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ABSTRACT: Different substrates in a Philippine coral reef - sand,  rubble, and living coral of the farmly 
Fungiidae - were monitored over a 2 yr period to compare their energy turnover and  to determine pos- 
sible diurnal and seasonal patterns. The metabolism of all 3 components did not vary significantly over 
the times of day between 09:OO and 15:OO h, and showed relatively small fluctuations wlth season 
W~thin  the narrow ranges of vanation, light was positively correlated w ~ t h  primary production of coral, 
rubble and sand Temperature increased coral respiration s~gnif~cant ly .  Higher production of rubble 
and sand communities occurred during times of lowered salinity, and was probably due  to increased 
levels of nutrients associated with the rainy season. Respiration of all 3 substrates was elevated dunng  
the wet months, indicating stress related to lowered salinlties. The vanous substrates differed signifi- 
cantly in terms of energy production and consumpt~on,  wlth coral showing the highest metabolic rate 
and P/R > 1, followed by rubble w ~ t h  P/R -; 1, then sand with P/R slightly less than 1 These results indi- 
cate that the net productiv~ty of the system is made possible by the coral contribution, a findlng which 
confirms prevlous studles. 

K E Y  WORDS: Energy flow - Seasonal~ty . Coral reef flat 

INTRODUCTION 

Coral reefs are complex ecosystems composed of a 
variety of organisms distributed in distinct zones 
(Done 1983). Such zones are typically distinguished 
by the predominant species inhabiting them or by the 
dominant substrate types. Because of its accessibility, 
the part of the reef that has received the most scien- 
tific attention is the reef flat (Kinsey 1985). The reef 
flat by itself is also characterized by different zones, 
being a combination of habitats for plants such as 
algae and seagrasses, for organisms inhabiting sand 
and rubble, and for the corals themselves. 

In this study, the major patterns of energy produc- 
tion and consumption in a shallow tropical reef flat 
are determined, both in terms of contributions of the 
major components and in terms of variation over 
time, The natural complexity of coral reefs, deriving 
from their topography as well as from their biotic di- 
versity, can render detailed investigations extremely 
difficult, although energy flow studies in reefs have a 
relatively long history (reviewed in Kinsey 1985 and 

Wiebe 1988). I t  is for this reason that a reef flat with a 
relatively simple physical structure was selected. 

The reef flat in question had the following major 
substrate types: sand,  rubble and living coral. It was 
both logical and practical to consider reef-flat energy 
dynamics in terms of the relative contilbutions of 
each of these substrate types. Previous investigations 
have shown these reef components to have different 
levels of productivity and energy consumption, and 
hence, varying degrees of importance in total energy 
flow. For example, rubble substrates were found to 
contribute significantly to lagoonal productivity at  
French Frigate Shoals in Hawaii, USA (Atkinson & 

Grigg 1984). This is due  to the activity of epilithic 
(e.g Klumpp & McKinnon 1989, 1992) and endolithic 
(Hawkins & Lewis 1982) algal populations. Sand sub- 
strates, though devoid of conspicuous plant or animal 
cover, may also be relatively active areas (Kmsey 
1985). That the living corals themselves are highly 
productive and may account for the net positive pro- 
duction of a reef is well established (McCloskey et  al. 
1978, Kinsey 1985). 
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A second aspect of this study considers variation in 
metabolic performance of each of the substrate types 
over relatively short (i.e. withi.n a day) and long 
(annual) time periods. One insight that could be drawn 
from such observations pertains to the stability of the 
system (Pomeroy et al. 1988). Simultaneous recording 
of physico-chemical variables allows inferences as to 
possible environmental influences on energy produc- 
tion and consumption. An understanding of the factors 
regulating coral reef productivity could then be 
derived. 

In the text, 'production' refers to gross photosynthe- 
sis, unless specified otherwise, and 'energy consump- 
tion' refers to dark respiration. 

MATERIALS AND METHODS 

Study site. The area chosen for study is a 0.5 km 
wide reef flat on the western side of Santiago Island in 
Bolinao, Pangasinan, in the northwestern Philippines 
(approximately 16" 24' 41" N ,  119" 54' 25" E ) .  Depth 
averages about 1 m. A seagrass zone stretches from the 
shore about halfway across the flat, where it abruptly 
gives way to a sand-rubble substrate associated with 
coral, predominantly large microatolls of Porites spp. 
Other conspicuous corals are members of the Fungi- 
idae and the Faviidae. The term 'reef flat' will be used 
below to refer only to the sand-rubble-coral section. 
Sand and rubble comprise about 85 % of the total area 
of the reef flat (as estimated from transect surveys by 
P. M. Alino et  al. unpubl.). 

To represent the coral component, specimens of the 
Fungiidae were selected since they consist of a single 
polyp, regardless of size of the corallum. In contrast to 
colonial corals, there is not much interference by 
epilithic and endolithic organisms in metabolic mea- 
surements of the coral-zooxanthellae complex, render- 
ing the interpretation of physiological results more 
straightforward. 

Metabolic experiments. The metabolic experiments 
performed in this study made use of oxygen measure- 
ments in in situ enclosures (Wells 1977, Zeitzschel 
1981.). Primary production and respiration were mea- 
sured by the degree of oxygen evolution or consump- 
tion respectively. 

Field measurements m.ade use of an acrylic cylinder 
(volume ca 9 1) bolted onto an acrylic platform on 
which the coral was placed, forming a watertight 
enclosure. In the case of sand or rubble, patches were 
chosen at random and were enclosed with a metal 
cylinder (diameter ca 20 cm, height ca 10 cm), driven 
into the sediment to a depth of about 5 cm. The acrylic 
cylinder was then fitted over the metal cylinder. Dye 
experiments performed in an aquarium showed the 

enclosure to be impervious to water exchange 
between the internal and external environments. 

The top end of the acrylic cylinder was fitted with a 
dissolved oxygen probe (Nester Instruments model 
8500x) and a battery-operated bilge pump for stirring 
the enclosed water. 

Respiration was first measured by covering the 
setup with a black canvas material to exclude light, 
and hence, prevent photosynthesis. Production was 
then assessed in the light when the cover was re- 
moved. The runs were started with the dark incuba- 
tion to bring the initial oxygen levels down, thus 
avoiding the occurrence of supersaturation during the 
photosynthetic measurements in the light. Prior to a 
series of measurements in a day, the probe was air- 
calibrated according to manufacturer's instructions. 
During photosynthetic and respiration measurements, 
oxygen readings were recorded every minute until 
enough data points were obtained to produce a signif- 
icant regression over time. This was usually achieved 
within 10 to 15 min. 

Temperature inside a chamber was monitored dur- 
ing an entire incubation by means of the probe's ther- 
mistor. Ambient water temperature was taken with a 
mercury thermometer against which the probe's sen- 
sor had been calibrated in the laboratory. Internal 
chamber temperature was usually higher than external 
temperature by less tha.n 1 ' C .  

Light values were registered simultaneously by a 
LI-COR 193SA spherical quantum sensor attached to 
an LI-1000 data logger The sensor was mounted on a 
tripod support and was thus situated about 1 m below 
the water surface. 

Bottom salinity readings with a refractometer were 
made at various times of the day. Measurements of 
light, temperature and salinity were averaged to yield 
mean daily values. Based mainly on temperature and 
sallnity profiles, a year was divided into 3 'seasons': 
dry-cool (December to February), dry-warm (March 
and April) and wet (May to November). 

Meta.bolic runs were carried out from approximately 
October 1989 to November 1991 (the exact starting 
and ending month differed ior each substrate; see 
'Results'). One day during each monthly visit was 
devoted to measurement of each reef flat component. 
For each incubation, a coral specimen or a patch of 
substrate was selected anew at random. 

Measurements were usually performed between 
09:OO and 15:00 h, and a 'day' was divided into 'morn- 
ing' (09:OO to 11:OO h) ,  'noon' (11:OO to 13:00 h),  and 
'afternoon' (13:OO h and later). During each time of day, 
2 replicate runs of respiration and then production 
were carried out. 

In order to obtain data on fungiid metabolism at 
other times of the day and night, 24 h measurements 
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were performed on 3-4 July 1991 at  the site. Three 
replicate incubations were done at roughly 3 h inter- 
vals between sundown and dawn. Daytime measure- 
ments for this particular exercise were made just after 
sunrise and at noon. 

Production and respiration rates are expressed per 
unit surface area of the substrate. In the case of the 
fungiids, projected surface area was used (detailed 
procedure for measurement and formula for computa- 
tion are given in Yap et al. 1992). This has the advan- 
tage of providing information on the area available for 
gathering incident light, which is important in produc- 
tivity studies (Davies 1980). 

Statistical analyses. Significant differences among 
the groups of each environmental parameter (light, 
temperature and salinity) according to season were 
tested using the Tukey-Kramer method (Sokal & Rohlf 
1981) which is an  a postenori test. Differences in pro- 
duction and respiration among substrates, times of day 
or seasons were assessed using a 3-way analysis of 
variance (Sokal & Rohlf 1981, Zar 1984). Where the 
data did not meet the criteria for normality and 
homoscedasticity, they were transformed using log 
transformation, power transformation or natural log 
transformation as appropriate. Where significant dif- 
ferences were detected, Tukey's multiple comparisons 
test was employed to determine where the differences 
lay. Possible effects of light, temperature and salinity 
on production and respiration were determined for 
each substrate by pooling all data gathered over the 
monitoring period and applylng multiple linear regres- 
sion analysis. 

RESULTS 

Seasonal variation in light, temperature and salinity 

In Fig. 1,  the daily mean values for light, water tem- 
perature and salinity are plotted across time f~-om Oc- 
tober 1989 to November 1991. Light intensity fluctu- 
ated over an annual cycle from 500 to >2000 PE m-2 
S - ' .  These intensities were measured during the 
'window' from 09:OO to 15:OO h.  Low values were due  
to reduced penetration in the water column at  times of 
high cloud cover, particularly during the rainy season. 

Water temperature, measured during the same hours 
as llght, varied from a minimum value of 23°C in 
December 1989 to a maximum of 33 "C during the sum- 
mer months of April to August (different years). Salin- 
ity also fluctuated throughout an  annual cycle (Fig. l ) ,  
with minimum values (29 to 30 ppt) being reached in 
October (1990 and 1991). During other times of the 
year, values remained more or less stable at  34 ppt. 

On the basis of observations of temperature and 
rainfall, the months of the year were grouped accord- 
ing to 'season' (see 'Methods'). When values of light, 
temperature and salinity were grouped into the differ- 
ent seasons, and the groups compared using the 
Tukey-Kramer method (a  = 0.05), mean light levels of 
all 3 seasons were found to differ significantly from 
each other. Dry-cool season water temperatures were 
different from those of the dry-warm and wet seasons, 
while wet season salinity readings significantly varied 
from those taken during the dry-cool and dry-warm 
months. 

29 - A 

Fig. 1. hilean daily values of 
irradiance, temperature and 23 
salinity at  the Lucero reef flat 2 8 z r r > a > z I r a >  

over the period October 1989 9 + S j 2 ? & 9 + 2 2 ? & 2  
to November 1991 1989 1990 1991 

34 1 2500 
36 

A A Sal~nity - Temperature o Ltght 
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Fig. 2. Irradiance at the Lucero reef flat over the time interval 
09:00 to 17:OO h. Measurements from October 1989 to April 

1990 pooled 
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Fig. 3. Gross primary production and respiration of fung~id 
corals over a diurnal period. Measurements from October 
1989 to August 1991 pooled. Lines through points are 

regression lines 
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Fig 4.  Net primary production (0) and respiration (01 of 
funghd corals measured at intervals over a 24 h period on 

3-4 July 1991. Values are means of 3 replicates k SD 

Temporal trends in metabolism 

Diurnal patterns 

In Fig. 2, light values were pooled from observations 
from October 1989 to April 1990 and plotted across 
time of day. For purposes of generating the graph, 
measurements between 09:OO and 17:00 h were 
included. Peak values around 2000 pE m-2 S-' oc- 
curred at midday. Light levels were relatively constant 
from 10:OO to 14:00 h. 

Values of gross primary production and respiration 
of fungiids were pooled from the entire observation 
period of October 1989 to August 1991 and similarly 
plotted against time of day (Fig. 3).  For purposes of the 
ANOVA, the data from each season were grouped into 
batches of 'morning', 'noon' and 'afternoon' values 
(see 'Methods'). For each season, no significant differ- 
ences with respect to time of day between 09:OO and 
1.500 h were detected (Table 1). 

Since data gathered only from 09:OO to 15:OO h were 
used to infer trends on production and respiration over 
the 2 yr monitoring period, it is useful to know what the 
values were like during the times outside of this inter- 
val. This information was obtained for coral from mea- 
surements made of production and respiration at other 
times of the day and night during a 24 h period in the 
summer (see 'Methods'). In this particular case, net 
photosynthetic rates are depicted. Net primary pro- 
duction (? SD) a t  dawn (06:OO h) was about % the value 
at 1200 h of 1490 + 170 mg O2 rnd2 h-' (Fig. 4) .  Respi- 
ration during the dark hours was in the range 
650 to 900 rng O2 m-2 h- ' .  Maximal respiration (1180 + 
120 mg O2 h-') was observed at noon. 

The variation in gross primary production and respi- 
ration of the rubble substrates over time of day is 
depicted in Fig. 5 using values from February 1990 to 
November 1991. Sand metabolism treated in a similar 
fashion is shown in Fig. 6, with values from February 
1990 to August 1991. In both instances, measurement 
times were between 09:OO and 15:OO h. As in the case 
of the coral, the data were grouped into 'morning', 
'noon' and 'afternoon' values per season. There were 
no significant variations in production nor respiration 
in both substrates over time of day between 09:OO and 
1500 h for all seasons (Table 1). 

Seasonal patterns 

For purposes of discerning trends in production and 
respiration with season, data for each of the substrates 
were averaged over the months comprising each sea- 
son as described previously. Results are shown in 
Fig. 7. From the data spanning almost 2 yr for each 
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seasonal differences in gross primary pro- 
duction of coral, rubble and sand (Table 1). 
On the other hand, significant differences 
in respiration with respect to season were 
apparent for coral and sand (Table 1).  
Tukey's multiple comparisons test showed 
that, for coral, respiration during the wet 
months was higher than in the dry-cool 
season. For sand, wet season respiration 
was higher than during the dry-warm 
period. This apparent seasonality, how- 
ever, may be an artifact due to the signifi- 
cant substrate-season interaction shown by 
the statistical analysis (Table 1). 

substrate, it is apparent that no significant Table 1. Summary of ANOVA results testing for effects of substrate, season 
fluctuations in production nor respiration and time of day. ' p  c 0.05; "p i 0.01 

occurred that could be related to particular 

Effects of environmental factors on 
metabolism 

seasons. 
The ANOVA confirmed the absence of 

In order to help explain differences in 
metabolism over 'season' in the 3 reef flat 
components, production and respiration 
were regressed on the environmental 
parameters light, temperature and salinity. 
All data from the 2 yr monitoring period 
were pooled for the analyses. Results are 
given in Table 2. 

The production of coral, rubble and sand 
was significantly and positively influenced 
by light, despite the relatively narrow 

Source of variation df MS F 

Production 
(data power transformed) 

Main effects 6 
Substrate 2 
Season 2 
Time of day 2 

2-way interactions 12 
Substrate X Season 4 
Substrate X Tlme of day 4 
Season X Time of day 4 

3-way interactions 8 
Explained 26 
Residual 286 

Respiration 
(data natural log transformed) 

Main effects 6 
Substrate 2 
Season 2 
Time of day 2 

2-way interactions 12 
Substrate X Season 4 
Substrate X Time of day 4 0.122 1231  
Season X Tlme of day 4 0.047 0.479 

3-way interactions 8 0.112 1.135 
Explained 26 4.064 41.076" 
Residual 286 0.099 

"Tukey's multiple comparisons test showed differences to lie among 
times of day from different seasons, but not among times of day from 
within the same season 

bTukey's multlple comparisons test showed significant differences in 
coral respiration between the dry-cool and wet seasons, and in sand 
respiration between the dry-warm and wet seasons 

- 1500 
WO 700 MO 900 i c m  i im i z m  ira 1-0 i s m  ism 1700 isoo 

Time of day 

10 Gross production 
600 D Respiration 0 

Fig. 5. Gross primary production and respiration of rubble Fig. 6. Gross primary production and respiration of sand sub- 
substrates over a diurnal period. Measurements from Feb- strates over a diurnal period. Measurements from February 
ruary 1990 to August 1991 pooled. Lines through points are 1990 to November 1991 pooled. Lines through points are 

regression lines regression lines 

-600 
D 

-- 
D 
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CORAL 

l 

RUBBLE 

SAND 

Fig. 7. Gross primary production (open bars) and respiration 
(hatched bars) of 3 reef flat substrates (coral, rubble and 
sand) over 3 times of day per season (AM: 09:OO to 11:OO h; 
NN: 11:OO to 1300 h; PM: 13:00 h and later). Numbers inside 

or above the bars indicate replicates 

range in intensities commonly encountered between 
09:OO and 15:OO h. The production of rubble and sand, 
as well as respiration of rubble, were negatively corre- 
lated with salinity. Coral respiration was positively cor- 
related with temperature. 

Comparison of substrates 

The 3 substrates differed significantly in terms of their 
production and respiration (Fig. ?), as confirmed by 
ANOVA results (Table 1). The significant substrate- 
season interaction revealed by the statistical analysis is 
not considered to affect this conclusion seriously since 
the differences among substrates in terms of both pro- 
duction and respiration are clear and unambiguous for 
all seasons (see Fig. 7). The coral component displayed 

Table 2. Results of regression analysis of production and res- 
piration of coral, rubble and sand against light, temperature 
and salinity. Only significant results are given. Data are from 

October 1989 to November 1991 ' p  < 0.05 

Environmental Regression R2 
factor coefficient 

Coral 
Production Light 0.588' 0.250 

Respiration Temperature 51.312' 0.238 

Rubble 
Production 

Production l jand 

I Respiration 

Light 0.234' 0.250 
Salinity -74.190' 

Salinity -0.044' 0.058 

Light 
Salinity 

- 

I dValues log-transformed 

the highest production and respiration rates, followed 
by the rubble, then the sand substrates. Averaging data 
gathered from the entire monitoring period yielded the 
following: mean gross primary production and respira- 
tion rates (+ SD) for coral were 2355 ? 570 and 787 + 
252 mg O2 m-' h-' respectively; for rubble, 827 f 220 
and 426 + 150 mg O2 m-' h-' respectively; and for sand, 
283 + 132 and 213 + 90 mg 0' m-' h-' respectively. 

In the time interval between 09:OO and 15:OO h, coral 
production was seen to exceed respiration by a factor 
of more than 2 (sometimes 3 or greater). Rubble pro- 
duction was slightly greater than respiration during 
the same hours of the day, while sand production was 
more closely matched by respiration. 

DISCUSSION 

Comparison of substrates 

This study is based, in part, on the assumption that 
fungiid metabolism, as expressed on the basis of pro- 
jected surface area, is a reasonable representation of 
production and respiration of other corals on the reef 
flat. Projected surface area was considered to be a 
logical basis on which to express production and res- 
piration, since fungiids have a greater horizontal than 
vertical extension (i.e. they are essentially flat) so that 
their upper surfaces are the main parts of the coral- 
lum exposed to incident light. It is assumed that the 
upper surfaces, as effectively measured by projected 
surface area, are the active portions of the corallum in 
terms of photosynthetic and respiratory processes. In 
the case of 3-dimensionally complex coral heads, 
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more surfaces are exposed to incident light. But be- 
cause of the reasons outlined above, expressions of 
metabolism per unit surface area for fungiids should 
be comparable with similar expressions for more com- 
plex colonies In which area is measured using differ- 
ent methods. 

Values for gross primary production and respiration 
measured in this study were within the same orders of 
magnitude reported for Acropora palmata (Rogers & 
Salesky 1981), Goniastrea aspera (Motoda 1940 cited 
in McCloskey et al. 1978), Pontes fur-cata (Beyers 1966 
cited in McCloskey et al. 1978) and even entire coral 
outcrops (reviewed in JSinsey 1985). It is seen from this 
study that the coral component was a net producer, 
with a P/R ratio of approximately 1.5 (if the values 
obtained a re  extrapolated over a 24 h period, assuming 
a day :night cycle of 12:12 h). This is a well-established 
fact (reviewed in McCloskey et  al. 1978). 

Rates of gross photosynthesis and respiration of rub- 
ble were very similar to values obtained by Henderson 
(1981) for rubble in Hawaii. However, Henderson 
(1981) determined slightly higher respiration than pro- 
duction rates, yielding a P/R ratio of 0.7 to 0.9. In this 
study, the rubble had a P/R ratio close to 1 (ca 0.97). 

The sand communities, on the other hand, were het- 
erotrophic on the average (P/R ca 0.6 when extrapo- 
lated over 24 h). Both gross photosynthetic and respi- 
ration rates were consistently less than those of rubble, 
a finding similar to that of Henderson (1981) in Hawaii. 
Values in this study fall within the range reported by 
Kinsey (1985) in a review of several studies. 

The above findings on the respective contributions to 
total energy flow of the major components imply that if 
the reef flat is found to sustain an  overall net produc- 
tion, or even an  export of organic matter, a significant 
fraction of this would be due to the coral productivity 
(Kinsey 1985). Altogether, sand and rubble zones have 
been found to have a relatively low net productivity 
(Marsh 1974), probably due  to the lower standing 
stocks of primary producers harbored by sand sub- 
strates, as already established early on by Odum & 
Odum (1955) in Eniwetok Atoll (Marshall Islands). 
Sand and rubble zones as a whole exhibit a P/R of less 
than 1,  and probably act as heterotrophic sinks for the 
organic matter derived from the more productive reef 
components (Kinsey 1977, 1978). In this study, the 
area1 coverage by sand was visibly greater than that of 
rubble, so that the combined sand-rubble areas proba- 
bly also had P/R values less than 1. 

Temporal variability and environmental effects 

There were no significant differences in the metabo- 
lism of coral, rubble and sand over time of day between 

09:OO and 15:OO h. The absence of large fluctuations on 
a daily basis, as well a s  over the seasons of the year, 
indicate a relative constancy in metabolism of this 
tropical ecosystem (cf. Moore 1972). This finding con- 
forms to the observation that processes such as photo- 
synthesis and respiration, when measured at the 
ecosystem level (as in the case of the sand and rubble 
communities in this study), exhibit 'remarkably stable' 
rates despite successional changes (Pomeroy et  al. 
1988). 

In this particular study, the apparent constancy in 
metabolic rates is also probably due to the relatively 
narrow ranges of variation of environmental factors 
such as light, temperature and salinity. This is in con- 
trast to the higher latitudinal limits of coral distribution 
(e.g. Crossland 1984, 1988). However, even within 
their small ranges, the above physico-chemical para- 
meters showed significant differences over the dry- 
cool, dry-warn? and wet seasons, thus exhibiting a cer- 
tain 'seasonality' in the reef flat. They also appeared to 
significantly affect metabolic rates of the reef flat com- 
ponents. This would support Kinsey's (1985) view that 
seasonality is a 'marked feature of reefs a t  apparently 
all latitudes' (see also Moore 1972). 

The positive influence of light on primary production 
of corals, within specified limits, is well known 
(reviewed in Gladfelter 1985). Primary producers in 
the rubble and sand substrates also responded to 
hlgher incident light intensity by increasing rates of 
photosynthesis. Charpy-Roubaud et al. (1988) estab- 
lished a significdnt relationship between light and  
microphytobenthic production of sands in Tikehau 
Lagoon, French Polynesia. Kinsey (1977) attributed the 
seasonality h e  observed over a wide latitudinal range 
to the effects of insolation rather than temperature. 

The rate of primary production of rubble and sand 
was greater during times of lowered salinity, or when 
rainfall was higher. The apparent increase in primary 
production of the rubble and  sand components with 
lowered salinity may not be  a direct cause-effect rela- 
tionship, but may be explained by an  increase in nutri- 
ents in the water column through run-off during the 
rainy season. In other words, periods of relatively low 
salinity during the rainy months are associated with 
higher levels of nutrients in the water column which 
enhance photosynthesis (see Paerl et al. 1990). This 
possibility will be  investigated further. 

The respiration by the rubble community was also 
greater during periods of lowered salinity. Similar 
trends were indicated with respect to coral and sand 
where respiration rates were elevated during the wet 
months. Decreased salinity during the rainy season 
probably constituted a stress, with increased respira- 
tion reflecting additional metabolic work, particularly 
in terms of osmoregulation (Valiela 1984). 
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The positive correlation of respiration with tempera- 
ture is a well-known response (Parsons et al. 1984, 
Valiela 1984). Significant effects of temperature on res- 
piration have been documented for various species of 
corals (Coles & Jokiel 1977, Muthiga & Szmant 1987). 
In the Philippines, temperature elevations during the 
summer months have been shown to relate to lowered 
coral growth rates (Yap & Gomez 1984), in addition to 
other indications of stress such as mortality and 
bleaching (Yap et al. 1992). Jokiel & Coles (1990) found 
coral bleaching at abnormally high temperatures to 
correlate with respiratory rate. They proposed the 
hypothesis that any factor that increases respiration 
would accelerate bleaching at elevated temperatures. 
In the low-latitude locality of the present study, bleach- 
ing together with higher respiration rates may thus be 
seen as an integrated stress response during times of 
high temperature. 

CONCLUSIONS 

Organisms inhabiting sand and rubble in this tropi- 
cal reef flat, as well as the corals represented by the 
Fungiidae, displayed relatively stable metabolic rates 
over time of day and with respect to season. Within the 
narrow ranges of variation, the environmental factors, 
light, temperature and salinity, still exerted significant 
effects on gross primary production and/or respiration. 
This accounted for a certain seasonality in productivity 
of the system, despite its location close to the equator. 
Of the reef flat components, the corals had a net 
autotrophy, making them likely candidates for export 
of organic matter to the more heterotrophic portions of 
the reef. 

Acknowledgements. The authors gratefully acknowledge the 
valuable ass~stance of Hildie Maria E. Nacorda in the field. 
This study was funded by the Australian International Devel- 
opment Assistance Bureau through the ASEAN-Australia 
Economic Cooperation Program Marine Science Project: 
Living Coastal Resources. This is contribution no. 218 of the 
Marine Sc~ence Institute. 

LITERATURE CITED 

Atlunson, M. J., Grigg. R. W. (1984). Model of a coral 
reef ecosystem. 11. Gross and net benthic primary pro- 
duction at French Frigate Shoals, Hawail Coral Reefs 3: 
1.3-22 

Charpy-Roubaud, C. J. ,  Charpy, L., Lemasson, L. (1988). Ben- 
thic and planktonic primary production of an open atoll 
lagoon (Tikehau, French Polynesia). Proc. 6th int. coral 
Reef Symp. 2: 551-556 

Coles, S. L ,  Jokiel, P. L. (1977). Effects of temperature on 
photosynthesis and respiration in hermatypic corals. Mar 
Biol. 43: 209-216 

Crossland, C. J .  (1984). Seasonal variations In the rates of cal- 
cification and productivity in the coral Acropora formosa 
on a high-latitude reef. Mar. Ecol. Prog. Ser. 15: 135-140 

Crossland, C. J .  (1988). Latitudinal comparisons of coral reef 
structure and function. Proc. 6th int. coral Reef Symp. 1: 
221-226 

Davies, P. S. (1980). Respiration in some Atlantic reef corals in 
relation to vertical distribution and growth form. Biol. Bull. 
158: 187-194 

Done, T. J. (1983). Coral zonation: its nature and significance. 
In: Barnes. D. J. (ed.) Perspectives on coral reefs. B. Clous- 
ton Publisher, Manuka, p 107-147 

Gladfelter, E.  H. (1985). Metabolism, calcificat~on and carbon 
production. 11. Organism-level studies. Proc. 5th int. coral 
Reef Congr. 4: 527-539 

Hawkins, C. M,, Lewis, J. B. (2982). Benthic primary produc- 
tion on a fringing coral reef in Barbados, West Indies. 
Aquat. Bot. 12: 355-363 

Henderson, R.  S. (1981). In situ and microcosm studies of die1 
metabol~sm of reef flat communities. Proc. 4th int. coral 
Reef Symp. 1.679-686 

Jokiel, P. L., Coles, S. L. (1990). Response of Hawaiian and 
other Indo-Pacific reef corals to elevated temperature. 
Coral Reefs 8: 155-162 

Kinsey, D. W. (1977). Seasonality and zonation in coral reef 
productivity and calcification. Proc. 3rd int. coral Reef 
Symp. 2: 383-388 

Kinsey, D. W. (1978). Productivity and calcification estimates 
using slack-water periods and field enclosures. In: Stod- 
dart, D. R., Johannes, R. E. (eds.) Coral reefs: research 
methods. UNESCO, Paris, p. 439-468 

Kinsey, D. W. (1985). Metabolism, calcification and carbon 
production. I.  Systems level studies. Proc 5th int. coral 
Reef Congr. 4: 505-526 

Klumpp, D. W.. Mcknnon, A. D. (1989). Temporal and spatial 
patterns in primary production of a coral-reef epilithic 
algal community. J. exp. mar. Biol. Ecol. 131. 1-22 

Klumpp, D. W., McKmnon, A. D. (1992). Community struc- 
ture, biomass and productivity of epilith~c algal communi- 
ties on the Great Barner Reef: dynamics at different spa- 
tial scales. Mar. Ecol. Prog. Ser. 86: 77-89 

Marsh, J .  A. Jr (1974). Preliminary observations on the 
productivity of a Guam reef flat community. Proc. 2nd int. 
coral Reef Symp. 1: 139-145 

McCloskey, L. R.,  Wethey, D. S., Porter, J. W. (1978). 
Measurement and interpretation of photosynthesis and 
respiration in reef corals. In: Stoddart, D. R., Johannes, 
R. E. (eds.) Coral reefs: research methods. UNESCO, Paris. 
p. 379-396 

Moore, H. B. (1972). Aspects of stress in the tropical marine 
environment. Adv. mar. Biol. 10: 217-269 

Muthiga, N A . ,  Szmant, A M (1987). The effects of salinity 
stress on the rates of aerob~c respiration and photosynthe- 
sis in the hermatypic coral, Siderastrea siderea. Biol. Bull. 
173: 539-551 

Odum, H. T., Odum, E. P. (1955). Trophic structure and pro- 
ductivity of a w~ndward coral reef community on Eniwetok 
AtoU. Ecol. Monogr. 25 291-320 

Paerl, H. W ,  Rudek, J . ,  Mall~n, M.  A. (1990). Stimulation of 
phytoplankton production In coastal waters by natural 
rainfall inputs: nutritional and trophic implications. Mar. 
Biol. 107: 247-254 

Parsons, T R., Takahashi, M., Hargrave, B. (1984). Biological 
oceanographic processes, 3rd edn. Pergamon Press, 
Oxford 

Pomeroy, L. R . ,  Hargrove, E C . ,  Alberts, J .  J (1988). The 
ecosystem perspective. In: Pomeroy, L. R., Alberts, J .  J 



Yap et al.: Energy flow in a coral reef flat 43 

(eds.) Concepts of ecosystem ecology. Springer-Verlag, 
New York, p. 1-17 

Rogers, C. S., Salesky, N. H. (1981). Productivity of Acropora 
palmata (Lamarck), macroscopic algae, and algal turf from 
Tague Bay Reef, St. Croix, U.S. Virgln Isldnds. J .  exp. mar 
Biol. Ecol 49. 179-187 

Sokal, R R ,  Rohlf, F. J. (1981). Biometry, 2nd edn. W. H.  
Freeman, New York 

Valiela, 1. (1984). Marine ecological processes. Springer- 
Verlag, New York 

Wells, J .  M. (1977). A comparative study of the metabolism of 
tropical benthic communities. Proc. 3rd int. coral Reef 
Symp. 1: 545-549 

Wiebe, W. J. (1988). Coral reef energetics. In: Pomeroy, L. R., 

This article rvaspresented by D. Klumpp, Townsvdle, Australia 

Alberts, J. J. (eds.) Concepts of ecosystem ecology. 
Springer-Verlag, New York. p. 231-245 

Yap, H. T., Aliiio, P. M., Gomez, E. D. (1992). Trends in growth 
and mortality of three coral species (Anthozoa: Sclerac- 
tlnia], including effects of transplantation. Mar. Ecol. Prog. 
Ser 83: 91-101 

Yap, H. T., Gomez, E .  D.  (1984) Growth of Acropora pulchra 
I1 Responses of natural and transplanted colonies to tem- 
perature and day length. Mar. Blol. 81. 209-215 

Zar, J H. (1984). Biostatistical analysis, 2nd edn.  Prentice- 
Hall, Englewood Cliffs 

Zeitzschel, B. (1981). Field experiments on benthlc ecosys- 
tems. In: Longhurst, A. R. (ed.) Analysis of marine ecosys- 
tems. Academic Press, London, p. 607-625 

Manuscript first received: May 6, 1993 
Rev~sed version accepted: September 28, 1993 




