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Quality and Quantity of Particulate Organic Carbon in a

Coral Reef at Tioman Island, Malaysia
(Kualiti dan Kuantiti Karbon Partikulat Organan di Terumbu Karang
Pulau Tioman, Malaysia)
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ABSTRACT

The quality and quantity of particulate organic carbon (POC) were investigated in a fringing coral reef of Tioman Island,
Malaysia to better understand the food sources for reef meso-zooplankton. Phytoplankton biomass in the water column
was on average 0.22 (+0.07) mg Chl-a m?, of which picophytoplankton was the most important (size <3 um, 50-70% of
the total Chl-a). The proportion of C biomass by phytoplankton and other plankton to particulate organic carbon (POC)
was low (6% and 5%, respectively) and the major portion of POC was occupied by detritus (89%), suggesting that the
diet of particle-feeding or suspension feeding meso-zooplankton would chiefly consist of detritus.
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ABSTRAK

Kualiti dan kuantiti karbon partikulat organan POC di sekitar terumbu pinggir Pulau Tioman Malaysia telah dikaji untuk
memahami dengan lebih mendalam sumber makanan untuk mesozooplankton terumbu. Biojisim fitoplankton di dalam
turus air puratanya adalah 0.22 (+ 0.07) mg Chl-a m-3, di mana pikofitoplankton merupakan yang terpenting (size
<3 um, 50-70% daripada jumlah Chl-a). Nisbah biojisim karbon oleh fitoplankton dan plankton lain dengan karbon
partikulat organan didapati rendah (6% and 5%, masing-masing) dan jumlah utama bahagian POC terdiri daripada
detritus (89%), menunjukkan bahawa diet pemakan partikulat atau pemakan enapan mesozooplankton terutamanya

terdiri daripada detritus.

Kata kunci: Detritus; fitplankton; makanan; POC; zooplankton

INTRODUCTION

In order to better understand the meso-zooplankton ecology,
it is important to investigate the stock and composition of
particulate organic matter (POM) as their food source. In this
instance, the POM consists of living and non-living organic
particles smaller than meso-zooplankton. The living
organic particles include pico-, nano-, and microplankton
such as phytoplankton, protozoans, and bacteria, while the
non-living organic particles basically consist of detritus.
Although picoplankton cells (<3 pum) are believed not
to be readily utilized by some net-zooplankton such as
copepods and other crustaceans because they are too small
to be captured (Nival & Nival 1976), the picoplankton
production may be converted to a size range that is
available to meso-zooplankton through the microbial loop
by heterotrophic flagellates and ciliates (Azam et al. 1983).
Detritus is also considered as one of the important food
sources for meso-zooplankton.

Coral reefs are characterized by low input of new
nutrients and active nutrient recycling (Hatcher & Frith
1985), thus resulting in low primary production of
phytoplankton. In these oligotrophic environments, it
is considered that some zooplankton utilize detritus to

compensate for the low available phytoplankton stocks
(Roman et al. 1990). In fact, gut contents of meso-
zooplankton (copepod and larvaceans) are reported to
consist of >80% detritus in an atoll lagoon of Marshall
Islands (Gerber & Marshall 1974). At present, relatively
little is known about the stock (mg m) of detritus over
coral reefs (Charpy-Roubaud 1990; Charpy & Sakka et
al. 2002; Gerber & Marshall 1982; Roman et al. 1990)
though the biomass of the pico-, nano-, microplankton
has been quantified in several reefs (Ferrier-Pages &
Furla 2001). The objective of this study is to measure the
quality and quantity of POM including pico-, nano- and
microplankton and detritus in a coral reef of Malaysia to
better understand coral reef zooplankton ecology.

MATERIALS AND METHODS

SAMPLE COLLECTION

This study was carried out in a fringing coral reef at
Tioman Island, off the east coast of Peninsular Malaysia.
Sampling was conducted at a jetty in the Marine Park
Centre at Tioman Island, off the east coast of Peninsular
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Malaysia (2°50°00; 104°10°00”) (Figure 1). The study site
forms a typical fringing coral reef, with a dominance of
Acropora corals. The water depth varied from 7.5 to 10.2
m depending on the tide.

Sampling was conducted every 3 hours for 2
consecutive days (48 hours) during 22-24 August and
1-3 October in 2004, and 25-27 February and 2-4 June
in 2005, which amounted to 16 replicate sampling times
for each study period. Seawater was collected with a 10
L Niskin bottle at 1 m below the surface and 1 m above
the sea bottom for measurements of particulate organic
carbon (POC), chlorophyll-a (Chl-a), inorganic nutrient
concentrations, and community composition of pico-,
nano-, and microplankton. The water from the two depths
were pre-filtered through a 100 pm mesh screen to remove
net-zooplankton and later combined. The combined water
sample (ca. > 20 L) was brought back to the laboratory of
the Marine Park Centre within 10 min.

Duplicate subsamples (10 mL) from the pre-filtered
seawater (<100 um) were filtered through a 0.45 um syringe
filter (Millipore) and stored at -20°C for inorganic nutrients
analysis (SiOH,, PO,, NO, and NO,). A subsample (2000
mL) of the pre-filtered seawater was used for POC analysis
and filtered onto a GF/F filter (Whatman), which was pre-
combusted (500°C, 4 h) and pre-weighted. The nominal
pore size of GF/F filter is defined as 0.7-0.8 um (Maske &
Garcia-Mendoza 1994; Hashimoto & Shiomoto 2000); we
expediently defined the pore size at 0.8 um in the present
study. The GF/F filter was rinsed with distilled water and
placed over fuming HCI in a closed glass container for
24 h to remove carbonates (Strickland & Parsons 1972).
The filters were then dried for 24 h at 60°C and stored in
a desiccator until POC analysis.

To measure the size structure of plankton, 18 L of the
pre-filtered seawater (<100 pm) was gently filtered through
a 35 um mesh screen to obtain two size-fractions, i.e. <35
pm and 35-100 pwm. Analysis of the filtrate which contains
particles of <35 um and the particles retained on the 35 um
mesh screen (35-100 um) were handled as follows. Chl-a
concentrations were determined on a subsample (2000
mL) of the filtrate (<35 pwm) that were successively filtered
through a 3 um pore-size membrane filter (Millipore)
and a GF/F filter to measure the Chl-a contents in the
fractions 0.8-3 um and 3-35 pum. The filters were placed
in N,N-dimethylformamide (DMF) and stored at -20°C until
analysis (Suzuki & Ishimaru 1990). A 100 mL subsample
of the filtrate (<35 pum) was fixed in 1% glutaraldehyde
seawater and stored in darkness at -20°C until microscopic
analysis. The particles retained on the 35 um mesh screen
(35-100 pum) were divided into two aliquots with a Folsom
plankton splitter (Omori & Ikeda 1984). One aliquot was
used for Chl-a measurement and the other for microscopic
analysis. The aliquot for Chl-a measurement was filtered
onto a GF/F filter, which was placed in DMF for pigment
extraction and stored at -20°C until analysis as described
above. The aliquot for microscopic analysis was fixed
with buffered formalin to a final concentration of 2% and
stored at 5°C until observation duration at time before
observation.

SAMPLE ANALYSIS

The inorganic nutrient concentrations were analyzed
according to Parsons et al. (1984) using Bran+Lubbe AASC
II Autoanalyzer. The POC concentration was measured
following Nagao et al. (2001), using a CN analyzer (Fisons
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FIGURE 1. Map of the sampling site at Tioman Island off the east-coast
of Peninsular Malaysia (2°50°00” N, 104°10°00” E)



EA 1108 CHNS/0O). Particulate organic N (PON) was not
detected due to the low amount of subsamples that were put
into the CN analyzer. Chl-a concentrations were determined
using a fluorometer (Turner Designs 10-AU) according
to Holm-Hansen et al. (1965). The carbon biomass of
phytoplankton was estimated using a C:Chl-a ratio of 50
(Charpy-Roubaud et al. 1989).

MICROSCOPIC OBSERVATION

To enumerate heterotrophic bacteria (hereafter bacteria),
cyanobacteria and heterotrophic flagellates, the
glutaraldehyde fixed sample was divided into two aliquots
and each filtered onto a black polycarbonate filter (0.8 um,
Millipore). For bacteria and cyanobacteria, the filter was
stained with SYBR Gold (Molecular Probes) according
to Shibata et al. (2006). For heterotrophic flagellates,
the filter was stained with primulin (Sigma) following
Sherr et al. (1993). Cyanobacteria, bacteria, heterotrophic
flagellates were counted with an epifluorescence
microscope (Zeiss Axioskop 2 plus) using blue and green
excitation at 1000 times magnification. For bacteria and
cyanobacteria, at least 400 cells were counted per slide.
For heterotrophic flagellates, at least 100 microscope
fields per slide were scanned. Cell volumes of bacteria
and heterotrophic flagellates were calculated from the
length and width measured by an image analysis software
(Zeiss AxioVision) and a digital camera (Zeiss AxioCam
MRc5) mounted on the microscope. The cell volume of
bacteria and heterotrophic flagellates were converted to
carbon units using a conversion factor of 0.209 pg C um’*
(Kogure & Koike 1987) and 183 fg C um™ (Caron et al.
1995), respectively. The cell volumes of heterotrophic
flagellates were multiplied by a factor of 2.13 to correct
for shrinkage in glutaraldehyde fixation (Choi & Stoecker
1989). Cyanobacterial cell numbers were converted to
carbon units using a conversion factor of 200 fg C cell”!
(Caron et al. 1995). The microscopic sample of the fraction
35-100 um (microzooplankton) was categorized into
ciliates such as tintinnids and naked ciliates and metazoans
(e.g. copepods, polychaetes and larvaceans), and counted
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under a stereomicroscope. The body length of ciliates was
measured to determine lorica volume of tintinnids and cell
volume of naked ciliates using the image analysis software
and the digital camera mounted on the microscope. The
lorica volume of tintinnids was converted to carbon weight
(cw) using the regression equation: CW (pg) = 444.5 +
0.053 Lv (Verity & Langdon 1984), and the cell volume of
naked ciliate was converted to carbon unit using a factor
of 0.14 pg C um? (Putt & Stoecker 1989). These equations
do not take into account cell shrinkage due to formalin
preservation and thus a factor of 1.15 for tintinnids and
1.25 for naked ciliates was multiplied for correction (Choi
& Stoecker 1989). The body lengths of metazoans were
also measured and their carbon weight was calculated using
previous regression equations (Fisheries Agency 1987,
e.g. Hirota 1986; Uye & Ichino 1995) taking into account
body shrinkage by formalin preservation (Scheinberg et
al. 2005; Szyper 1976; Wang et al. 1995).

DETRITUS ESTIMATION

The detritus mass (mg C m™) was estimated by subtracting
the value of living organic C (i.e. sum of the carbon biomass
of bacteria, heterotrophic flagellates, phytoplankton
including cyanobacteria and microzooplankton) from that
of POC (Andersson & Rudehill 1993).

RESULTS
INORGANIC NUTRIENTS AND POC CONCENTRATIONS

The silicate (SiOH,) concentration was relatively high
among the nutrients and ranged from 2.76 (= 0.51) to 7.52
(£0.98) uM (Table 1). The phosphate (PO,) concentration
was below the detectable level in August and October
but was 0.07 (x 0.004) uM in June. The nitrite (NO,)
concentration ranged from 0.02 (+ 0.01) to 0.32 (+ 0.15)
uM. The nitrate (NO,) concentration varied from 0.14 (+
0.04) t0 0.39 (£ 0.11) pM. POC concentration in the water
column ranged from 166.9 (+ 36.6) to 275.6 (+ 43.3) mg
C m?, with an overall mean of 188.9 (+ 65.7) mg C m?
(Figure 2).

TABLE 1. Average concentrations of inorganic nutrients at Tioman Island. ud means undetectable. Concentration of inorganic
nutrients in February 2005 were not measured. Mean values expressed with standard error. n means number of replicates

Sampling date (d/m/y) Silicate (uM) Phosphate (uM) Nitrate (uM) Nitrite (uM)
22-24/08/2004 7.52 £0.98 ud 0.17+£0.03 0.07 £ 0.004
(n=16) (n=16) (n=10) (n=16)
01-03/10/2004 6.94 +0.60 ud 0.14 £0.04 0.02 +0.01
(n=16) (n=16) (n=10) (n=7)
25-27/02/2005 - - - -
02-04/06/2005 2.76 £0.51 0.07 £0.02 0.39+0.11 0.32+0.15
(n=16) n=7) (n=11) (n=06)
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FIGURE 2. Particulate organic carbon (POC) and detritus
at Tioman Island, Malaysia. Error bars represent standard
deviation of the POC and detritus for 16 replicate
measurements

PLANKTON COMMUNITIES AND DETRITUS

The total phytoplankton biomass was low and varied
from 0.20 (= 0.05) to 0.24 (= 0.07) mg Chl-a m*, with an
overall average of 0.22 (x 0.07) mg Chl-a m? (Figure 3).
Phytoplankton assemblage was dominated by pico- and
nanoplankton (size <35 um, 85.0-89.4% of the total Chl-a),
especially by picophytoplankton cells (size <3 um, 50.7-
70.6%). The total phytoplankton C biomass ranged from
10.1 (£2.9) to 12.2 (£ 3.5) mg C m (average: 11.1 £3.3
mg C m™) and contributed only 3.8% to 9.8% of the POC
concentrations (average: 6.5%).
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FIGURE 3. Size based distribution of phytoplankton biomass
expressed with Chl-a concentration and estimated carbon (C)
at Tioman Island, Malaysia. Phytoplankton C biomass was
estimated using a C:Chl-a ratio of 50 (Charphy-Roubaud et
al. 1989). Error bars represent standard deviation of the total
phytoplankton biomass for 16 replicate measurements

Bacterial abundance (>0.8 pm) ranged from 1.07 (+
0.55) to 1.90 (x 0.67) x 10* cells L', while the biomass
ranged from 0.29 (z0.15) to 0.51 (£ 0.18) mg C m** (Figure
4a). The abundance of cyanobacteria varied from 1.0 (+
0.5) to 1.8 (= 1.1) x 107cells L', whereas the biomass
ranged from 1.97 (£ 0.98) to 3.68 (+ 2.19) mg C m?
(Figure 4b). The abundance of heterotrophic flagellates
ranged from 3.4 (£2.2) to 7.7 (£ 6.2) x 10° cells L', while
the biomass ranged from 35.5 (+ 29.3) to 93.3 (+ 55.2)
x 10° mg C m? (Figure 4c). In microzooplankton (35-
100 pm), protozoans (ciliates) were poorly represented
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FIGURE 4. Abundance (A) and biomass (B) of heterotrophic bacteria (a), cyanobacteria (b), heterotrophic flagellates (c) and
microzooplankton (d) at Tioman Island, Malaysia. Error bars indicate standard deviation for 16 replicate measurements



and metazoans constituted 79.1% to 97.5% of the total
number and 93.3% to 97.5% of the total biomass (Figure
4d). The abundance of metazoans ranged from 16.34 (+
4.16)t052.61 (+ 13.36) inds. L', while the biomass ranged
from 0.48 (= 0.44) t06.55 (+ 3.43) mg C m™. Total living
C (0.8-100 pm, sum of the carbon biomass of bacteria,
phytoplankton including cyanobacteria, heterotrophic
flagellates and microzooplankton) varied from 11.6 (=4.1)
to 13.5 (= 3.8) mg C m?. The size distributions of each
plankton organism are shown in Figure 5.

The detritus mass ranged from 106.7 (+23.9) to 252.4
(£44.0) mg C m? with an overall average of 168.5 (+ 63.8)
mg C m™. The detrital contribution to the POC varied from
85.5% t0 91.6% (average: 89.2%) (Figure 2).

DISCUSSION

This paper describes the quality and quantity of micro
organic particles (0.8-100 um) in a coral reef of Tioman
Island, Malaysia, to better understand the food sources for
reef meso-zooplankton. The proportion of C biomass by
phytoplankton and other plankton to POC was low (5.9%
and 4.9%, respectively) and the major portion of POC was
occupied by detritus.

Phytoplankton assemblage was mostly dominated
by picophytoplankton (<3 pm, 51-71% of the total
phytoplankton biomass), which may reflect the nutrient-
poor environment (PO, <0.1 uM, NO, <0.4 uM, NO3 <04
uM), though the concentration of silicate was relatively high
(SiOH, =<8 uM). Picophytoplankton (i.e. cyanobacteria) is
known to be dominant in such oligotrophic waters because
its small size and large surface area to volume ratio are an
advantage over larger cells for nutrient uptake (Chisholm
1992; Dufour et al. 1999). Although picoplankton cells
are believed to not be readily utilized by some particular
species of meso-zooplankton such as copepods (e.g. Nival
& Nival 1976), pelagic tunicates (e.g. larvaceans), one of
the important components of net-zooplankton in tropical
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waters (Hopcroft & Roff 1998), have the ability to feed on a
wide spectrum of particle size including <1 puM (e.g. Flood
etal. 1992) and they are in favor of ingesting picoplankton
biomass. The picoplankton (cyanobacteria) production may
also be converted to a size range that is available to meso-
zooplankton through the microbial loop by heterotrophic
flagellates and ciliates (Azam et al. 1983).

Flagellates and ciliates are known to be widely
and abundantly represented in coral reefs (reviewed
by Ferrier-Pages & Furla 2001). However, the mean
numbers of heterotrophic flagellates and ciliates at the
study site (5,400 cells L' and 3 cells L, respectively)
are one of the lowest reported in literature (Table 2).
The maximum numbers are two orders lower than those
in other reefs. Fixation procedures may have caused
some underestimation in their numerical abundance
(Bloem et al. 1986; Stoecker et al. 1994). In this study,
1% glutaraldehyde and 2% formalin were used for
heterotrophic flagellates and ciliates fixation, respectively.
Although flagellate is reported to be well preserved with
1% glutaraldehyde (Bloem et al. 1986) and Tsuji &
Yanagita (1981) noted a loss of only 10% cells after 6
months storage at -20°C, a relatively prolonged storage
for nearly one year in the present study may have caused
further decreases in cell numbers. For ciliate cells,
formalin fixation is reported to cause loss of cells up
to 20% compared to live counts (Dale & Burkill 1982).
However even if we take into account 20% loss of cell
numbers of both flagellates and ciliates in the present
study, their numerical abundance is still lower than
those in other reef systems. As previously demonstrated
in various oceanic areas, heterotrophic flagellates are
the major picoplankton grazers, whereas ciliates are the
major grazers on flagellates (Strom 2000). Considering
that they are a very important component in the microbial
loop to transfer picoplankton production to higher trophic
levels, i.e. meso-zooplankton, the contribution of the
typical microbial loop (picoplankton-flagellates-ciliates)

Metazoans

Heterotrophic flagellates
Ciliates

10
-
St
5T g 3
2‘0 [
PN < g
B 6 §
>
o O
=1}
E 4
2 g
S22t g
= m
0 ﬁI
0.8-3 i

3-35

A4
A
A4

35-100

Size-fraction (um)

FIGURE 5. Size based distribution of plankton biomass (<0.8 um, 0.8-3 pum, 3-35 pum, 35-100 um) at
Tioman Island, Malaysia. Error bars indicate standard deviation for 16 replicate measurements
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TABLE 2. Summary of abundance of cyanobacteria, flagellates and ciliates measured in coral reef waters from other reports

Study site Cyanobacteria  Heterotrophic flagellates Ciliates Source

(x107 cells 1) (x10% cells 1) (x10% cells 1)
Tikehau Atoll (French Polynesia) 15.13 7.1 6.68 Blanchot et al. (1989)
Sinton Atoll (South China Sea) 1.0-130.0 Sorokin (1991)
Tuamotu Atoll (French Polynesia) 5.10-19.2 Charpy et al. (1992)
Seychelles Island (Aldabra) 20.0-310.0 Sorokin (1995)
GBR (Australia) 0.37-2.51 1.2-4.9 0.018-0.071 Ayukai (1995)
Takapoto Atoll (French Polynesia) 1.60-3.50 Charpy & Blanchot (1996)
Tuamotu Atoll (French Polynesia) 6.80-14.1 Blanchot et al. (1997)
Tuamotu Atoll (French Polynesia) 11.0-40.0 Charpy & Blanchot (1998)
Tikehau Atoll (French Polynesia) 30.0-150.0 Gonziles et al. 91998)
Mayotte Atoll (Comoros Islands) 2.0-10.0 Vacelet et al. (1999)
Great Astrolabe Reef (Fiji) 530 Charpy & Blanchot (1999)
Tioman Islands (Malysia) 1.5(=0.7) 0.54 (x0.23) 0.003 (+£0.001) This study

GBR: Great Barrier Reef

to meso-zooplankton energetics may probably be small
in the study site. Yet, the number of cyanobacteria was
not uncommon compared with other coral reefs (Table
2). The picoplankton production may be removed by
other organisms such as larvaceans (Flood et al. 1992),
copepod nauplii (Roff et al. 1995), bivalve larvae
(Douillet 1993), corals (Sorokin 1973) and sponges
(Ribes et al. 2003).

The high detrital contribution to POC in our study site
(86-92%, average 89%) confirmed previous measurements
performed in other coral reefs. For instance, detrital carbon
represented 77% of POC in Davies reef, GBR (Roman et al.
1990), 84% in Tikehau atoll, French Polynesia (Charpy &
Charpy-Roubaud 1990), and 59% in Takapoto atoll, French
Polynesia (Sakka et al. 2002). The values above appear lower
than the values in the present study (89%), but the present
value is lower than the 93% detritus of POC in Enewetak
atoll in winter (Gerber & Marshall 1982). The amount of
detritus was obtained by subtracting the value of living
C from that of POC in the present study, but the detritus
generally undergo biological decomposition and many
microbes would be attached to the detritus. The biomass of
the attached microbes was not distinguished from the detritus
in the present study and thus the estimated amount of detritus
may be somewhat overestimated. Detritus is considered as
one of the important food sources for meso-zooplankton in
oligotrophic environments including coral reefs. For instance,
the planktonic harpacticoid copepod Microsetella norvegica
is a typical herbivore in phytoplankton-rich eutrophic waters
but this species is regarded as a detritivore in phytoplankton-
scarce, oligotrophic waters (Ohtsuka & Nishida 1997,
Ohtsuka et al. 1993). Gerber and Marshall (1974) analyzed
the gut contents of the calanoid copepod Undinula vulgaris
and the larvacean Oikopleura longicaudata at an atoll lagoon
of Marshall Islands and reported that their gut materials
consisted of >80% detritus. Since detritus was the major
component of POC in the present study, most of the diet of
particle-feeding or suspension feeding net-zooplankton at the

study site would consist of detritus. Further investigation of
detritus production and the consequent utilization by meso-
zooplankton would be important for better understanding of
reef pelagic ecosystem.
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