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Abstract
Around intertidal coral reefs, viscous layers, flocs, and bubbles can form on the water surface, 
and these are collectively referred to as mucus aggregates. To assess the effects of substances 
contained in mucus aggregates on population growth rates of autotrophic and heterotrophic 
organisms, the aqueous materials extracted from mucus aggregates and polysaccharides collected
from cultured microalgae were added to rocky intertidal reef sediments in a controlled laboratory
experiment. Temporal changes in autofluorescence cell density and non-autoflorescence cell 
density in reef sediments were examined. The results suggested that microorganism population 
growth in subtropical rocky intertidal reefs is limited by low concentrations of organic carbon 
and nutrients in the environment, and that components of mucus aggregates can supplement 
these materials, leading to increased microbial population growth rates. In particular, aqueous 
extracts of mucus aggregates contained nutrients  that likely promoted growth of autotrophic 
bacteria, whereas extracellular polymeric substances (EPS) contained polysaccharides that likely 
promoted the growth of heterotrophic bacteria.
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Introduction

Coral reef ecosystems are often surrounded by waters with very low nutrient concentrations, and 

tides, waves, and currents can easily carry nutrients away to the open sea (Erez 1990). Because 

nutrient-rich water cannot be supplied from the deep sea to the euphotic zone due to the 

development of thermoclines (Fong and Paul 2010), phytoplankton rapidly deplete nutrients in 

tropical waters (D’Croz and O’Dea 2007). In addition, active predation by zooplankton and 

benthos keep the biomass of phytoplankton low (Rougerie et al. 1992); therefore, reef waters 

generally remain oligotrophic. Nonetheless, coral reefs are areas of high gross primary 

productivity (Lewis 1977) due to efficient mechanisms for recycling nutrients (Crossland et al. 

1991, Hatcher 1997). Hatcher (1997) explained that the great abundance of light and the small 

size of most plants in coral reefs result in high primary productivity by autotrophs in terms of 

carbon fixation, which contributes to efficient carbon cycling. Rapid turnover of organic matter 

and inorganic nutrients in coral reefs (Crossland and Barnes 1983) may also contribute to 

efficient nitrogen cycling. However, these mechanisms have not yet been clarified. 

In oligotrophic waters, organisms such as phytoplankton and zooplankton may find it 

difficult to access organic matter particles or nutrient molecules. Therefore, mechanisms that 

allow organisms to encounter materials efficiently may exist and may maintain the efficiency of 

carbon and nitrogen cycling in tropical and subtropical waters; however, they are poorly 

understood. One possible mechanism is mucus secreted by organisms. Wild et al. (2004) and 

Huettel et al. (2006) reported that scleractinian corals often secrete large amounts of mucus to 

prevent desiccation during low tide, which creates a mucus that traps suspended solids from the 

water column, carries organic matter to the benthos, and enhances material cycling in coral reef 

ecosystems. Passow (2002) reported that transparent exopolymer particles (TEPs) that are 

formed from extracellular polysaccharides released by phytoplankton, such as diatoms, affect the

oceanic carbon cycle on a global scale. TEPs act as a glue due to their high stickiness and 
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enhance the aggregation and sedimentation of primary products. Moreover, TEP-

microaggregates provide a link between the microbial loop and the traditional food web by 

allowing large zooplankton to ingest bacteria-sized particles, representing a shortcut in the food 

web (Passow 2002). 

In this field, previous studies in tropical coastal regions have primarily focused on mucus-

particulate matter aggregates that are derived from scleractinian corals (cf. Coles and Strathman 

1973, Krupp 1984, Wild et al. 2004, Naumann et al. 2009). However, sticky films, flocs, or 

foams are often observed in areas on rocky intertidal reefs that are inhabited by few macroalgae 

or scleractinian corals. Our recent examination of these aggregates on subtropical Okinawa 

Island showed that they contain high levels of organic matter, carbohydrates, and lipids, as well 

as dense concentrations of microalgae and bacteria (Tamura and Tsuchiya 2011). We 

hypothesized that the aggregates are formed from mucus derived from benthic microalgae, and 

as such, they are referred to as mucus aggregates. Although benthic microalgae are important 

primary producers in coral reef ecosystems (Suzumura et al. 2002), and the extracellular 

polymeric substance (EPS) they produce has been recognized as an important source of organic 

carbon for heterotrophic organisms in the intertidal-flat ecosystem (Goto et al. 1999), little 

information exists on the significance of mucus aggregates derived from benthic microalgae in 

tropical and subtropical waters.

Underwood (2002) hypothesized that low nutrient concentrations and higher 

irradiances would result in increased concentrations and production rates of colloidal 

carbohydrates in tropical biofilms compared to those found in temperate systems. In coral reef 

ecosystems, a significant amount of primary production is released into the water column and 

sediments as dissolved (e.g., mucus) and particulate (e.g., plant body, decomposed matter) 

organic matter (Crossland 1987, Ferrier-Pagès C et al. 1998); these are then consumed by 

bacteria, and the bacteria are consumed by bacterivores (viruses, protists) and detritus-feeding 
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animals. Bacteria themselves and their consumers excrete nutrients, which are then used again 

by primary producers (Azam et al. 1983, Blackburn1988). In this microbial loop, we 

hypothesize that mucus secreted by organisms absorbs distributed organic matter, nutrients, 

microalgae, and microbes from the water column and forms aggregates, therefore increases the

accessibility of primary production for microbes, the accessibility of microbes for bacterivores 

and detritus feeders, and the accessibility of nutrients for autotrophic organisms (e.g., 

cyanobacteria). Consequently mucus may contribute to the efficiency of biogeochemical 

cycling by stimulating activity and multiplication of microbes, consumers and primary 

producers. An important first step in addressing this hypothesis is to determine whether 

components of mucus aggregates can enhance the growth of microbes. Therefore, in this study,

we used controlled laboratory experiments to investigate whether aqueous materials contained 

in reef mucus aggregates or polysaccharides secreted from microalgae enhance population 

growth rates of microbes in coral reef benthic sediments. 

MATERIALS AND METHODS

Collection of extracellular polymeric substances (EPS) from cultured microorganisms

Glass beads (diameter: 1 mm to 500 µm) were packed into plastic containers, which had two 

holes (diameters: 5 and 1 cm) covered by plastic mesh (mesh size: approximately 1 mm). The 

containers were placed in the field for 2 months to allow benthic microalgae to attach. They were

then transferred to the laboratory and placed in beakers containing natural seawater for 7 days. 

Benthic microalgae adhered to glass beads in the plastic containers, and diatom culture additives 

(KW-21 gel culture, ISC, Ltd., Japan) were added to glass bottles with filtered seawater and new 

glass beads. Glass beads with similar grain size distribution as the mucus aggregates were used 

as culture media (diameter: >1 mm, 3.8 g; 1 mm to 500 µm, 35.4 g; 250–500 µm, 56.6 g; 125–

250 µm, 49.6 g; 63–125 µm, 41.6 g; <63 µm, 12.2 g).
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We stirred the cultures once every week to dissolve polysaccharides secreted by the 

microalgae in the culture solution. After diatom growth became thick and the NO3
– 

concentration fell below 10 mg/l (assessed using test paper; Tetra, Germany), the cultured 

solution was removed and freeze-dried. Salts and dissolved organic matters (DOM) were 

obtained from freeze-dried samples. The samples were combined and dissolved in deionized 

distilled water (DDW), and polysaccharides were precipitated using 70% ethanol followed by 

centrifugation. The supernatant was removed, and the precipitate was washed again with 70% 

ethanol. The supernatant was removed again, and the precipitate was freeze-dried. A 1.57-g 

sample of freeze-dried material was dissolved in 300 ml of artificial seawater and then used as 

an EPS solution derived from a cultured microorganism assemblage (microalgal EPS). The 

salinity of the solution was 33‰. 

The concentration of carbohydrates in collected microalgal EPS was measured according 

to Tamura and Tsuchiya (2011).

Mucus aggregate extracts

Mucus aggregates were sampled from the rocky intertidal reef along the Odo coast of 

Okinawa Island (details in Tamura and Tsuchiya 2011), southern Japan, on 10–11 July 2010. 

The samples were then freeze-dried (sample weight = 20.00 g), 500 ml of artificial seawater 

was added, and the samples were stirred and then placed in a refrigerator for 16 hours. 

Supernatants were filtered using GF-C filters and 0.2-µm pore size polycarbonate membrane 

filters to remove microalgae and bacteria. The supernatant contained dissolved materials 

derived from mucus aggregates (mucus aggregate extracts). The salinity of the extract was 

31‰.The concentration of carbohydrates in mucus aggregate extracts was measured according

to Tamura and Tsuchiya (2011). Although the mucus aggregate extracts may have contained 
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various aqueous materials, such as inorganic nutrients, amino acids, and saccharides, the 

extract composition was not analyzed during this experiment.

Sediment sampling

Sandy sediments were sampled from a reef flat on the Odo coast 4 days before the experiment 

was conducted (3 November 2010). The top 5-mm layer of reef sediment (emerged wet sandy) 

was collected using a spoon on a sandy bottom at the northern edge of the lagoon, where mucus 

aggregates were often observed. A 5-g sediment sample was placed in a 30-ml bottle. Thirty-six 

bottles were placed in a continuously aerated tank containing seawater filtered using 0.7-µm pore

size glass fiber filters. The water depth in the tank was 3 cm higher than the height of the bottles;

therefore, the seawater in the tank was stirred constantly and could exchange with seawater 

inside the bottles for 4 days before the start of the experiment.

Experiment

The experiment was conducted on 7 November 2010. Before the experiment, the water depth in 

the tank was decreased so that it was lower than the height of the bottles; this isolated the bottles 

(Fig. 1). Then, seawater was removed from each bottle until the water surface was approximately

5 mm above the sediment surface, and the bottles were divided into 3 treatment groups. Thirty 

milliliters of artificial seawater was added to treatment (A) (control), 10 ml of artificial seawater 

and 20 ml of mucus aggregate extract were added to treatment (B) (mucus aggregate treatment), 

and 10 ml of artificial seawater and 20 ml of microalgal EPS were added to treatment (C) (EPS 

treatment). Each treatment included 12 replicates; six samples were fixed with 10% formalin 

seawater just after the beginning of the experiment, and another six samples were placed in the 

experimental tank for 4 hours and then fixed with 10% formalin seawater.  A four hour time 

period was chosen because it is equivalent to the period of a typical low tide in the field. The 
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experimental tank was covered with plastic wrap to avoid contamination and evaporation. The 

water temperature was maintained at 28–29°C, the mean water temperature in the summer (July 

to September) in Okinawa Prefecture (Japan Meteorological Agency Web site, 

http://www.data.kishou.go.jp/db/kaikyo/ocean/clim/norsst_mon.html). Photon flux density was 

25–31 mol/mμ 2 s (fluorescent light). <<Fig. 1 near here>>

Direct microbial counts under a fluorescence microscope

Cells were counted using a slightly modified version of the methods of Porter and Feig (1980). 

The samples were stirred to achieve sediment suspension, and a 1-ml sample was diluted with 4 

ml of artificial seawater and stained by adding 0.2 ml of 1% 4,6-diamidino-2-phenylindole 

(DAPI) solution (50 µg/ml) and allowing them to incubate for more than 10 minutes in the dark. 

The samples were then sonicated for 10 minutes in an ultrasonic bath covered with aluminum 

foil to protect the samples from light. Samples were stirred, evenly spread on 0.2-µm pore size 

polycarbonate membrane filters, and then filtered with a vacuum pump at 0.024 MPa. The filters 

were mounted in a drop of immersion oil (Nikon) placed on a glass slide. A second drop of oil 

was placed on the filter, and the sample was covered with a coverglass. Fifteen microscope fields

were micrographed using a fluorescence microscope. We used a violet excitation filter to 

determine the total number of DAPI-stained cells and a wideband green excitation filter for AF 

cells containing chlorophyll a. The numbers of DAPI-stained cells and AF cells were counted on 

a computer screen, and the number of non-AF cells was calculated by subtracting the number of 

AF cells from the numbers of DAPI-stained cells. The cells were counted using image analysis 

software (ImageJ 1.42q, NIH). Microscopically observed cells were classified as AF cells 

containing chlorophyll a and non-AF cells without chlorophyll a. AF cells are autotrophic 

organisms such as microalgae and cyanobacteria, and are generally producers that uptake 

nutrients. Non-AF cells are heterotrophic organisms such as bacteria and are generally 
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decomposers that excrete ammonium (Rheinheimer 1992). AF cell and non-AF cell population 

growth rates were calculated. We used the term “population growth rate” to indicate the rate of 

increase in bacterial or microalgal density between the beginning and end of experiments.

Nutrient concentrations

To analyze the nutrient concentrations in the experimental bottles, 15 ml of supernatant were 

sampled from six bottles from each of the three treatments immediately after the experiment 

started and again after 4 hours. These samples were stored at –40°C until analysis. NO3
–, NO2

–, 

NH4
+, and PO4

3– concentrations were analyzed using the methods described above. 

We examined the nutrient concentrations in reef sediments, mucus aggregates, and lagoon 

seawater in the field on 11 August 2010 to compare the concentrations in the experimental bottle 

solution. On the reef flat, reef sediments were collected from 50-cm2 sampling areas in both 

emerged and submerged areas at the lowest tide and 1 hour later. Three samples were collected 

within an area of approximately 1 × 1 m. Mucus aggregates were collected as described above 

but only at the lowest tide. Samples of tidepool seawater (13.5 ml) were collected during the low 

tide. Samples were immediately placed in a cool box screened with aluminum foil instead of 

fixing them with 5% formalin seawater to avoid denaturation. The samples were brought to the 

laboratory and were stored at –40°C until they were analyzed on 11 September. Nutrients in the 

sediments were analyzed according to the procedure outlined by Mulvaney (1996). The reef 

sediments were freeze-dried and samples (0.5–1 g) were placed in bottles; 25 ml of 2 M KCl was

added to extract ammonium (NH4
+), nitrite (NO2

–), and nitrates (NO3
–), and 10 ml of 0.01 M 

CaCl2 was added to extract soluble phosphorus (PO4
3–). Samples were rotated for 1 hour at 100 

rpm and then centrifuged. The supernatant was collected after centrifugation and analyzed. 

Mucus aggregate and seawater samples were centrifuged, and the supernatants were analyzed. 
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NO3
–, NO2

–, NH4
+, and PO4

3– were analyzed using an automated water analyzer, QuAAtro 

(Autoanalyzer-3, QuAAtro, Bran + Luebbe Analyzing Technologies, Inc.).

Dissolved oxygen (DO), potential hydrogen (pH), and oxygen reduction potential (ORP)

We only measured cell density on 7 November 2010 because of time constraints; however, DO 

concentrations, pH, and ORP data were needed to fully understand cellular activities in the 

experimental bottles. As such, we replicated the laboratory experiment again on 30 October 2011

to examine DO concentrations, pH, and ORP in the experimental bottles. Sandy sediments used 

in the experiments were sampled from the same location on the Odo coast 3 days before the 

second experiment was conducted (27 October 2011). DO, potential hydrogen, and oxygen 

reduction potential in the experimental bottles were measured at the beginning of the experiment 

and at hourly intervals using a digital DO meter, a pH meter, and an ORP meter, respectively. At 

the same time, NO3
–, NO2

–, NH4
+, and PO4

3– concentrations were analyzed using the methods 

described above.

Statistics

Differences in cell abundance between the beginning of the experiment and after 4 hours had 

elapsed were assessed using two-sample t-tests, as were differences in NO3
–, NO2

–, NH4
+, and 

PO4
3– concentrations between the beginning of the experiment and after 4 hours had elapsed. 

Two-sample t-tests were also used to examine differences in NO3
–, NO2

–, NH4
+, and PO4

3– 

concentrations between tidepool seawater and mucus aggregates (on a volumetric basis), and 

between reef sediments and mucus aggregates (on a weight basis) sampled in the field on 11 

August 2010. A two-way ANOVA followed by a Tukey–Kramer's HSD post hoc test were used 

to test for differences in DO concentration, ORP value, pH variability over time among the three 
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treatments. All tests were performed using JMP software (SAS Institute Inc, Cary, NC USA) 

with = 0.05.α

RESULTS

Initial nutrient concentrations and comparison with field samples

<<Table 1 near here>>

The Differences in concentrations of carbohydrate and nutrients were found in artificial 

seawater, mucus aggregate extracts and microalgal EPS used for the experiments (table 1). The 

resulting solution in the mucus aggregate treatment bottles contained 76 µg/ml of colloidal 

carbohydrate and 4 µg/ml of polymeric fraction, while the solution in the EPS treatment bottles 

contained 54 µg/ml of colloidal carbohydrate and 30 µg/ml of its polymeric fraction. The EPS 

treatment contained 0.7 and 8.3 times as much colloidal carbohydrate and its polymeric fraction, 

respectively, compared to the mucus aggregate treatment. 

Concentrations of the colloidal carbohydrate and its polymeric fraction in the mucus 

aggregate treatment and EPS treatment solutions were higher than those in the pore water of field

mucus aggregates reported by Tamura and Tsuchiya (2011) (Table 2). However, these 

concentrations could not be determined in the artificial seawater due to the detection limit of the 

analysis method.

<<Table 2 near here>>

<<Table 3 near here>>

Field concentrations of NO3
–, NO2

–, NH4
+, and PO4

3– in seawater (on a volumetric basis), 

mucus aggregates, emerged sediments, and submerged sediments (on a weight basis) on 11 

August 2010 are provided in Table 3. The concentrations of NO3
–, NO2

–, NH4
+, and PO4

3– in the 

sample solution of the mucus aggregate treatment were higher than in the pore water of field 

mucus aggregates sampled in August 2010, whereas the concentrations in the solution of the 

control and EPS treatments were less than or comparable to the field mucus aggregates (Table 2).
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Temporal changes in cell counts

<<Fig. 2 near here>>

Brown cultured microalgae were observed in the culture bottles, and benthic diatoms were 

abundant when samples were observed under a microscope. The mean AF cell abundance after 4 

hours was 0.78 times the beginning abundance under the control treatment but increased 

significantly (t-test, p < 0.05) in both the mucus aggregate treatment (1.59 times) and in the EPS 

treatment (1.45 times) (Figure 2). The mean non-AF cell abundance after 4 hours was 0.76 times 

the beginning abundance under the control treatment. No significant increase was observed in the

mucus aggregate treatment (1.20 times), but a significant increase (t-test, p < 0.05) was observed 

under the EPS treatment (1.53 times).

Temporal changes in nutrients and physiochemical conditions

<<Fig. 3 near here>>

Temporal changes were observed in nutrient concentrations under the three treatment 

conditions (Figure 3). On 7 November 2010, the concentrations of NO3
–, NO2

–, NH4
+, and PO4

3– 

did not differ significantly between the start and the end of the experiment under the control 

treatment (p = 0.30, p = 0.33, p = 0.27, and p = 0.22, respectively; t-tests), but the mean values 

did decline. In the mucus aggregate treatment, the concentrations of NO3
– and PO4

3– decreased 

significantly by the end of the experiment (p < 0.05 and p < 0.01, respectively; t-tests), the NO2
– 

concentration increased significantly (p < 0.05; t-test). Under the EPS treatment, the 

concentrations of NO3
– and NH4

+ decreased significantly (p < 0.05 and p < 0.01, respectively; t-

test). On 30 October 2011, similar trends were observed in the nutrient concentrations; however, 

the decreases in the NO3
– concentrations in the control and EPS treatments were significant (p < 

0.01; t-test), and NH4
+ decreased significantly in the mucus aggregate treatment (p < 0.01, t-test).

NH4
+ decreased under the EPS treatment, but the change was not significant, and PO4

3– increased

under the control treatment (p < 0.01; t-test).

11



<<Fig. 4 near here>>

Changes in the physicochemical conditions were observed in the laboratory experiment on 

30 October (Figure 4). DO concentrations declined rapidly in the experimental bottles within the 

first hour, and all of the treatments showed similar decreasing tendencies (time: p < 0.0001, 

treatment: p = 0.06; two-way ANOVA). ORP also declined rapidly within the first hour and then

fluctuated between 93and 106.5 (time: p < 0.0001, two-way ANOVA). The ORP values under 

the mucus aggregate and EPS treatments were lower than that under the control treatment 

throughout the experiment (treatment: p < 0.0001, two-way ANOVA). At the beginning of the 

experiment, the mean pH values were higher under the EPS and mucus aggregate treatments than

under the control, in decreasing order. Reductions in pH values were larger under the mucus 

aggregate and EPS treatments than under the control treatment, in decreasing order, and the 

control showed little variation (time: p < 0.0001, treatment: p < 0.0001; two-way ANOVA).

DISCUSSION

Our study focused on facilitation effects of mucus aggregates on microbial population growth 

rates. On 7 November 2010, the mean abundance of non-AF cells and AF cells increased under 

both the mucus aggregate extract and EPS treatments (the increase in non-AF cells in the mucus 

aggregate treatment was not significant). In contrast, the abundance decreased under the artificial

seawater control (not significant). These results suggest that both mucus aggregate extracts and 

microalgal EPS may enhance population growth rates compared to artificial seawater. 

Furthermore, the population growth rate of non-AF cells after 4 hours was higher in the EPS 

treatment, followed by the mucus aggregate treatment and the control, in decreasing order. In 

contrast, the population growth rate of AF cells was highest under the mucus aggregate 

treatment, followed by the EPS treatment and the control (Fig. 2). This suggests that microalgal 
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EPS may be more effective for facilitating the growth of heterotrophic bacterial, and mucus 

aggregate extracts may be more effective for microalgal (cyanobacteria) growth.

In experiments conducted on 7 November 2010 and 30 October 2011, higher concentrations

of nutrients (NO3
–, NH4

+, and PO4
3–) were present in the water under the mucus aggregate 

treatment at the beginning of the experiment compared with the EPS treatment, in which the 

nutrient concentration was equivalent to that in the control (Fig. 3). The subsequent decline in 

nutrient concentration under the mucus aggregate treatment suggests that nutrients supplied from

the mucus aggregate extracts accelerated the growth of AF cells. Although changes in mean 

nutrient concentrations between the start and the end of the experiment were small under the 

control and EPS treatments, the concentrations of NO3
– and PO4

3– decreased significantly under 

the mucus aggregate treatment. This may have occurred because the high initial nutrient 

concentrations enhanced population growth rates and nutrient uptake by phytoplankton such as 

cyanobacteria. However, the N/P ratio, which comprised NO3
–, NH4

+, and PO4
3–, was less than 

the Redfield ratio (Tanaka 2006). Therefore, NO3
– and NH4

+ both seemed to decrease due to 

uptake by phytoplankton and to increase due to organic matter degradation or nitrification at the 

same time. As a result, the concentrations of NH4
+ and PO4

3– in the bottle water could have been 

maintained at constant levels. 

Oxygen concentrations were likely saturated at the start of the experiment, and aerobic 

heterotrophic bacteria probably degraded organic matter at the beginning, leading to rapid 

oxygen consumption (Fig. 4). Given that oxygen reduction trends were equivalent among the 

treatments, the aerobic degradation rate, and consequently the CO2 and NH4
+ production, may 

have been equivalent among the treatments. Conversely, mean pH reduction was greatest in the 

mucus aggregate treatment (Fig. 4), and as such, NH4
+ uptake by phytoplankton or the 

accumulation of NO2
– and NO3

– may have been highest under this treatment, followed by the 

EPS treatment and the control. These results suggest that nutrient concentrations can regulate 
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nutrient assimilation and nitrification of microorganisms in reef sediments. In coral reef regions, 

because of low nutrient availability, the maximum rate of photosynthesis (Pmax) by 

phytoplankton is generally limited by nutrient concentrations (Takahashi et al. 1996a). Low 

nutrient concentrations restrict uptake and assimilation, resulting in decreased growth rates 

(Kanda 1994). Dissolved inorganic nitrogen and phosphorus are commonly regarded as the 

greatest limitations for organic matter production in coral reefs (Smith 1984). Additionally, 

although the nutrient concentrations were low in the EPS treatment, the abundance of AF cells 

increased significantly, together with non-AF cells. It is possible that aerobic heterotrophic 

bacteria degraded organic matter in the pore water, resulting in nutrient excretion, and the 

nutrients (NH4
+ and PO4

3–) were rapidly used by AF cells. Heterotrophic bacteria mainly 

propagate through the uptake of DOM into cells; therefore, their growth rates depend on the 

DOM content of the substrate (Takahashi et al. 1996b) as well as temperature (Sander and Kalff 

1993). Kirchman and Rich (1997) reported that average bacterial growth rates increased 

markedly following the addition of DOC at higher temperatures. They also suggested that 

organic carbon (e.g., glucose), rather than inorganic nitrogen (ammonium), limits bacterial 

production and growth rates because glucose alone frequently stimulates bacterial growth rates, 

whereas the addition of ammonium usually has no effect. However, other studies have concluded

that bacteria require nitrogenous nutrients to utilize monosaccharides for growth (Kirchman 

1990, Goldman and Dennett 1991). Therefore, DOC contents in the microalgal EPS together 

with dissolved nutrients were likely responsible for the enhanced growth of non-AF bacteria in 

the EPS treatment. 

These results suggest that benthic microbe populations on the Odo coast are nutrient-

limited, and additions of DOC and nutrients could accelerate the population growth rates of 

bacteria and microalgae. It is to be noted that in the laboratory experiment, to clearly show 

population growth rate facilitation, mucus aggregate extracts and microalgal EPS containing high
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concentrations of nutrients or carbohydrates were used. The concentrations of carbohydrates in 

the microalgal EPS solution and the mucus aggregate extracts, and nutrient concentrations in the 

mucus aggregate were higher than levels observed in mucus aggregates in the field (sampled in 

September 2010). Accordingly, the results of this study have to take into account these 

concentrations when referring to in situ growth rates. The actual facilitation of growth rates in 

the field may remain at the level of a limited increase. We have other considerations including 

that microalgal EPS and mucus aggregates were freeze dried, therefore the extracts might not 

have the same effects as fresh mucus because mucus component would be changed. In addition, 

we did not prepare a high-intensity lighting equipment, therefore the investigation under natural 

lightning condition remains an issue.

In conclusion, benthic bacterial and microalgal growth rates in coral reefs are likely limited by 

low environmental concentrations of organic carbon and nutrients and the addition of these 

materials should lead to increased population growth rates. The results of the experiment suggest

that if nutrients in mucus aggregates could facilitate autotrophic bacteria, whereas if EPS could 

benefit heterotrophic bacteria.  Decho (2000) showed that biofilm polymers act as sorptive 

sponges that bind and concentrate organic molecules and ions close to cells and localize 

extracellular enzyme activities of bacteria, hence contributing to the efficient biomineralization 

of organic molecules. Schaffelke (1999) reported from the Great Barrier Reef that when seaweed

growth is nutrient limited, nutrient-rich layers are created on thallus surfaces by associations of 

deposited particulate matter, algal mucus, and epiphytic bacteria; these associations remineralize 

the organic matter, thereby enhancing algal growth rates. It is difficult for nutrients to be 

recycled in substrates in coral reef systems, as nutrients consistently flow out to the open sea 

(Erez 1990). If the nutrients that are absorbed by mucus aggregates are used efficiently, mucus 

aggregate formation could play a role in the recovery of nutrients and ecosystem maintenance. In

contrast, mucus aggregate outflow that is not used by microorganisms may play a role in the 
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supply of nutrients to the open sea. Therefore, a quantitative analysis in the field is necessary to 

improve our understanding of the ecological significance of mucus derived from benthic 

microalgae on the efficiency of biogeochemical cycles in coral reefs.
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FIGURE 1. Schematic diagram of the laboratory experiment system. sd: reef sediment; A: con-

trol (artificial seawater); B: mucus aggregate extracts and artificial seawater; C: cultured microal-

gal EPS and artificial seawater
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FIGURE 2. Changes (from the beginning to the end of the experiment) in mean cell abundance 

of AF cells and non-AF cells under three treatments in a laboratory experiment conducted on 7 

November 2010. Control bottles contained artificial seawater only. One treatment contained 

mucus aggregate extracts and artificial seawater (mucus aggregate extracts), and the other 

contained cultured microalgal EPS and artificial seawater (EPS). Error bars = SD. *: p < 0.05, t-

test
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FIGURE 3. Changes (from the beginning to the end of the experiment) in NO3
–, NO2

–, NH4
+, and

PO4
– concentrations under three treatments during laboratory experiments conducted on 7 

November 2010 and 30 October 2011. See Figure 2 for treatment abbreviations. Error bars = SD.

*: p < 0.05, **: p < 0.01, t-test

22



FIGURE 4. Changes in physiochemical conditions during a laboratory experiment conducted on

30 October 2011. (A) Mean dissolved oxygen concentration; (B) mean ORP value; (C) mean pH 

variability over time under three treatments. n = 6. Error bars = SD. *: Different letters indicate 

significant differences (Tukey–Kramer HSD test, p = 0.05). (D) Reduction in the mean pH value 

during the experiment. See Figure 2 for treatment abbreviations
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