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Abstract: At Sekisei Reef in southwestern Japan (24° N), coral cover dramati-
cally decreased in the mid-1980s, probably due to a population outbreak of the
coral predator Acanthaster planci. Coral communities subsequently recovered
well outside the semiclosed lagoon, but recovery has been poor inside it. Hence,
water-quality degradation including eutrophication has been a concern inside
the lagoon. In addition, temporal variation in eutrophication parameters is com-
mon among high-latitude coral reefs, resulting in difficulties in evaluating them.
Therefore, to address these issues, we monitored temperature, salinity, turbid-
ity, chlorophyll-z, NO,-N (NO;-N + NO,-N), and NH,4-N concentrations
year-round across the lagoon at Sekisei Reef. Turbidity and NO,-N concentra-
tion increased with increasing wind velocity, suggesting that variation in tur-
bidity and NO,-N concentrations was attributed to resuspension of bottom
sediments, and NO,-N release through regeneraton processes of micro-
organisms from the sediments and reef frameworks, respectively. In contrast,
variation in chlorophyll-2 and NH,-N concentrations appears to be mainly con-
trolled by the seasonality of temperature and irradiance. Long retention time of
seawater inside the lagoon seems to have enhanced NH,4-N assimilation and in-
crease of phytoplankton during summer. Inside the lagoon, turbidity, NO,-N,
and summer chlorophyll-# concentrations were higher, and variation in temper-
ature was larger than outside it. Although water quality appears not to be seri-
ously degraded, multiple effects of these water-quality variables might have
negatively affected recovery of coral communities inside the lagoon. Recent ex-
pansion of land use on nearby islands might have contributed to water-quality

degradation inside the lagoon.

MaNY corAL REEFs are threatened by degra-
dation both globally and locally (e.g., Wilkin-
son 2004, Knowlton and Jackson 2008). At
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Sekisei Reef in East Asia (Figure 1), the coral
cover has dramatically decreased, probably
due to a population outbreak of the coral-
eating starfish Acantbaster planci in 1983, and
recurrent coral-bleaching events after 1998
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Freure 1. Study site: (2), Ryukyu Archipelago. (4), Observation stations in Sekisei Reef and depth-contour map. Each
circled number indicates station number; solid circles correspond to sampling stations S1-S11, and open circles to sta-
tions T1 and T2, where the water temperature is continually monitored. (¢), Cross-sectional diagram along transect
line, which was drawn based on a hydrographic chart (based on Japan Coast Guard 1992).
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have caused additional degradation of coral
communities (Yamaguchi 1986, Environment
Agency 1999, Sato 2008). In 1983, coral cover
exceeded 50% inside the semiclosed lagoon
and at reef slopes outside the lagoon, but af-
ter the mid-1980s coral cover never exceeded
50% inside the lagoon, according to sub-
sequent surveys (Mori 1995, Environment
Agency 1999-2001, Ministry of the Environ-
ment 2002, 2003). In contrast, coral cover
exceeded 70% at some stations outside the la-
goon in those surveys. Bellwood et al. (2004)
suggested that a dramatic shift from coral to
algal dominance in reef communities (phase
shift) may occur after intense disturbance
of coral communities, if eutrophication pro-
gresses. Actually, Umezawa et al. (2002)
reported that NO;-N concentrations of
groundwater discharged to coral reefs were
higher at Shiraho Reef, which is located
about 10 km east of Sekisei Reef, than at oth-
er reefs in Ishigaki Island, probably due to in-
tensive land use of the watershed. Although
some reports showed high silt accumulation
on the seabed inside the lagoon (Environ-
ment Agency 1999-2001, Ministry of the En-
vironment 2002, 2003), there had been no
systematic study of water-quality parameters
at Sekisei Reef. Therefore, water-quality in-
vestigations were conducted at Sekisei Reef
to determine whether the poor recovery of
coral communities inside the lagoon is related
to water-quality degradation.

In high-latitude coral reefs, temporal vari-
ation in eutrophication indicators (i.e., nu-
trients and chlorophyll concentrations) differs
greatly among reefs, resulting in difficulties in
evaluating these parameters. Generally speak-
ing, nutrients and chlorophyll concentrations
of coral reefs are higher than those of off-
shore areas (e.g., Hatcher and Hatcher 1981,
Furnas et al. 1990). This pattern is considered
to be caused mainly by nutrient release to the
water column through regeneration processes
by microorganisms inhabiting interstices of
bottom sediments and reef frameworks (Ca-
pone et al. 1992, Richter et al. 2001, Scheffers
et al. 2004). However, seasons in which nu-
trients and chlorophyll concentrations peak
differ among reefs (e.g., Hatcher and Hatcher
1981, Rasheed et al. 2002), and Ayukai (1993)
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reported that dissolved inorganic nitrogen
(DIN) concentration increased with increas-
ing wind velocity. In addition, nutrients are
assimilated by primary producers (Conway
1977, D’Elia and DeBoer 1978). Thus, the
release rate by regeneration and biological
activity appear to vary temporally in subtrop-
ical climates. Terrestrial discharge by heavy
rainfall and upwelling also confound the tem-
poral variation (Szmant and Forrester 1996,
Lapointe et al. 2004).

In this study, to reveal the differences in
water quality inside and outside the lagoon at
Sekisei Reef and to elucidate the temporal
variations in nutrients and chlorophyll con-
centrations in a high-latitude coral reef,
seawater sampling was conducted along a
transect line crossing the lagoon. Turbidity,
chlorophyll-z, NO,-N (NO;-N + NO,-N),
and NH,4-N concentrations as eutrophication
indicators, and temperature and salinity as ba-
sic physical indicators, were quantified. We
analyzed the spatial and temporal variations
of these parameters, and the effects of wind
velocity and precipitation on the former four
parameters were statistically tested.

MATERIALS AND METHODS
Study Area

Sekisei Reef (24° N, 124° E) is located in the
Ryukyu Archipelago, in the southernmost re-
gion of Japan (Figure 14). This reef is com-
posed of barrier reefs with a shallow lagoon
(usually <10 m in depth) and fringing reefs
surrounding islands (Figure 15). The climate
is subtropical, and the mean monthly air tem-
perature is highest in July (29.3°C) and lowest
in January (18.3°C), according to observa-
tions conducted at Ishigaki Island from 1971
to 2000 (Japan Meteorological Agency 2008).
The mean annual precipitation is 2,061 mm.
There is a rainy season from May to June,
and several typhoons hit or approach the site
from July to October. Among islands in and
around Sekisei Reef, the human population
density is highest in Ishigaki Island (213
km™?) followed by Kohama Island (81 km™2
[Okinawa Prefecture 2008]). No upwelling
has been observed around Sekisei Reef.
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Sampling Strategy

We repeatedly conducted water samplings
at 11 statdons (S1-S11) on a north-south
transect line across the lagoon (Figure 15).
Stations S4-S7 were located inside the semi-
closed lagoon, and the other stations were on
the northern (S1-S3) or southern (S8-S11)
reef slopes. We carried out shipboard investi-
gations five times in summer (October 2004;
June, August, September, and November
2005) and three times in winter (January and
March 2005, March 2006) by sampling the
surface seawater using a 10-liter bucket and
by casting a conductivity-temperature-depth
(CTD) profiler tied with a rope approxi-
mately 50 m long at each station within 10
min. Each survey was carried out during the
daytime, from the time of low tide to that of
an incoming tide, except in March 2006,
when it was carried out during the ebb tde;
each survey was completed within a few hours.

Quantification of the Water Quality

The following parameters of the surface
seawater were measured at each station: (1)
temperature, (2) salinity, (3) turbidity, (4)
chlorophyll-z concentration, (5) NO,-N con-
centration, and (6) NH,;-N concentration.
We could not conduct sampling at S1-S3
and S8 in January 2005 or quantify the tur-
bidity at any of the stations in November
2005. In addition, vertical distributions of
temperature, salinity, and chlorophyll-z con-
centration were also measured at 0.1 m inter-
vals from the surface to the seabed (or up to a
depth of 48 m at stations with a greater water
depth) by using CTD profilers, and the val-
ues were averaged every 1 m. We used two
types of CTD profilers: (1) a Compact-CTD
(ALEC Electronics Co. Ltd., Kobe, Japan)
with an accuracy of 0.01°C (temperature)
and 0.01 (salinity) for the temperature and
salinity measurements conducted in October
2004 and January, March, and August 2005;
and (2) an ACL208DK (ALEC Electronics
Co. Ltd., Kobe, Japan) with an accuracy
of 0.01°C (temperature), 0.01 (salinity), and
0.01 pg liter™" (chlorophyll concentration)
for those conducted from June 2005 to
March 2006. Both profilers were calibrated
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by comparing their measurements with those
of manual analyses and by regular assess-
ments. Because chlorophyll data obtained
by an ACL208DK were originally calibrated
by uranine fluorescence, those were cali-
brated by chlorophyll-z concentrations ob-
tained by manual analyses, and those values
showed high correlation. With regard to the
water-quality values of surface seawater, the
temperature was further measured with an ac-
curacy of 0.1°C using a digital thermometer
(SK-250WP [Sato Keiryoki Mfg. Co. Ltd.,,
Tokyo, Japan]). The surface chlorophyll-#
concentration was calculated as the mean of
the calibrated CTD vertical data determined
for a depth of 0.5-1.4 m from June 2005 to
March 2006.

Surface seawater samples collected at each
station were stored in 500 ml polyethylene
bottles and taken to the laboratory for analy-
sis of salinity and turbidity. For analysis of
NO,-N and NH,-N concentrations, water
samples were immediately filtered through
Sartorius polycarbonate in-line filters (pore
size, 0.45 pm) by using an acid-rinsed syringe
and frozen and preserved in 10 ml acid-rinsed
acrylic tubes. Salinity of the samples was
quantified with an inductively coupled salino-
meter (601Mk1V [Yeo-Kal Electronics Pty.
Ltd., Brookvale, Australia], accuracy 0.001).
Turbidity was measured with a turbidimeter
(2100P Portable Turbidimeter [HACH Co.,
Loveland, Colorado], accuracy 0.01 nephelo-
metric turbidity units [NTU]) after being
calibrated with stabilized formazin standards.
NO.,-N and NH,-N concentrations of the
water samples were determined using an au-
tomated segmented flow analyzer (AACS3
[Bran-Luebbe, Norderstedt, Germany]), ac-
cording to the method described by Strick-
land and Parsons (1972). The analytical
detection limits (ICH 1996) were 0.05 NTU
for turbidity, 0.03 pM for NO,-N concentra-
tion, and 0.04 uM for NH,-N concentration.
Each datum below the detection limit was re-
placed with 50% of the value of the limit.

In addition, two thermal loggers were used:
(1) an Aquadopp Profiler (Nortek AS, Rud,
Norway) that was placed within the lagoon
(T1; depth, 6.6 m) and was used to obtain
measurements at 20 min intervals from Au-
gust 2004 to December 2005, and (2) an
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MDS-MkV/T (ALEC Electronics Co. Ltd.,
Kobe, Japan) that was placed outside the la-
goon (T2; depth, 6 m) and was used to obtain

measurements at 10 min intervals from Au-
gust 2004 to March 2006.

Statistical Analyses

A principal component analysis (PCA) was
conducted independently for each of the six
parameters of surface-seawater quality. The
data subjected to each analysis were arranged
within a spatiotemporal matrix, with stations
and sampling months as rows and columns,
respectively. Before the statistical analysis, a
column in which some values were missing
(i.e., the column corresponding to January
2005) was removed from the matrix because
a PCA data matrix should have no missing
values.

To examine the effects of wind velocity on
each of the four water-quality parameters
(i.e., turbidity, chlorophyll-z, NO,-N, and
NH,-N concentrations), we first analyzed
the four water-quality variables using muld-
variate analysis of covariance (MANCOVA)
with Wind (covariate), Area (that inside and
outside the lagoon), the interaction between
Wind and Area, and Station (SI to S11;
nested within Area) as independent variables
and then conducted univariate analysis of co-
variance (ANCOVA) on each dependent vari-
able. In addition, the effects of cumulative
precipitation over a period of 1 day were an-
alyzed in a similar manner. The wind velocity
and precipitation scores used in the analyses
were the hourly means during samplings and
the hourly summation for 24 hr (1 day) be-
fore samplings, respectively, recorded at Ishi-
gaki Island (Japan Meteorological Agency
2008), and for each sampling date the same
values were used across all the stations.

RESULTS

Meteorological Conditions and Seawater
Temperature

The air and seawater temperatures exhibited
similar seasonal variations, but the former
fluctuated dramatically during winter (Figure
2, a). Seasonal means of the cumulative pre-
cipitation averaged in summer and in winter
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were 13 mm and 1 mm over a period of 1
day, respectively, and 143 mm and 122 mm
over a period of 30 days, respectively. The
mean hourly wind velocity during the sam-
pling period was highest in January 2005,
and the seasonal means of the mean hourly
wind velocity averaged in summer and in
winter were 5.4 m sec”! and 5.7 m sec”!, re-
spectively (Figure 2, b). Seasonal variations
in the seawater temperatures were slightly
greater inside the lagoon (T'1) than outside it
(T2). The cumulative precipitation recorded
before each sampling was highest in June
2005 both over a period of 1 day and over
30 days (Figure 2, c).

PCA of Surface Seawater Parameters

Focusing on the first and second PCA axes,
we found that stations located in the semi-
closed lagoon vyielded similar PC scores
for temperature, salinity, turbidity, and
chlorophyll-z concentration (Figure 3, a—d).
Scores recorded for stations located outside
the lagoon were distinct from those recorded
for the statons located within the lagoon.
In addition, the PC scores for chlorophyll-#
concentration recorded outside the lagoon
exhibited different patterns between the
northern and southern stations (Figure 3, c).
In contrast, the scores recorded for the
NO,-N and NH,-N concentrations did not
properly reflect the spatial relationship
among the stations (Figure 3, e, f). For all
the parameters, the proportions of variance
for PC1 were between 61% and 76%, and
those for PC2 were between 14% and 30%.

Surface-Seawater Parameters in Summer and
Winter

The surface-seawater parameters at each sta-
tion were averaged in summer and in winter.
Temperature was slightly higher in summer
and lower in winter inside the lagoon than
outside it (Figure 4, a). Salinity was higher in
winter than in summer at all stations (Figure
4, b). The difference of salinity between in-
side and outside the lagoon was indistinct in
summer, but salinity inside the lagoon was
generally higher than that outside it in
winter. Turbidity was generally higher inside
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the lagoon than outside it in both summer
and winter (Figure 4, ¢). The difference in
chlorophyll-z concentration between summer
and winter was greater inside the lagoon than
outside it (Figure 4, d). The chlorophyll-4
concentration inside the lagoon was higher
in summer than in winter and was generally
higher in summer and lower in winter than
that outside the lagoon. The NO,-N concen-
tration was higher inside the lagoon than out-
side it except for stations S3 and S8, as shown
in the result of PCA (Figure 4, ¢). The NH,-
N concentration inside the lagoon was lower
than that at the neighboring stations outside
it in summer, and was higher than that out-
side it in winter (Figure 4, f). The NH4-N
concentration inside the lagoon was higher
in winter than in summer.

Vertical Distribution of Water Qualities along
the Transect Line

The variations in vertical distributions of
temperature and salinity outside the lagoon
were larger in summer than in winter, with

slight spatial variations in salinity observed in
June and November 2005 (data not shown).
This indicates that the vertical mixing of the
water was stronger in winter than in summer.
In contrast, the vertical distributions of these
parameters were almost uniform inside the la-
goon during all the sampling months.

Effects of Wind and Precipitation on Surface-
Seawater Parameters

In the analyses on the effect of wind velocity,
MANCOVA found significant effects of all
the independent variables except for stations.
The ANCOVA for each water-quality vari-
able indicated that wind velocity had a sig-
nificant effect on turbidity and NO,-N
concentration but had no significant effect
on other water-quality parameters. Turbidity,
chlorophyll-z, and NO,-N concentrations
differed significantly among the areas, but
wind velocity-by-area interactions were non-
significant for all parameters.

In the analyses of the effect of cumulative
precipitation over a period of 1 day, the
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MANCOVA found significant effects of all
the independent variables except for stations.
ANCOVA for each water-quality variable in-
dicated an interaction between precipitation
and the areas, and precipitation had a sig-
nificant effect on NH4-N concentration but
had no significant effect on the other water-
quality parameters. Further, the relatdonship
between NH,4-N concentration and cumula-
tive precipitation over a period of 1 day indi-
cated that NH,-N concentration increased
with increasing precipitation outside the la-
goon, but not inside it (data not shown).

DISCUSSION

Both closed topography and shallow depth of
the lagoon are likely to affect the observed
variation in water-quality parameters at Seki-
sei Reef. Temperature inside the lagoon was
higher in summer and lower in winter than
that outside it, and the difference was greater

in summer than in winter (Figure 4, a). This
is mainly attributable to the climate charac-
teristics typical of the subtropics (i.e., the
strong irradiance in summer and the large
difference between air and seawater tempera-
tures in winter at Sekisei Reef), and the long
retention time of seawater and shallow depth
would have enhanced those effects inside the
lagoon. On the other hand, salinity was higher
in winter than in summer at all stations (Fig-
ure 4, b), which appears to reflect the seasonal
change of the East China Sea surrounding
Sekisei Reef (Chen et al. 2006). However,
among the sampling stations, salinity inside
the lagoon was higher than that outside it in
winter, when the cumulative precipitation
over a period of 1 day was smaller than that
in summer. This is attributed to evaporation
during the long retention time of seawater in-
side the lagoon.

The observed variation in turbidity and
NO,-N concentrations was mainly controlled
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by wind. These concentrations increased with
increasing wind velocity both inside and out-
side the lagoon but did not show correlations
with precipitation. In addition, these concen-
trations were significantly higher inside the
lagoon than outside it. The significant posi-
tive correlation between turbidity and wind
velocity suggests that resuspension of bottom
sediments by wind-induced strong waves
mainly raised the turbidity, as reported in
other coral reefs (Larcombe et al. 1995, Og-
ston et al. 2004). In addition, it was reported
that silt had greatly accumulated on the sea-

bed of the lagoon at Sekisei Reef (Environ-
ment Agency 1999-2001, Ministry of the
Environment 2002, 2003). This appears to
have contributed to the larger difference in
turbidity between inside and outside the
lagoon. The observed positive correlation be-
tween NO,-N concentration and wind veloc-
ity suggests that strengthened mixing of
seawater by the increase in wind velocity was
also attributable to the increase in NO,-N
concentration. DIN was considered to be
produced by the regeneration process by mi-
croorganisms inhabiting interstices of bottom
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sediments and reef frameworks in coral reefs
(Capone et al. 1992, Richter et al. 2001,
Scheffers et al. 2004). The strong mixing of
seawater appears to enhance the DIN release
from the sediments and reef frameworks, re-
sulting in increased NO,-N concentration.
Similarly, in coral reefs of the Gulf of Aqaba
(29° N), Rasheed et al. (2002) reported that
the DIN concentration was higher in winter
than in summer and pointed out an intensi-
fied three-dimensional mixing of seawater in
winter as one of the reasons for the observed
pattern. The closed topography and shallow
depth inside the lagoon are likely responsible
for the strong effects of wind on turbidity and
NO,-N concentration.

Outside the lagoon, the variations in NH,-
N concentration appear to be influenced by
precipitation. The NH,-N concentration in-
creased with increasing precipitation outside
the lagoon, which suggests that successive
terrestrial discharge due to rainfall appears to
have raised the NH,4-N concentration outside
the lagoon. On the other hand, the NH,;-N
concentration did not increase with increas-
ing precipitation inside the lagoon. This sug-
gests that another factor may have mainly
controlled the NH,4-N concentration inside
the lagoon.

Increased temperature and irradiance in
summer, and the long retention time of sea-
water may have caused the observed variation
in NH4-N concentration inside the lagoon of
Sekisei Reef. NH,4-N concentration was low-
er in summer than in winter inside the lagoon
and was lower inside the lagoon than at the
neighboring stations outside it in summer
(Figure 4, ). In general, NH,-N is preferen-
tally assimilated by primary producers like
phytoplankton and macroalgae (Conway
1977, D’Elia and DeBoer 1978). During sum-
mer, primary producers likely increased rap-
idly due to high temperatures and strong
irradiance by consuming NH,-N inside the
lagoon, where they could stay for a long time
due to the long retention time of the sea-
water. In contrast, in winter they could not
have increased greatly probably because of
low temperature and weak irradiance. In fact,
chlorophyll-# concentration was higher inside
the lagoon than outside it in summer and was
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lower inside the lagoon than outside it in win-
ter (Figure 4, d).

Observed higher turbidity and nutrients
concentrations, and larger variations in tem-
perature might have more negatively affected
the recovery of coral communities inside the
lagoon than those outside it at Sekisei Reef.
Turbidity and NO,-N concentration through
the year, and chlorophyll- concentration in
summer were higher inside the lagoon than
outside it. These concentrations were not as
high as those reported in coral reefs where se-
rious anthropogenic effects were reported
(Fabricius 2005, Costa et al. 2006). However,
Bell et al. (2007) pointed out that the nutrient
threshold concentrations causing a dramatic
shift from coral to algal dominance in reef
communities would be low if sensitive coral
species were dominant and, in particular, the
area was in a low flushing regime. Thus, ben-
thic algae, whose growth was facilitated by
slightly but continuously high NO,-N con-
centration and released NH,-N through the
regeneration process by benthic microorgan-
isms, might have inhibited coral settlement
inside the lagoon. A higher volume of bottom
sediments might have further inhibited coral
settlement, and higher NO,-N concentration
and turbidity might have prevented coral
growth and reproduction inside the lagoon,
as suggested by experimental studies (e.g.,
Gilmour 1999, Ferrier-Pages et al. 2000,
Harrison and Ward 2001). In addition, tem-
perature, which showed higher variation in-
side the lagoon than outside it, may carry a
risk of inducing coral bleaching both in sum-
mer and winter. Therefore, the multiple ef-
fects by these water-quality variables might
have caused the poor recovery of coral com-
munities inside the lagoon at Sekisei Reef.
Recent expansion of land use on the nearby
islands might have contributed to the water-
quality degradation inside the lagoon through
greater terrestrial discharge than before. If
this is the case, natural recovery of coral com-
munities inside the lagoon appears to be dif-
ficult. Future studies should investigate the
dynamics of coral populations and communi-
ties in relation to water quality such as reduc-
ton of the growth rate and inhibition of
coral settlement by blooming algae, in addi-
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tion to other eutrophication parameters like
particulate and dissolved organic nutrients,
and the fluctuations of water quality just after
heavy rainfall.
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