of Rhizophora spp. is
bound to be influencing species compasition in the
mangroves, but few data on this are available, and
Rhizophoraspp. remain common in most stands (Ewel
et al., 1998a, b; Cole et al., 1998, Pinzén, 1998).
Xue (1996), however, refers to several stands of coral
reef type mangroves that have had virtually all the
Rhizophora spp. cut out of them, leaving only S alba.

Coastal modifications

Anthropogenic alterations of coastal landforms and
offshore currents have been responsible for losses of
some critical fringe mangrove forests. For example,
approximately 2.1 ha of mangroves on Kosrae’s east
coast, in the village of Malem, were lost after the
diversion of a stream altered freshwater inflow to
the mangroves and changed offshore currents (Xue,
1996). The removal of two small islands and dredging
from the reef flat on the north end of Kosrae, which
were carried out to provide fill for the international
airport, have altered long-shore currents, leading to
considerable shoreline erosion and erosion of soil
around mangrove trees growing on the reef flat (Xue,
1999). The prospects for regeneration in these mod-
erately high-energy areas are poor, as the substrate
necessary to allow propagules to take root has been
washed away.

Road construction

The road network on Kosrae is limited but actively
expanding. Roads are being built into southern and
western parts of the island that are currently roadless,
and a road network may eventually encircle the island.
The main roads on the island are almost entirely on the
coastal plain and have generally been built adjacent
to or through mangrove swamps. Potential impacts of
the roads include the direct loss of mangroves and
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indirect effects of sedimentation, altered hydrology,
and increased access to the swamps for wood harvest-
ing and dumping. Substantial groundwater flow, and
occasional overland flow, into mangrove swamps has
been demonstrated in this high-rainfall environment
(J.Z. Drexler, unpublished data), and may be limited
in some swamps by roads.

Pollution

Occasional small oil spills, construction of landfills,
unregulated dumping, and runoff from piggeries have
had impacts on mangrove forests around the island.
Remediation and mitigation are nonexistent, and cu-
mulative damage is mounting, but these forms of dis-
turbance are at present still relatively minor. Probably
less than 50 hectares have been significantly affected
(E. Waguk, personal communication).

Tourism

To date, tourism has had a mixed but generally minor
impact on the mangroves. A small hotel was developed
on land reclaimed from a mangrove swamp, affect-
ing a total area of less than 2 ha, and some wood
and nypa (Nypa fruticans) palm leaves were harves-
ted to make traditional buildings for a small resort.
The mangroves, however, are increasingly viewed as
a potential draw for ‘ecotourists,” and a variety of out-
rigger canoe and kayak tours are now offered through
the mangroves. Also, the potential for ecotourism
was one factor leading to the decision to create the
Utwe-Walung Marine Park on the southern part of the
island.

Discussion

Kosrae currently enjoys a mangrove resource that,
while not pristine, is largely intact. In contrast to man-
groves in many parts of the world, natural disturbances
are either relatively small or infrequent, and anthro-
pogenic disturbances, through widespread, are still
small-scale. Consequently, many trees, particularly of
the species S alba, reach exceptionally large sizes and,
perhaps, unusually old ages.

However, the disturbance regime on the island
is clearly changing. One obvious threat comes from
continuing the current patterns of mangrove wood har-
vesting and per capita wood consumption, coupled
with a growing population. This will lead to a greater
proportion of the mangrove resource being converted
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to gaps, the creation of larger gaps, and increasingly
uncertain regeneration. The mangroves have proven
resilient to long-term, small-scale harvesting and to
short periods of much more intensive harvesting (e.g.,
during the Japanese trusteeship period), but the ca-
pacity for regeneration may eventually be severely
compromised if harvesting continues to increase.

Although currently more localized and smaller in
scale, other types of anthropogenic disturbances ap-
pear to be more serious threats to mangrove resiliency.
Modifications of coastal landforms or freshwater input
have led to essentially irreversible losses of mangroves
in some areas. An oil spill in an area of moderately
high wave energy appears to have caused long-term or
permanent loss. Ongoing programs of road construc-
tion and coastal development are likely to cause more
small but irreversible losses, which may in time have
a substantial cumulative effect.

One factor that may profoundly influence patterns
of anthropogenic disturbance is the future of the Com-
pact of Free Association with the United States. If
the Compact’s funding provisions are renewed, after
they expire in 2001, at something similar to its exist-
ing terms, current trends in population growth, em-
ployment, and development will likely continue to
gradually increase demands on mangrove forests. If
its funding provisions are renewed with much less fa-
vorable terms there will be a greater need to generate
income locally, which in turn may result in dramatic-
ally intensified resource use. Naylor and Drew (1998)
have shown that most of the fuelwood consumed on
Kosrae is used by households in the subsistence sector,
rather than households that derive most of their income
from government or private sector employment. A re-
duction in the percent of the population employed in
the government and private sectors could conceivably
result from a reduction in Compact funding, forcing
more people into the subsistence economy and greater
reliance on mangrove wood for fuel and building ma-
terial. If the Compact is terminated altogether, the
rate of population growth and resource use on the is-
land could be exacerbated by the loss of emigration
privileges.

Another major source of uncertainty is the in-
fluence that humans may have on heretofore natural
disturbances. Anthropogenic effects on sea-level rise
are perhaps the biggest concern, but the frequency
or intensity of storms may also be altered (Emanuel,
1987; Twilley, 1998), and introductions of new insects
or diseases may occur. Unfortunately, much of this is
out of the immediate control of the people of Kosrae.
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The steep mountains of Kosrae’s interior limit the
possibilities for finding alternative sources of firewood
and building material and at the same time limit other
possibilities for resource use and income generation.
Careful use of the existing mangrove forest, such as
by harvesting primarily from the interior forests and
by keeping gaps small (Ewel et al., 1998b), increased
efficiency in the use of trees that are felled (Allen
et al., 2000), and replanting is therefore essential for
long-term maintenance of this important resource. In-
creasingly careful consideration of the impacts that
economic development projects may have on man-
groves is also of absolutely vital importance to en-
suring the long-term viability of Kosrae’s exceptional
mangrove resource.
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