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Abstract The distributions and population densities of
large benthic foraminifers (LBFs) were investigated on reef
flats of the Majuro Atoll, Marshall Islands. Annual sediment
production by foraminifers was estimated based on popu-
lation density data. Predominant LBFs were Calcarina
and Amphistegina, and the population densities of these
foraminifers varied with location and substratum type on
reef flats. Both foraminifers primarily attached to macro-
phytes, particularly turf-forming algae, and were most
abundant on an ocean reef flat (ORF) and in an inter-island
channel near windward, sparsely populated islands.
Calcarina density was higher on windward compared to
leeward sides of ORFs, whereas Amphistegina density was
similar on both sides of ORFs. These foraminifers were
more common on the ocean side relative to the lagoon side
of reef flats around a windward reef island, and both were
rare or absent in nearshore zones around reef islands and on
an ORF near windward, densely populated islands.
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Foraminiferal production rates varied with the degree to
which habitats were subject to water motion and human
influences. Highly productive sites (>10° g CaCO; m™>
year™ ") included an ORF and an inter-island channel near
windward, sparsely populated islands, and a seaward area of
a reef flat with no reef islands. Low-productivity sites
(<10 g CaCO; m™2 year ") included generally nearshore
zones of lagoonal reef flats, leeward ORFs, and a windward
OREF near densely populated islands. These results suggest
that the distribution and production of LBFs were largely
influenced by a combination of natural environmental fac-
tors, including water motion, water depth, elevation relative
to the lowest tidal level at spring tide, and the distribution of
suitable substratum. The presence of reef islands may limit
the distribution and production of foraminifers by altering
water circulation in nearshore environments. Furthermore,
increased anthropogenic factors (population and activities)
may adversely affect foraminiferal distribution and
production.
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Introduction

Approximately 500 atolls are distributed in and near the
equatorial, circum-tropical climate zone of the world’s
oceans. On the rim (reef flats) of atolls form generally low-
lying, flat, small islands, termed reef islands (motu and
sand cays; Woodroffe et al. 1999). The elevations of these
reef islands reach up to a few metres above the mean sea
level (e.g. Kayanne et al. 2005; Woodroffe 2008), and the
islands are largely composed of unconsolidated bioclastic
sands and gravels (e.g. Woodroffe and Morrison 2001).
Reef islands are thus highly subject to inundation, coastal
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erosion, catastrophic storms, and other coastal hazards,
which are caused by climate change, increases in the sea
level, and extreme events (e.g. Mimura et al. 2007). In
addition, some tropical island countries are situated either
fully or mostly on atolls, and the main islands in these
countries are densely populated and urbanised (e.g.
Spennemann 1992; Kayanne et al. 2005). As a result, reef
islands and adjacent coral reefs near population centres
now suffer from anthropogenic disturbances such as water
pollution, waste disposal, dredging, construction, and land
reclamation (Richmond et al. 2002; Abraham et al. 2004;
Vieux et al. 2004).

The bioclastic sediments of reef islands are primarily
composed of fragments and shells produced by calcifying
organisms that live in the adjacent reefs such as corals,
coralline algae, molluscs, and large benthic foraminifers
(Woodroffe 2002). In the western and central Pacific atolls,
the sand-sized sediments are dominated by shells of large
benthic foraminifers (reviewed in Yamano et al. 2005).
Large benthic foraminifers (LBFs), which belong to several
families and subfamilies, are shelled protists (>1 mm in
mature diameter) and are host to algal endosymbionts (Lee
1998; Hallock 1999). Thus, LBFs with algal symbionts
have physiological analogy with reef-building symbiotic
corals (Hallock 2000a). Living individuals of LBFs are
found in great abundance on reef flats (Hallock 1984;
Hohenegger 1994), and their distribution and abundance
are mainly influenced by light, temperature, water energy,
substratum type, and water quality (Hohenegger 2004;
Renema 2006). These organisms live for several months to
several years (Hallock et al. 1986b; Hallock 1999) and
reproduce both sexually and asexually (Lee et al. 1991).
These features result in high production rates of their cal-
careous shells (Hallock 1981; Langer et al. 1997; Fujita
et al. 2000; Hohenegger 2006). After death, the empty
shells are very robust and resistant to abrasion and break-
age (Kotler et al. 1992; Wetmore and Plotnick 1992;
Yordanova and Hohenegger 2002) and thus remain in the
system as sediments. Because these robust shells typically
range from coarse-grained sand to granules in size, various
hydrodynamic forces (e.g. wind-waves, tides, and storms)
transport and accumulate them in shoreline environments
(e.g. Hohenegger 2006). Therefore, the shells of LBFs are
the chief components of the sand-sized sediments of reef
islands on many Pacific atolls (Tudhope et al. 1985;
Ebrahim 2000; Woodroffe and Morrison 2001; Collen and
Garton 2004).

Studies of the distribution and production of living LBFs
are necessary to elucidate the sources and rates of sediment
production by foraminifers around reef islands. Such
research has broad implications for understanding the for-
mation process of reef islands and the responses of these
vulnerable systems to future environmental changes. The
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distribution and abundance of foraminifers in atoll sedi-
ments have been examined in many Pacific atolls (e.g.
Chapman 1900, 1901, 1902; Cushman et al. 1954; Todd
1961; Tudhope et al. 1985; Ebrahim 2000; Woodroffe and
Morrison 2001; Bicchi et al. 2002; Yamano et al. 2002;
Collen and Garton 2004). These studies have revealed that
foraminiferal shells are the main components of surface
sediments on reef flats and in lagoons, and that forami-
niferal assemblages in reef-flat sediments are primarily
composed of Baculogypsina, Calcarina, Amphistegina, and
Marginopora in central and western Pacific atolls, although
the species composition varies with region, environment,
and substratum type. However, several questions are yet to
be answered. First, most previous studies only examined
dead specimens in sediments; thus, the distribution and
abundance of living specimens on atolls remain unclear.
Only Todd (1961) studied both dead and live specimens
from surface sediment samples that originally contained
only a few living specimens (e.g. Hallock 1984; Hohe-
negger 1994). Second, previous studies have reported that
living foraminifers are abundant on windward reef-flats
(Collen 1995; Ebrahim 2000), implying that the distribu-
tion of foraminifers may be influenced by the wave energy
experienced within a particular habitat. Third, Collen
(1995) and Ebrahim (2000) also reported that LBFs have
recently become absent on reef flats near densely populated
islands, indicating that the population densities and sedi-
ment production rates of these foraminifers may decline in
response to anthropogenic effects.

The goals of this study were to determine the distribu-
tion patterns and sediment production rates of large benthic
foraminifers on the reef flats of a Pacific atoll and to more
generally understand the factors that control foraminiferal
distribution and production in atoll environments. In par-
ticular, this study focused on natural environmental
variables such as water energy, water depth, and substra-
tum type, as well as the effects of human populations and
activities, as potential factors affecting foraminiferal
distribution and production.

Materials and methods
Study area

The field survey was conducted in the Majuro Atoll, which
is representative of central north Pacific atolls. The Majuro
Atoll (7°10' N, 171°10' E) is located in the southern
Marshall Islands (Fig. 1) and is elongated in shape, span-
ning approximately 40 km from east to west and
approximately 10 km from north to south. A wide, deep
lagoon is enclosed by the atoll rim, on which lie the reef
flats and reef islands. Most portions of the reef flats are
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Fig. 1 Maps of the study area. a Western Pacific, b Marshall Islands, and ¢ the Majuro Atoll, indicating the locations of line transects 1-7. o:
ocean side, 1: lagoon side. Vertical bars indicate the size of the human population in each island/area

intertidal and subaerially exposed at low tide. The reef
islands are generally low lying and flat, with an average
elevation of only a few metres above the mean sea level.
The islands are composed of bioclastic carbonate sedi-
ments (mainly fragments of corals and coralline algae,
Halimeda segments, and foraminiferal and mollusc shells)
derived from adjacent reef flats. Foraminiferal shells
comprise >50% of sands in surface and subsurface sedi-
ments throughout the reef islands. Other components
(corals, coralline algae, Halimeda, and molluscs) are rela-
tively minor in the sand fractions, but are predominant in
the gravel fractions (Anthony et al. 1989; Yasukochi 2007).
The climate at the Majuro Atoll is tropical, with north-
east trade winds prevailing throughout the year. The
average annual temperature is approximately 27°C, and the
annual precipitation is approximately 3,500 mm. The area
experiences distinct wet (May-November) and dry
(December—April) seasons; however, because Majuro is
not situated in the typhoon belt, tropical storms are rare.
Sea-surface temperatures around the Majuro Atoll are
approximately 30°C, and the salinity of the oceanic water
is approximately 34 psu (Suzuki et al. 1997). Water
exchange between the lagoon and the open ocean is pri-
marily caused by radiation-stress-induced flows over
windward reef flats and in part by tidal flushing and wind-
stress-induced mixing (Kraines et al. 1999). Wind-induced
waves predominantly originate from the east-northeast
throughout the year; ocean swells approach from the
northeast, but shift to come from the east between May and
September (Shimazaki et al. 2005). Wind waves and ocean
swells break at oceanward reef edges, raise water levels,
and convert to cross-reef currents. The ocean side of reef
islands suffers from strong water motion during high tides,
but protects the lagoon from the direct influence of cross-

reef currents. The tide is semidiurnal and has a range of
approximately 1.8 m. During rising and ebb tides, lagoon
and oceanic water exchange through the main channel
located in the centre of the northern atoll rim and also
through inter-island channels between reef islands.

At present, reef islands to the east, south, and west of the
atoll are connected, resulting in a long continuous island,
whereas reef islands to the north are separated by passages
(inter-island channels; Fig. 1c). Reef islands in the eastern
part of the atoll, known as the Darrit-Uliga-Delap (DUD)
area, are situated on the windward side of the atoll. The DUD
area has a human population of approximately 15,000, which
is approximately 70% of the total population of the Majuro
Atoll (Spennemann 1992). This area is partially reclaimed
and is primarily composed of business, commercial, resi-
dential, and government-owned land. Compared to the early
1900s, the population of the DUD area dramatically
increased in the late 1900s (Spennemann 1992).

Reef islands in the southern part of the atoll are elon-
gated in the east—west direction, narrow from north to south
(~ 100 m in width), and are situated on the leeward side of
the atoll. The population of this area is sparse (approxi-
mately 1,000) and decreases with distance from the DUD
area. The land is primarily covered with palm trees and is
used in part as agricultural and residential areas. Laura
Island has the largest area on the atoll (total land area of
1.8 km?) and is located at the southwestern tip of the atoll.
The population of Laura Island is approximately 2,000, and
the land is mainly used as agricultural and residential areas.
Situated on the windward side of the atoll, the reef islands
in the northern region are generally small in area, and
mostly covered with palm trees. These islands are sparsely
populated (<10 persons per island), but populations grad-
ually increase with proximity to the DUD area.
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Several line transects were established across the reef
flats and islands of the Majuro Atoll (Fig. 1). The reef flats
near a windward reef island (Eneko Island; Transect 1)
and a leeward reef island (Long Island; Transect 4) were
studied to compare the foraminiferal distribution and pro-
duction under different wave-energy settings. Three
transects around Laura Island (offshore of the northern area,
the central region, and the southern tip of the island;
Transects 5-7) and an inter-island channel between wind-
ward reef islands (the east channel of Loplon Island;
Transect 2) were also examined to characterise the influence
of reef islands on the foraminiferal distribution and
production. These variables were also compared between
reef flats near a sparsely populated island (Eneko Island;
Transect 1) and near a densely populated area (the DUD
area; Transect 3) to examine anthropogenic influences on
the foraminiferal distribution and production.

Field survey

On ocean and lagoonal reef flats at each transect, a line-
transect survey was conducted in August 2005 and 2006
to measure topography, identify substrata, and collect
samples for foraminiferal analysis. A line transect was
established perpendicular to the shoreline using a 100-m
measuring tape. The water depth (within <5 cm) was
measured at 10-m intervals along the line transect using
measuring tape. At several line transects (Transect 3 and
a nearshore zone of a lagoonal reef flat at Transect 4),
the topography was measured using an auto level with a
staff. The depth and elevation data were corrected for
tidal effects using tide tables at Majuro obtained from
the South Pacific Sea Level and Climate Monitoring
Project  (http://www.bom.gov.au/pacificsealevel/). The
substrata and benthic community were characterised at
10-m intervals to determine ecological zones and the
boundaries thereof. Each ecological zone was classified
based on the dominant substratum cover and benthic
community.

Within each ecological zone, sampling sites were
established at regular intervals. At each site, the typical
substratum (such as macrophytes and reef rubble) was
collected for foraminiferal analysis. For turf-forming algae
and sediments, a circular plastic vial (approximately 3 cm
in diameter) was placed over algae or inserted into surface
sediment (the upper 2-3 cm). Algae or sediment was
subsequently detached from the substratum from below by
sliding a steel plate under the vial, which was then capped
with a plastic lid. For other macrophytes and reef rubble, a
sample area of 100 cm? was collected by hand and care-
fully placed into a plastic bag. Samples were then
preserved in 5% formalin-seawater.
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Laboratory procedures

In the laboratory, each sample was washed on a 63-pm sieve,
and algae or gravel were then removed and air-dried. The
dried substratum was examined under a binocular micro-
scope to remove any foraminifers that had remained
attached; if the substratum was algae, they were identified to
as specific a taxonomic level as possible. The residue
remaining in the sieve was stained with rose Bengal (1 g 17"
of water), washed three times to remove surplus stain, and
dried at 60°C. The dried residue was sieved into four size
fractions (<0.5, 0.5-1, 1-2, and >2 mm). From the 0.5-1-,
1-2-, and >2-mm size fractions, all stained foraminiferal
specimens were isolated, identified to species level, and
enumerated. The <0.5-mm size fraction was not processed
or analysed because large-sized specimens (>0.5 mm in
diameter) of benthic foraminifers are the predominant con-
stituents of reef-island sediments. High-density samples
were divided using a micro-splitter until a subsample of each
size fraction contained at least 100 individuals of live fora-
minifers. The resulting count data were converted to the
number of individuals m~2 of bottom surface. Population
densities are expressed as the mean (+SD) for each eco-
logical zone. The number of replicates for each ecological
zone is 4 (n = 4), except for being mentioned in the text.

Because the resulting density data were not normally
distributed, rank non-parametric statistical methods were
applied. To compare foraminiferal densities between eco-
logical zones on each reef flat or between different transects,
the population density data of each species were analysed
using Mann—Whitney U-tests for pairwise comparisons and
Kruskal-Wallis (KW) tests for multiple comparisons. To
compare foraminiferal densities between different transects,
the population density in the ecological zone at which each
species was dominant was chosen at each transect. When a
significant difference was found in a multiple-comparison
data set, pairwise differences among treatments were ana-
lysed using Nemenyi Joint-Rank (NJR) tests.

Large benthic foraminiferal assemblages (>0.5 mm in
diameter) on reef flats of the Majuro Atoll were charac-
terised by both very low taxon diversity and very high
abundance. The dominant species were Calcarina gaudi-
chaudii d’Orbigny in Ehrenberg 1840 and Amphistegina
lobifera Larsen 1976. Both species are also major fora-
miniferal components of reef-island sediments on the
Majuro Atoll (Yamano et al. 2002; Yasukochi 2007).
Calcarina gaudichaudii (hereafter referred to as Calcarina)
has a thick, low trochoid shell characterised by many radial
thick spines. Amphistegina lobifera (hereafter referred to as
Amphistegina) has a thick, bilenticular trochoid shell. Both
species are host to diatom endosymbionts (Lee 1998).
Other minor species included Peneroplis spp., Cymbalop-
oretta spp., Planorbulina spp., Amphisorus sp., and Sorites
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sp. Calcarina and Amphistegina, the two dominant species
in both living and sediment assemblages on reef flats of the
Majuro Atoll, were targeted for distribution and production
estimates.

Estimates of production rates

Based on population density data, gross shell production
rates (GP; i.e. the number of shells produced m~2 year™ ")
were calculated for each species as

GP=> (N:x1) (1)

where N; is the population density of size-fraction i (indi-
viduals m2), and 7 is the turnover rate (yearfl). Turnover
rates for Calcarina (11 yearfl) and Amphistegina
(13 year™") in Majuro were assumed to be the same as
those estimated for the same or similar species in Palau by
Hallock (1981).

Gross carbonate production rates (CP; g CaCO; m™*
year ') were then calculated for each species using a
simple method presented by Hallock (1981):

CP =) (N;x1x W) (2)

where W; is the mass (g) of an intermediate-sized indi-
vidual in size-fraction i, calculated using the mass—
diameter relationship described in Hallock (1981). Pro-
duction by the smallest size fraction (<0.5 mm) was not
included in this estimate, but can reach up to 10-20% of
estimated production (Hallock 1981).

Gross sediment production rates by volume (SP;
m?> year ' m~?) were also determined for each species
using the formula

SP = (N x 1/V)) (3)

where V; is the mean number of foraminiferal specimens
per unit of volume (number cm_3) in size-fraction i, which
was estimated by counting the number of foraminiferal
specimens in each size fraction in a known volume of a
metre-cylinder; values of V; for Calcarina were 300
(>2 mm), 600 (1-2 mm), and 1,200 (0.5-1 mm), and
values of V; for Amphistegina were 1,000 (1-2 mm) and
2,000 (0.5-1 mm).

Results
Distribution and population density
Windward reef islands (Transects 1-3)

On an ocean reef flat (ORF) at Transect 1 (Fig. 2a),
Calcarina increased in abundance with distance from shore

on the oceanward side, and its population density was
significantly higher in an algal turf (AT) zone (1.5 %+
0.9 x 10° individuals m~?) than in a nearshore cyanobac-
terial and filamentous algal mat (C&A Mat) zone (NJR test,
P < 0.05). Amphistegina was most abundant in macrophytes
(Cladophora and Jania) growing on the side walls of small,
shallow tide pools (~50 cm in diameter and ~ 10 cm in
depth) in the C&A Mat zone (2.02 £ 0.32 x 10° individ-
uals m~2). The population density of Amphistegina at this
site was significantly higher than in an offshore Turbinaria
zone (NJR test, P < 0.05).

On a lagoonal reef flat (LRF) at Transect 1, live indi-
viduals of Calcarina and Amphistegina were very rare.
Few individuals of either species (100 individuals m 2
were found on reef rubble on sand and gravel bottom
surfaces. Thus, the population density of neither species
was significantly different among ecological zones (KW
test, ns).

In an inter-island channel between windward reef
islands (water depth of ~50 cm below mean sea level;
Transect 2), both Calcarina and Amphistegina were
abundant on surfaces of Halimeda (Table 1). The popula-
tion densities of Calcarina and Amphistegina were
1.1 £1.0 x 10° and 1.9 £ 1.7 x 10° individuals m?,
respectively, which were of the same order of magnitude as
densities in the AT zone for Calcarina and in the C&A Mat
zone for Amphistegina on the windward ORF (Transect 1;
Mann—Whitney U-test, ns).

On an ORF near a densely populated area (Transect 3;
Fig. 2b), Calcarina was only found at one site in the AT
zone (1,156 individuals m™?). Amphistegina was rarely
found in offshore zones (AT zone and corals, coralline algae,
and reef rubble zone), and its population density in the AT
zone was 1.4 £+ 2.9 x 10° individuals m 2. Therefore, the
population density of neither species was significantly
different across ecological zones (KW test, ns).

Leeward reef island (Transect 4)

On an ORF of a leeward reef island (Transect 4; Fig. 3),
Calcarina was found at only one site in the AT zone
(1.2 x 10* individuals m~?). The population density of
Calcarina did not vary significantly across ecological
zones (KW test, ns). Amphistegina was more common
than Calcarina on the reef flat, except in a nearshore
filamentous green algal zone. The population density of
Amphistegina was highest in the AT zone (1.2 &
1.3 x 10* individuals mfz); however, its population
density did not differ significantly between ecological
zones (KW test, ns).

On a LRF along Transect 4, Calcarina was absent, and
Amphistegina was also limited in its distribution among
offshore coral and reef rubble zones. The population
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density of Amphistegina in the coral and reef rubble zone
was 2.2 £ 2.3 x 10’ individuals m~? (n = 8). The popu-
lation density of Amphistegina differed significantly among
ecological zones (KW test, P < 0.01); however, a post hoc
test did not indicate any differences in the population
density of Amphistegina between any pair of ecological
zones, which was likely caused by high variability in the
data.

Laura island (Transects 5-7)

Both species of foraminifers were common throughout a
reef flat offshore of the northern area of Laura Island
(Transect 7; Fig. 4a). Thus, the population density of nei-
ther species differed significantly across ecological zones
(KW test, ns). The population densities of Calcarina and
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Amphistegina on the reef flat were 5.0 + 8.3 x 10* and
1.9 + 1.6 x 10* individuals m ™, respectively (n = 13 for
each species).

Moving southward, the ocean sides of reef flats around
Laura Island become narrower (Fig. 1). On an ORF at the
central part of the island (Transect 6; Fig. 4b), Calcarina
and Amphistegina were more common in offshore zones
(an AT zone and a Laurencia and Halimeda zone) than in a
nearshore filamentous green algal zone (NJR test,
P < 0.05). The population densities of Calcarina and
Amphistegina in the Laurencia and Halimeda zone were
50+ 1.7 x 10" and 2.4 £ 0.9 x 10* individuals m~?,
respectively. On an ORF at the southern tip of the island
(Transect 5; Fig. 4c), Calcarina was patchy in the AT and
Turbinaria and Halimeda zones, and its population densi-
ties in the two zones were 2.89 4 5.78 x 10° and
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Fig. 3 Topography, ecological zones, and population densities of
large benthic foraminifers on ocean and lagoonal reef flats of a
leeward reef island (Transect 4). Abbreviations for ecological zones:

8.67 &+ 11.07 x 10? individuals m_z, respectively. Thus,
the population density of Calcarina did not differ signifi-
cantly among ecological zones (KW test, ns). Compared to
Calcarina, Amphistegina was more common in the AT and
Turbinaria and Halimeda zones and reached their highest
population density in these two ecological zones
(43 + 3.3 x 10 and 4.3 £ 4.9 x 10 individuals m~2,
respectively). The population density of Amphistegina
differed significantly between ecological zones (KW test,
P < 0.05); however, a post hoc test did not reveal any
differences in population density between any pair of
ecological zones, likely because of high variability in the
data.

The lagoon sides of reef flats around Laura Island were
separated from the island by a deep lagoon of ~10 m
deep, but the reef flats were connected to the island on their
southward sides (Fig. 1). On a lagoonal patch reef located
off of the central part of the island (Transect 6; Fig. 4b),
Calcarina was common on the flat top of the patch reef,
and its highest population density occurred in the reef
rubble and Halimeda zone (4.0 + 5.1 x 10% individuals
m~?). However, the population density of Calcarina did
not differ significantly among ecological zones (KW test,
ns). Amphistegina increased in abundance from the flat top
to the lagoonal edge, and its population density in a
lagoonward Dictyota and coral zone (1.6 + 1.0 x 10*
individuals m~?) was significantly higher than that in an
islandward coral and Halimeda zone (NJR test, P < 0.05).
On a LRF at the southern tip of the island (Transect 5;
Fig. 4c), Calcarina and Amphistegina were absent in
nearshore zones, although the former was more common in
offshore coral and sand bottom zones (5.0 + 7.0 x 10*
individuals m~?). The population density of Calcarina
differed significantly across ecological zones (KW test,
P < 0.01); however, a post hoc test did not reveal any
differences in the population density between any pair of

Distance from shore (m)

FGA: filamentous green algae; MA: macroalgae; Sg: seagrass bed.
Other abbreviations for ecological zones and sea-levels are the same
as in Fig. 2

ecological zones, likely because of high variability in the
data. Amphistegina was rare throughout the reef flat and
was only found on surfaces of Caulerpa in the sand and
gravel bottom zone (5.78 + 6.67 x 10* individuals m~2).
Thus, the population density of Amphistegina did not differ
significantly among ecological zones (KW test, ns).

Comparisons of population density among transects

Calcarina and Amphistegina were most abundant on an AT
zone and nearshore tide pools on a windward ORF
(Transect 1), respectively (Table 1). Both foraminifers
were also abundant on Halimeda meadows in an inter-
island channel (Transect 2). Calcarina was more common
on the windward (Transect 1) than leeward side of ORFs
(Transect 4; NJR test, P < 0.05), whereas the density of
Amphistegina was similar on both sides of ORFs (NJR test,
ns). Both species were more common on the ocean side
than the lagoon side of reef flats around a windward reef
island (Transect 1; NJR test, P < 0.05). The population
densities of both species were significantly lower on an
ORF near densely populated islands (Transect 3) than on
an ORF near sparsely populated islands (Transect 1; NJR
test, P < 0.05).

Production rates

The calculated carbonate production rates of the two fora-
miniferal species varied across physical environments and
ecological zones (Table 1; Fig. 5). Production rates using
other units exhibited similar variation to those measured in
grams of carbonate (Table 1). The highest production rates
of Calcarina (>10° g CaCO; m~2 year™ ') occurred in off-
shore zones of a windward ORF (Transect 1), an inter-island
channel between windward reef islands (Transect 2), and an
oceanward macroalgal zone off of the north shore of Laura

@ Springer
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Fig. 4 Topography, ecological zones, and population densities of
large benthic foraminifers on reef flats around Laura Island. a A reef
flat off the north shore of Laura Island (Transect 7). b Ocean reef flat
and lagoonal patch reef at the central part of Laura Island (Transect

Island (Transect 7). Low Calcarina production rates (<10 g
CaCO; m ™2 yearfl) occurred in a windward ORF near
densely populated islands (Transect 3), a leeward ORF
(Transects 4), LRFs of windward and leeward reef islands
(Transects 1 and 4), nearshore zones around Laura Island
(Transects 5 and 6), and a lagoonal patch reef off Laura
Island (Transect 6).

@ Springer

Distance from shore (m)

6). ¢ Ocean and lagoonal reef flats at the southern tip of Laura Island
(Transect 5). Abbreviations for ecological zones: R: reef rubble; Hal:
Halimeda patch; MS: muddy sand; RH: reef rubble and Halimeda.
Other abbreviations are the same as in Figs. 2 and 3

The highest production rates of Amphistegina (>10* g
CaCO; m~? year ') occurred in macroalgae in nearshore
tide pools (Transect 1), an AT zone of a windward ORF
(Transect 1), and an inter-island channel between windward
reefislands (Transect 2). Low Amphistegina production rates
(<10 g CaCO5 m ™2 year™ ") occurred in an offshore Turbi-
naria zone on a windward ORF (Transect 1), most portions
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Fig. 5 Carbonate production
rates (g CaCO; m™2 year_l) of
two species of large benthic
foraminifers on reef flats of the
Majuro Atoll. Mean rates are
shown for the ecological zones
at which each species
dominated on each reef flat

| calcarina
| Amphistegina
X No production

of a windward ORF near a densely populated area (Transect
3), LRFs of windward and leeward reef islands (Transects 1,
4, and 5), nearshore zones around Laura Island (Transects 5
and 6), and most portions of alagoonal patch reef off of Laura
Island (Transect 6).

Discussion

Natural environmental factors that affect foraminiferal
distribution and density

On the reef flats of the Majuro Atoll, the population density
of LBFs differed across locations and substratum types,
and the patterns of distribution varied between the two
species. Calcarina and Amphistegina were most abundant
on a windward ORF and in an inter-island channel (Fig. 2,
Table 1). Calcarina density was higher on windward than
leeward sides of ORFs, whereas Amphistegina density was
similar on both sides of ORFs (Figs. 2, 3). Both species
were more common on the ocean side than the lagoon side
of reef flats around a windward reef island (Fig. 2). The
observed foraminiferal distributions and abundances may
be related to variation in water motion across sites. At the
Majuro Atoll, cross-reef currents driven by wind-waves
and ocean swells are stronger on the windward than the
leeward side of ORFs, as well as on the ocean side than the
lagoon side of reef flats around reef islands (Fig. 1). In
inter-island channels, strong tidal currents occur during
rising and ebb tides.

Water motion also affects the metabolism and growth of
foraminifers. Measurements of photosynthesis and respiration
using oxygen microsensors indicate that the average gross
photosynthesis rates of symbiont-bearing foraminifers
(Amphistegina) under flow conditions are significantly higher
than gross rates measured under stagnant conditions (Kohler-
Rink and Kiirl 2000). The chemical microenvironment around

10*
5 103
E
o 107
R
8 10
(o)}

the shells of symbiont-bearing foraminifers is largely con-
trolled by the prevailing flow conditions (Kohler-Rink and
Kiirl 2000, 2001). Culture experiments under continuous
water flow showed that Amphistegina individuals subjected to
water motion grow significantly thicker shells than those that
are not (Hallock et al. 1986a).

The two study foraminifers can resist water motion by
attaching to the substratum using adhesive elastic plugs
(Calcarina) or pseudopodia (Amphistegina). Macroalgae
also provide highly efficient protection against wave and
current action by forming dense tangles on reef surfaces (e.g.
Langer 1993). A loose meshwork of filamentous or densely
branched macroalgae enables Calcarina individuals to hook
within the algal meshwork and to affix to algal thalli with
elastic plugs that protrude from the tip of spines (Rottger and
Kriiger 1990). Species with weak pseudopodial attachment
(Amphistegina) are also protected against transport by
macroalgae. These observations, together with the distribu-
tions of these two species, suggest that Calcarina individuals
require stronger water motion and are better able to stay
attached than are Amphistegina individuals.

Calcarina and Amphistegina were rare or absent in
nearshore zones on both ocean and lagoon sides of reef flats
(Figs. 2-4). The nearshore zone is generally characterised by
weak water motion compared to offshore zones. In addition,
the nearshore zone of ORFs is subaerially exposed during
low tide; therefore, this zone experiences large daily varia-
tion and extreme levels of physical and chemical variables
(e.g. light, temperature, and salinity). Such nearshore envi-
ronments may exceed the physiological tolerance levels of
the two species, particularly during calm conditions or low
tides. The substrata of nearshore zones were primarily
composed of thin, soft mats of cyanobacteria and filamentous
algae on ORFs and flat, smooth seagrass leaves on a sand and
gravel bottom on LRFs. Neither substrate type may provide
suitable habitat for the settlement of these foraminiferal
species.
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On ORFs where Calcarina individuals were relatively
common (Transects 1 and 6; Figs. 2, 4), this species tended to
be more abundant in offshore AT and macroalgal zones above
the level of the lowest water at spring tide (LWST). The dis-
tribution of macroalgae appeared to be affected by water
energy and water depth, particularly turf-forming algae (pri-
marily Jania and Gelidiaceae) that flourished offshore and
above the level of LWST. In more offshore subtidal zones
with high levels of water energy, macroalgal cover decreased,
whereas coral and coralline algal cover increased (Figs. 2—4).
Calcarina generally exhibits peak abundance on reef edges,
but can persist in water as deep as 20 m (Hohenegger et al.
1999). Therefore, the abundance of Calcarina in offshore AT
and macroalgal zones may be explained in part by the pres-
ence of numerous attachment sites provided by algae, as well
as protection from strong water motion.

Amphistegina was differentially distributed across
windward and leeward reef flats, which is likely explained
by its lower tolerance to water motion. On a windward
ORF (Transect 1; Fig. 2), weakly attached Amphistegina
individuals avoided offshore high-energy environments
and instead preferred macroalgae in relatively calm near-
shore tide pools. On leeward ORFs (Transects 4, 5, and 6;
Figs. 3, 4), this species was more common in the offshore
macroalgal zone. Amphistegina density was also signifi-
cantly higher in a shallow lagoonal slope than on reef flats
of patch reefs offshore of Laura Island (Transect 6; Fig. 4).
These results suggest that Amphistegina requires areas with
relatively moderate water motion.

Results from Laura Island and the inter-island channel
indicate that the foraminiferal distribution is influenced by
the presence of reef islands. On reef flats off of the north tip
of Laura Island (Transect 7), at which no reef islands are
present, Calcarina and Amphistegina were distributed
throughout the reef flat. However, on reef flats around
Laura Island (Transects 5 and 6), the two species were rare
or absent in nearshore zones and common in offshore zones
(Fig. 4). Furthermore, the population densities of the two
species in an inter-island channel were comparable to those
in ecological zones that were dominated by these two
species on a windward ORF (Table 1). The presence of a
reef island on reef flats likely results in weak water cir-
culation in nearshore zones, which may affect the
physiology of foraminifers and limit their distribution in
nearshore zones around reef islands.

Anthropogenic factors that affect foraminiferal
distribution and density

The population densities of the two species were much

lower on an ORF near densely populated islands (Transect
3) than on that near sparsely populated islands (Transect 1),
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even though both transects were similar in physical envi-
ronment (topography and wave influence; Figs. 1, 2).
Foraminiferal habitat (primarily macrophytes) on reef flats
also differed between sparsely and densely populated
islands. Offshore Turbinaria zones were not found on reef
flats near densely populated islands. Algal turfs near
sparsely populated islands were composed primarily of
Jania sp. and Gelidiaceae, whereas those near densely
populated islands were composed of these two taxa, as well
as cyanobacteria and various types of macroalgae (Padina
sp., Gelidiopsis sp., Chondria sp., Laurencia sp., and
Lomentaria sp.). Paulay and Benayahu (1999) reported that
coral mortality due to bleaching in the Majuro lagoon in
1992 increased from west to east and peaked in the
metropolitan area at the east end (i.e. the DUD area). As
suggested by Paulay and Benayahu (1999), these ecologi-
cal changes may be related to variation in the human
population on reef islands (Fig. 1). Large amounts of
sewage caused by large populations and human activity
likely result in the deterioration of water quality (particu-
larly nutrient concentrations) in ground water and
surrounding waters. The reclamation of reef flats and
channels to connect islands and expand land area may
cause changes in water circulation patterns on reef flats,
negatively affecting water quality.

The observed decline in foraminiferal densities near
densely populated islands echoes several reports from other
atolls and reefs in the Pacific. LBFs were rare compared to
heterotrophic small foraminifers (Miliolids) in the vicinity
of sewage outfall on a populated island at the Eniwetok
Atoll (Hirshfield et al. 1968). Similarly, Collen (1995) and
Ebrahim (2000) reported that living LBFs were absent
from lagoons and ORFs near densely populated areas of the
Majuro Atoll and the South Tarawa Atoll, respectively. In
the 1970s in Hawaii, off the coast of Honolulu, the daily
disposal of millions of gallons of sewage promoted mac-
roalgal growth, resulting in Amphistegina densities that
were approximately one order of magnitude lower than at
healthy reef sites (Hallock 2000a). The declines in the
abundance of living LBFs are also consistent with reported
historical changes in foraminiferal assemblages in surface
sediments, which shifted from a predominance of symbi-
ont-bearing large taxa to that of heterotrophic small taxa in
regions where nutrification was suspected (Cockey et al.
1996; Schueth and Frank 2008). Because algal symbiosis is
energetically advantageous when dissolved nutrients and
particulate food resources were scarce (Hallock 2000b),
further studies should aim to confirm the deterioration of
water quality as a possible cause of declines in symbiont-
bearing LBFs on reef flats near densely populated areas.
Outcome of these studies may imply that the distribution
and density of symbiont-bearing LBFs is useful as an



Coral Reefs (2009) 28:29-45

43

indicator of anthropogenic influence on reef flats, thus of
coral-reef vitality as suggested by Hallock (2000a).

Sediment production rates of large benthic foraminifers
on the Majuro Atoll

This study is the first estimate of sediment production by
LBFs on reef flats of Pacific atolls, which contribute to the
formation and maintenance of reef islands that are highly
vulnerable to future environmental changes. Foraminiferal
production rates primarily varied with the degree to which
habitats were subject to water motion and human influ-
ences. Highly productive sites included a windward OREF,
an inter-island channel, and a seaward portion of a reef flat
(north of Laura Island; >10* g CaCO; m™2 year™'). Low-
productivity sites typically included the nearshore zones of
LRFs, leeward ORFs, and a windward ORF near densely
populated islands. The production rates at these sites were
four orders of magnitude lower than those at the highest
productivity sites. The ranges in production rates were
generally similar to those in other tropical and subtropical
reef environments (Hallock 1981; Hallock et al. 1986b;
Langer et al. 1997; Harney et al. 1999; Yamano et al. 2000;
Harney and Fletcher 2003; Hohenegger 2006; Hart and
Kench 2007). In particular, the highest production rates of
Calcarina and Amphistegina were comparable to those
occurring at high-density sites on seaward reef flats in
Palau (Hallock 1981).

Production rates are chiefly affected by population
density and turnover rate (Hallock 1981). In particular, the
high production rates on the windward ORF and the inter-
island channel were likely caused by the predominance of
Calcarina populations because the production rate of
Amphistegina was similar to rates reported in other areas
(Hallock 1981; Harney et al. 1999; Hohenegger 2006). As
discussed above, the population density of Calcarina is
affected by physical factors (water energy and water depth)
and substratum type. The turnover rates of foraminifers in
Majuro were assumed to be the same as those in Palau,
which shares a similar climate zone. However, life history
parameters (growth rate, mortality, fecundity) may vary in
different physical settings (windward vs. leeward sites) and
with the degree of human influence (polluted vs. unpolluted
environments). To allow for more accurate estimates of
production rates, further studies should characterise the
temporal variation and life history of foraminiferal popu-
lations in various reef-flat environments on atolls.
Nevertheless, the results in this study suggest that LBFs in
suitable habitats have a strong potential to produce and
supply carbonate sediments. These foraminiferal sediments
are transported by waves and currents across reef flats and
deposited along shores and the inner margin of lagoons
(Yamano et al. 2002; Smith and Collen 2006).
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