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The relative contributions of grazing versus microbial food webs to the production of mesozooplankton
communities in coral reef ecosystems remains an important and understudied field of inquiry. Here, we
investigated the biomass and production of component organisms within these two food webs, and com-
pared them to those of mesozooplankton on a coral reef in Okinawa, Japan throughout four seasons in
2011–2012. The relative production of grazing (phytoplankton) and microbial (nano and microzooplank-
ton) food webs were on average 39% (7–77%) and 37% (19–57%), respectively, of the food requirements of
particle-feeding mesozooplankton. Carbon flows within this planktonic food web suggested that primary
production from the grazing food web could not satisfy the nutritional demands of mesozooplankton, and
that the microbial food web contributed a significant amount of nutrition to their diets. These results also
show that the heterotrophic components of the microbial food web (nano and microzooplankton) and
mesozooplankton consume the equivalent of the entire phytoplankton production (particulate net pro-
duction) each day, while the microzooplankton were almost entirely eaten by higher trophic levels
(mesozooplankton) each day. However, even the combined production from both the grazing and micro-
bial food webs did not fulfill mesozooplankton food requirements in some seasons, explaining 26–53%,
suggesting that detritus was used to compensate for nutritional deficiencies during these periods.
Understanding the flow of energy throughout coral reefs requires a detailed accounting of pelagic sources
and sinks of carbon. Our results provide such an assessment and indicate that detailed investigation on
the origin and production of detritus is necessary to better understand pelagic trophodynamics in coral
ecosystems.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the ecological dynamics of mesozooplankton
communities (the zooplankton that can be collected by a common
plankton net such as a 200 lmmesh net) is critical for understand-
ing the ecological dynamics of marine and freshwater pelagic
ecosystems because they facilitate major energy and material
transfers from primary producers to higher trophic levels such as
fishes and benthic planktivorous animals (Hardy, 1924). Therefore,
the amount of organic matter produced by primary producers that
is transferred to mesozooplankton has been a long-term question
for ecologists working in marine and freshwater ecosystems
(Berglund et al., 2007; Hayashi and Uye, 2008; Kankaala et al.,
1996; Kobari et al., 2016; Pagano et al., 2006).

Mesozooplankton are often classified into two functional
groups by feeding behavior characteristics: predatory-feeders and
particle (or suspension)-feeders (Ohtsuka and Nishida, 1997)
(Fig. 1). The former consists of relatively large carnivorous meso-
zooplankton (such as chaetognaths) that are capable of capturing
organisms of relatively higher swimming ability, while the latter
includes herbivores, omnivores, and detritivores obtaining energy
and organic matter from three different pathways: grazing, micro-
bial and detrital food webs (Legendre and Rassoulzadegan, 1995;
Ohtsuka and Nishida, 1997). The grazing (or herbivorous) food
web is based mainly on microphytoplankton that are consumed
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Fig. 1. Schematic carbon-flow diagram of planktonic food webs in marine waters. Names in parentheses provide one example of an organism in each category.
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directly by mesozooplankton (Lignell, 1993). In contrast, the
microbial food web starts with heterotrophic bacteria and/or pico
– and nanophytoplankton that are transferred to mesozooplankton
via nano- and microzooplankton such as protists and copepod nau-
plii (Azam et al., 1983; Calbet and Saiz, 2005; Nakamura and
Turner, 1997; Pomeroy, 1974; Sherr and Sherr, 1987; Stoecker
and Capuzzo, 1990). Meanwhile, the detrital food web is based
on detritus originating from non-living organic matter such as
dead animals, plants and feces as well as attached microorganisms
(Meyer and Bell, 1989; Roman, 1984, 1977). These different food
webs often co-exist spatiotemporally in aquatic ecosystems
(Berglund et al., 2007; Koshikawa et al., 1996), and assessing the
relative importance of the different pathways has been a goal for
understanding the ecological dynamics of marine and freshwater
ecosystems. The most productive situations may involve a multiv-
orous web, in which each different food web plays significant roles
(Legendre and Rassoulzadegan, 1995). In marine ecosystems, most
investigations on these relative dominances of different food webs
have been conducted in temperate regions (Ara and Hiromi, 2009;
Giering et al., 2014; Kobari et al., 2016; Koshikawa et al., 1996;
Lopes et al., 2016; Minutoli and Guglielmo, 2012; Shinada et al.,
2001; Wylie and Currie, 1991). For instance, in the Oyashio region
off Japan, transferred organic matter through the grazing food
chain is a significant pathway to mesozooplankton during spring
while that in the microbial food chain is the important pathway
during winter and summer (Shinada et al., 2001). However, rela-
tively fewer studies have been done in tropical and subtropical
regions, and little is known in coral reef ecosystems (Dupuy
et al., 2016; Sakka et al., 2002).

Coral reef ecosystems are distributed in shallow oligotrophic
waters in the inter-tropical regions (30�N–30�S) in the oceans
(Salvat, 1992). In coral reef ecosystems, mesozooplankton play a
significant role in trophodyanmics, serving as one of the important
food sources to various reef fish and benthic planktivores including
scleractinian (reef-building) corals (Coma et al., 1999; Glynn, 1973;
Houlbrèque et al., 2004; Sebens et al., 1996). Approximately half of
the benthic animals on coral reefs are filter feeders, or particle
feeders, which feed on zooplankton and particulate organic matter
(POM) (Houlbrèque et al., 2004; Sorokin, 1995); and larvae and
juveniles of many species of reef fishes grow by feeding specifically
on mesozooplankton (Sampey et al., 2007). Therefore, mesozoo-
plankton are critically important components in coral reef ecosys-
tems, and their ecological dynamics are of major interest for
understanding the reef ecological dynamics. To date, the abun-
dance and biomass of mesozooplankton communities have been
examined in coral reefs worldwide for more than five decades
(Table 1). However, the production rates that are crucial for under-
standing the material and energy flow from lower to higher trophic
levels are still comparatively sparse on coral reefs, making it diffi-
cult to understand the ecological dynamics of this ecosystem.

The trophic environment of mesozooplankton in coral reef
ecosystems remains paradoxical. The biomass of phytoplankton
is generally low in coral reef waters with typical concentrations
of chlorophyll-a (chl-a) at approximately 0.2–0.6 lg chl-a l�1

(Nakajima et al., 2016) due to a low concentration of inorganic
nutrients (e.g., dissolved inorganic P < 0.3 lmol l�1; N 0.05–
0.5 lmol�1, (Hearn et al., 2001). Picophytoplankton (<2–3 lm)
comprise the majority (>50%) of the phytoplankton assemblage
in such oligotrophic environments (Furnas et al., 1990; Tada
et al., 2001) because a large surface area to volume ratio is an
advantage over larger cells for nutrient uptake (Chisholm, 1992;
Dufour et al., 1999). Although primary production of coral reef
phytoplankton can sometimes be comparable to that in temperate
water, the majority of the production is achieved by picophyto-
plankton (Charpy and Blanchot, 1999; Pagano et al., 2012). These
small picophytoplankton cells are not readily utilized by many
particle-feeding mesozooplankton because they are too small to
be captured (Bartram, 1981; Berggreen et al., 1988; Landry and
Lehner-Fournier, 1988; Ohtsuka and Kubo, 1991; Ohtsuka and
Nishida, 1997), and microzooplankton selectively and efficiently



Table 1
Summary of coral reef mesozooplankton abundance, biomass, and production. N, net-tow; P, pump; M, moored net; B, bucket; D/N, day/night; FR, French Polynesia; GBR, Great Barrier Reef. Values in parenthesis indicate the average.

Site Reference Specific sampling
site

Method Time Mesh Abundance Biomass Production

(lm) (ind. m�3) (mg C m�3) (mg C m�3 day�1)

Atlantic Ocean
San Blas Island (Panama) Porter (1974) – N Night 160 4003 – –

– N Night 160 1184–1343 (1264) – –
Barbados Moore and Sander (1976) – N Day 239 345 0.6a,b –
Limon (Costa Rica) Alvaro Morales and Murillo (1996) Lagoon/off reef N Day? 280 232–1035 (644) – –

Carrillo-Baltodano and Morales-Ramírez (2016) Lagoon N Day 200 3082–42,402 (12,847) 0.4–7.3a,b –
Kingston (Jamaica) Moore and Sander (1979) – N Day 203 1698 1.6a,b –
Discovery Bay (Jamaica) Heidelberg et al. (2004) Forereef P Night 40 1252–5059 (3172) 1.0–15.6 (4.7) –
Laurel Reef (Puerto Rico) Glynn (1973) Reef flat/lagoon B Day 76 <25,000 – –

Reef flat/lagoon B Night 76 >25,000 – –
Mahahual Reef (Mexico) Suárez-Morales and Gasca (2000) Lagoon N Dusk 300 3161–6657 (4777) – –

Lagoon N Day 300 149–5272 (2000) – –
Virgin Island (USA) McFarland et al. (1999) – – D/N – <10–1163 – –
Florida Keys (USA) Leichter et al. (1998) Reef slope N Day 105 �124 0.1–1.4 (0.4)a,b,d –

Reef slope N Dayg 105 �1714 0.6–3.2 (1.6)a,b,d –
Heidelberg et al. (2010) Reef flat P Day 40 1805–4805 (2946) 3.5–8.7 (5.1) –

Reef flat P Dawn/Dusk 40 3,922–5489 (4459) 11.9–19.2 (14.9) –
Reef flat P Night 40 3370–6333 (4474) 11.8–23.4 (16.5) –

Indian Ocean
Eilat (Israel) Yahel et al. (2002) Forereef P Day 100 811 – –

Forereef P Night 100 1622 – –
Yahel et al. (2005a) Forereef P Day 500 10 – –

Forereef P Night 500 59 – –
Yahel et al. (2005b) Forereef P Day 100 793 0.6a –

Forereef P Night 100 1940 1.0a –
Kavaratti Atoll (India) Tranter and George (1972) Lagoon N Night 200 565 –

Goswami (1983) Lagoon N Day 330 – – 5.3h

Suresh and Mathew (1997) Lagoon B Day Silk 61–1987 – –
Lagoon B Night Silk 1404–5762 – –

Goswami and Goswami (1990) Lagoon N D/N 335 – 0.04–2.0a,b,d –
Minocoy Atoll (India) Goswami and Goswami (1990) Lagoon N D/N 335 – 0.3–1.8a,b,d –
Iles Eparses Bouvy et al. (2016), Dupuy et al. (2016) Lagoon N ? 80 33–6008 (2514) – –

Pacific Ocean –
Princess Charlotte Bay (GBR, Australia) McKinnon et al. (2005) Reef flat/lagoon N D/N 73 25,400 7.4a,b –
Cairns-Innisfail sector (GBR, Australia) McKinnon et al. (2005) Reef flat/lagoon N D/N 73 8700 8.2a,b –
Lizard Island (GBR, Australia) Alldredge and King (1977) Sand flat N Day 235 61 – –

Sand flat N Night 235 636 – –
Low Isles (GBR, Australia) Sorokin and Sorokin (2010) Off deep lagoon N Day 120 4000–10,000 3.9–7.8 (6.3)a,b,c –

Off deep lagoon N Night 120 9000–20,000 13.7–17.4 (15.7)a,b,c –
Davies Reef (GBR, Australia) Hamner et al. (1988) Reef crest N Day 250 – 0.1–0.9 (0.4)a –

Reef crest N Day 250 – 0.2–0.6 (0.6)a –
Roman et al. (1990) Lagoon N Day 200 8–100 (42) 0.2–0.5 (0.2) –

Lagoon N Night 200 7–141 (88) 0.1–0.8 (0.4) –
Heron Island (GBR, Australia) Sale et al. (1976) Reef slope N Night 210 300 – –

Lagoon N Night 210 200 – –
Sorokin and Sorokin (2009) Off reef N Day 220 – 1.7–26.8 (12.0)a,b,c –

Off reef N Night 220 – 6.7–31.2 (17.4)a,b,c –
North West Cape (Australia) McKinnon and Duggan (2003) Lagoon N ? 73 2400–33,000 (7800)f 0.33–5.06f 0.11–1.0 (0.42)f

Uvea Atoll (New Caledonia) Le Borgne et al. (1997) Lagoon N D/N 200 – 3.6 4.1
Taiaro Atoll (French Polynesia) Carleton and Doherty (1998) Lagoon N Night 500 50–110 (68) – –

Ocean N Night 500 10–23 (17) – –
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Table 1 (continued)

Site Reference Specific sampling
site

Method Time Mesh Abundance Biomass Production

(lm) (ind. m�3) (mg C m�3) (mg C m�3 day�1)

Takapoto Atoll (French Polynesia) Sakka et al. (2002) Lagoon N Morning 250 – 6.6h 8.2e,h

Tikehau Atoll (French Polynesia) Le Borgne et al. (1989) Lagoon N D/N 200 – 5.6–7.0 (6.3) –
Moorea (French Polynesia) Lefevre (1985) Lagoon N Day 200 5–1125 (298) – –

Alldredge and King (2009) Back reef P Day 200 59 – –
Back reef P Night 200 58–119 (89) – –

Ahe Atoll (French Polynesia) Pagano et al. (2012) Lagoon N ? 80 5058–23,324 2.6–10.4a,b –
Enewetak Atoll (Marshall Islands) Gerber and Marshall (1982) Lagoon N Day 158/239 460–1769 (945) 2.2–5.7 (4.0) –
Palau Islands Motoda (1994; 1940) Bay N Day 330 385 0.03a,b 0.2

Lagoon N Day 330 835 0.1a,b 0.4
Ocean N Day 330 371 0.03a,b 0.2

Lighthouse Reef (Palau) Hamner et al. (2007) Near back reef M Night 305 – 0.8–1.0 (0.9)a,b,c –
Forereef M Night 305 – 0.7–5.8 (4.0)a,b,c –

Redang Island (Malaysia) Nakajima et al. (2008) Reef flat N Day 100 2619 5.8 –
Reef flat N Night 100 8846 18.5 –

Tioman Island (Malaysia) Nakajima et al. (2009b) Reef flat N Day 100 3168 2.2 –
Reef flat N Night 100 4629 4.6 –

Nakajima et al. (2014) Reef flat N D/N 100 5922–8363 (7261) 2.3–3.3 (2.7) 0.93–1.8 (1.3)
Akajima Island (Okinawa, Japan) Omori et al. (2015) Outer reef N Day 100 58–962 (332) f – –
Ishigaki Island (Okinawa, Japan) Fukuoka et al. (2015) Forereef N Day 100 3314f – –

Offshore N Day 100 677f – –
Sesoko Island (Okinawa, Japan) Go et al. (1997) Reef flat/edge/slope N Day 94 196–405 0.3–1.2a,b,c 0.30–3.42 (1.40)

Reef edge N Day 94 347 0.7a,b,c –
Reef slope N Day 94 405 1.2a,b,c –

This study Reef flat N Night 180 1243–6689 (3554) 7.0–36.5 (20.3) 1.8–9.1 (4.8)

Biomass was calculated assuming (a) carbon weight (CW) = 0.37 ash free dry weight (AFDW) (Nagao et al., 2001); (b) AFDW = 0.53 dry weight (DW) (Nagao et al., 2001); (c) DW = 0.1 wet weight (WW) (Odate and Maita, 1988); and
(d) DW = 18.6 settling volume (SV) (Grindley andWooldridge, 1974). (e) Assuming a daily production/biomass ratio of 124% day�1 (Sakka et al., 2002); (f) copepod only; (g) during internal breaking waves; (h) calculated from areal
value by depth (m).
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graze on the larger phytoplankton cells (Sakka et al., 2000; Zhou
et al., 2015). Particle-feeding mesozooplankton communities (both
on coral reefs and in adjacent oceanic waters), therefore, can utilize
only a small fraction of phytoplankton production from the grazing
food web. Nevertheless, mesozooplankton communities on coral
reefs are highly abundant compared to adjacent oceanic waters
(Carleton and Doherty, 1998; Fukuoka et al., 2015). For example,
on an atoll of Tuamotu Archipelago (French Polynesia), the abun-
dance of mesozooplankton within coral reef lagoons is ca. 6-fold
greater than those at the surrounding oceanic water (Carleton
and Doherty, 1998). These large differences between in-reef and
out-reef mesozooplankton communities have fueled much debate
regarding trophic transfer and the quantitative balance of phyto-
plankton and mesozooplankton in coral reef ecosystems (Le
Borgne et al., 1997; Nakajima et al., 2014; Roman et al., 1990;
Sakka et al., 2002).

To make up for this paradox, detrital and microbial food webs
may play significant roles on the nutrition cascades or pathways
in the coral reef ecosystem (Pagano et al., 2012). Indeed, previous
studies have reported that detritus (as opposed to phytoplankton)
might be the main food source for particle-feeding mesozooplank-
ton on coral reefs, given the low contribution of phytoplankton to
particulate organic matter (POM) (Roman et al., 1990) and observa-
tions of gut contents (Gerber and Marshall, 1974). However, these
studies did not fully consider the production and potential contri-
butions of the microbial food web (components such as nano and
microzooplankton). Coral reef waters are dominated by picoplank-
ton (heterotrophic and autotrophic bacteria), which channel
through the microbial food web (Ferrier-Pagès and Furla, 2001),
and may explain the high production of mesozooplankton despite
low available phytoplankton production. However, few studies
have considered the contributions of the microbial food web to reef
mesozooplankton production (Sakka et al., 2002), and the relative
importance of grazing versus microbial food webs to the diets of
mesozooplankton on coral reefs remains unclear in a quantitative
perspective. Similarly, the relative contributions of detritus to
mesozooplankton production is also of great interest and not
well-described. If the summed production of the grazing and
Fig. 2. Map of the study site, Sesoko Island, Okinawa Japan (modified from
microbial food webs does not satisfy mesozooplankton food
requirements, then the detrital pathway may also be an important
component for mesozooplankton as well.

Here, we examined production within grazing and microbial
food webs on a coral reef, and compared these values with the food
requirements of the associated mesozooplankton community.
Specifically, our study addressed three key topics regarding meso-
zooplankton production: (1) whether phytoplankton production,
alone, could satisfy food requirements of the mesozooplankton,
(2) the relative production from microbial versus grazing food
webs available for mesozooplankton production, and (3) the
importance of the detrital pathway as a function of other sources
of nutrition.
2. Materials and methods

2.1. Study site and periods

This study was carried out on a coral reef along southeastern
Sesoko Island, at the Sesoko Station of the Tropical Biosphere
Research Center (University of the Ryukyus), Okinawa, Japan
(26�380N, 127�520E) (Fig. 2). The reef covers an area of ca.
2500 m2 and the reef flat is ca. 100 m wide and ca. 1 m deep at
low tide and 2 m deep at high tide (Van Woesik et al., 2011). The
study site is a protected zone, managed by the research station,
where unauthorized collection of animals is prohibited and artifi-
cial light (e.g., from street and building lights) does not affect the
ambient light field on the reef at night. Sampling was conducted
during four seasons: May 2011 (spring), August 2011 (summer),
November 2011 (fall), and January 2012 (winter) at Sesoko Island.
Water temperatures (mean ± SD) vary from 19.5 ± 1.1 �C in winter
to 29.4 ± 1.0 �C in summer with an overall mean of 24.3 ± 4.1 �C.
2.2. Sample collection

We collected zooplankton samples at nighttime (20:00–
22:00 h) during high tide for three consecutive days during each
(Hohenegger et al., 1999)). Dashed lines correspond to the reef edge.



Table 2
Conversion factors or formulae to estimate carbon weight (CW) for the planktonic
microorganisms. LV: lorica volume (lm�3); BL: body length (lm); HNF, heterotrophic
nanoflagellates.

Taxonomic
groups

Conversion factor/equation Reference

Heterotrophic
bacteria

CW (fg) = 20 cell�1 Lee and Fuhrman
(1987)

HNF CW (fg) = 183 lm�3 Caron et al. (1995)
Tintinnid ciliates CW (pg) = 444.5 + 0.053

LV (lm�3)
Verity and Lagdon
(1984)

Naked ciliates CW (fg) = 190 lm�3 Putt and Stoecker
(1989)

Copepod nauplii log CW (ng) = 2.94 � log BL
(lm) � 4.82

Uye et al. (1996)
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study period. The timing of sunset was 19:12, 19:16, 17:42 and
18:05 h in May, August, November and January, respectively.
Mesozooplankton were sampled by pooling five oblique tows of
a plankton net (mesh size, 180-lm; diameter, 30 cm; length,
90 cm) equipped with a pre-calibrated flow-meter (model 2030,
General Oceanics) from the seafloor to the surface. The pooled
samples were immediately brought back to the laboratory within
5 min, and fixed with buffered formalin to a final concentration
of 5% for subsequent microscopic observation.

Prior to mesozooplankton collections, surface seawater was
collected using a bucket (inner volume: 10 L). The water was
pre-filtered through a 180-lm mesh screen to remove mesozoo-
plankton and brought back to the laboratory for the measurement
of the concentrations of chlorophyll-a (chl-a), and particulate
organic carbon (POC) and nitrogen (PON). Seawater was also
sampled by a 5-l acid-washed Van Dorn bottle at 0.5 m depth
below the surface for the enumerations of heterotrophic bacteria
(hereafter called bacteria), nanozooplankton (heterotrophic
nanoflagellates or HNF), and microzooplankton (ciliates and
copepod nauplii). The collected seawater in the Van Dorn bottle
was gently transferred to an acid-washed container (inner volume:
10 L) using a silicone tube attached to the sampling bottle to avoid
air bubbles, which may break up fragile cells of protists. The
container was filled with the sampled water from the sampler
and rendered free of air space by the use of a tight cover and
immediately brought back to the laboratory.

2.3. Sample analysis

For POC/N analysis, triplicate subsamples (2 L each from
bucket) were filtered onto pre-combusted (500 �C; 4 h) GF/F filters
(25 mm, Whatman), rinsed with 1 N HCl followed by distilled
water to remove carbonates, and then dried for 24 h at 60 �C and
stored in a desiccator until analysis. The POC/N concentration
was measured using a CN analyzer (Flash EA-1112, Thermo Fin-
ningan). For chl-a analysis, triplicate subsamples (1 L each from
bucket) were filtered onto GF/F filters (25 mm), then immersed
in N,N-dimethylformamide (DMF) and stored frozen at �20 �C
until analysis (Suzuki and Ishimaru, 1990). Chl-a concentrations
were determined using a fluorometer (10-AU, Turner Designs)
(Welschmeyer, 1994).

For bacterial counts, triplicate subsamples (15 ml each from
Van Dorn bottle) were transferred into sterilized Corning tubes
and fixed with buffered formalin (1% final conc.) and stored at
5 �C for 3–5 days, then stored frozen at -20 �C until analysis. Trip-
licate subsamples (200 ml each from Van Dorn bottle) for enumer-
ation of HNF were transferred into dark polycarbonate bottles and
fixed in 1% glutaraldehyde seawater and stored at 5 �C until analy-
sis. To enumerate bacteria, 1.6–2 ml of the formalin fixed sample
was filtered onto a 0.2 lm black membrane filter (Isopore, Milli-
pore) and stained with SYBR Gold (Molecular Probes) (Shibata
et al., 2007). For HNF, 100 ml of the glutaraldyhyde fixed sample
was filtered onto a 0.8 lm black membrane filter (Isopore, Milli-
pore), and the filter was stained with primulin (Sigma) (Sherr
et al., 1993). Bacteria and HNF were counted with an epifluores-
cence microscope (Axioskop 2 plus, Zeiss) using UV and blue light
excitations at �1000 magnification. Autotrophic plankton were
distinguished from non-pigmented heterotrophic bacteria or flag-
ellates by autofluorescence signals. For bacteria, at least 400 cells
were counted per filter, and 20–50microscope fields per filter were
scanned for flagellates. Heterotrophic bacterial numbers might
have been overestimated due to the possibility of lowered autoflu-
orescense signals of picophytoplankton due to our preservation
protocols (see above).

For microzooplankton enumeration, triplicate subsamples
(500 ml each from the Van Dorn bottle) were transferred into dark
polycarbonate bottles and fixed with acid Lugol’s solution (3% final
conc.) and stored at 5 �C until analysis. Microzooplankton samples
(500 ml) were concentrated by settling to a final volume of 50 ml,
and then transferred to an Utermöhl settling chamber (Hydro-Bios)
for further sedimentation, which were counted under an inverted
microscope (Axiovert 25, Zeiss). In this study, tintinnid and
naked ciliates and copepod nauplii were assigned to the
microzooplankton.

Mesozooplankton were identified to the lowest taxonomic level
possible and counted under a dissecting microscope (SZX16, Olym-
pus). Large zooplankton species (e.g. mysids and larval decapods)
were first counted and sorted, then the remaining sample was split
(1/1–1/4), fromwhich all zooplankton were characterized and enu-
merated. At least 300 zooplankton were enumerated in each sam-
ple. Copepods were identified to species whenever possible. After
the counting of individuals in each sample, individual abundances
per cubic meter were calculated from the filtered volumes mea-
sured by the flowmeter and the frequency of sample split.
2.4. Biomass estimation

The carbon biomass of total phytoplankton was estimated from
chl-a concentration using a C:Chl-a ratio. The C:Chl-a ratio varies
from ca. 12 to >200 in phytoplankton cultures (Taylor et al.,
1997), and the choice of these factors may affect the relative
importance of phytoplankton biomass to POM. The ratios are
highly regulated in response to irradiance, nutrient availability
and temperature. It is minimal at high temperature (>25 �C) and
low irradiances (<20 lmol photons m�2 s�1) under nutrient-
replete conditions and increases at high irradiances especially at
low temperature and under nutrient-limiting conditions (Taylor
et al., 1997). In this study, we used a C:Chl-a ratio of 50, as our coral
reef experiences high irradiances in an oligotrophic environment at
relatively high temperatures. A C:Chl-a ratio of 50 has often been
used for calculate phytoplankton C biomass in other coral reefs
(Charpy-Roubaud et al., 1989).

The biomass (B, mg C m�3) of a given taxonomic group was esti-
mated based on its abundance (A, inds. m�3) and individual carbon
weight (CW, mg C): B = A � CW. Individual carbon weight (CW, mg
C) of bacteria, nano-, micro- and mesozooplankton was estimated
as follows. Bacterial cell numbers or cell volumes (lm3) of HNF
were converted to carbon units using conversion factors (Table 2).
The cell volumes of HNF were calculated from the length and width
measured by an image analysis software (AxioVision, Zeiss) and a
digital camera (Zeiss AxioCamMRc5, Zeiss) mounted on the micro-
scope. For microzooplankton, the length and width of tintinnids
and naked ciliates were measured to determine their lorica or cell
volumes (lm3), respectively. The lorica volume (LV, lm3) of tintin-
nids and cell volume of naked ciliates were converted to carbon



Table 3
Length-weight regression equations used for biomass calculation of different mesozooplankton taxa. DW, dry weight; AFDW, ash free dry weight; D, body
diameter; BL, full body length; PL, prosome length; CL, carapace length; TL, trunk length; Log, common logarithm (log10); ln, natural logarithm (loge).

Taxonomic group Equation Reference

Medusae log CW (lg) = �8.71 + 2.75 � log D (lm) Hirota (1986)
Gastropod veliger log CW (lg) = �5.85 + 2.46 � log BL (lm) Hirota (1986)
Bivalve veliger log CW (lg) = �3.45 + 1.47 � log BL (lm) Hirota (1986)
Polychaete larvae log CW (lg) = �5.97 + 2.10 � log BL (lm) Hirota (1986)
Ostracods ln CW (lg) = 1.03 + 1.46 � ln BL (mm) Heidelberg et al. (2010)

Copepods
Acartia ln DW (lg) = �19.19 + 3.09 � ln PL (lm) Chisholm and Roff (1990)
Centropages ln DW (lg) = �22.86 + 3.68 � ln PL (lm) Chisholm and Roff (1990)
Clausocalanus ln DW (lg) = �19.65 + 3.25 � ln PL (lm) Chisholm and Roff (1990)
Euchaeta ln DW (lg) = �17.82 + 3.00 � ln PL (lm) Webber and Roff (1995)
Paracalanus ln DW (lg) = �19.65 + 3.25 � ln PL (lm) Chisholm and Roff (1990)
Calanopia ln DW (mg) = �15.47 + 2.67 � ln PL (lm) Chisholm and Roff (1990)
Scolecithrix ln DW (lg) = �21.36 + 3.57 � ln PL (lm) Webber and Roff (1995)
Temora ln DW (mg) = �19.59 + 3.34 � ln PL (lm) Chisholm and Roff (1990)
Other calanoids ln DW (lg) = �15.93 + 2.73 � ln PL (lm) Webber and Roff (1995)
Oithona simplex log AFDW (lg) = �8.76 + 3.47 � log PL (lm) Hopcroft et al. (1998b)
Other Oithonidae log AFDW (mg) = �8.18 + 3.16 � log PL (lm) Hopcroft et al. (1998b)
Corycaeidae log AFDW (lg) = �7.17 + 2.80 � log PL (lm) Hopcroft et al. (1998b)
Farranula ln DW (lg) = �16.19 + 2.72 � ln PL (lm) Webber and Roff (1995)
Oncaea ln DW (lg) = �11.63 + 2.10 � ln PL (lm) Webber and Roff (1995)
Other cyclopoids ln DW (mg) = �11.64 + 1.96 � ln PL (lm) Chisholm and Roff (1990)
Harpacticoids log DW (mg) = �8.51 + 3.26 � log BL (mm) Hirota (1986)
Copepod nauplii (all species) log CW (ng) = �4.82 + 2.94 � log BL (mm) Uye et al. (1996)

Isopods ln CW (mg) = 1.03 + 1.46 � ln BL (mm) Heidelberg et al. (2010)
Amphipods ln CW (mg) = 1.03 + 1.46 � ln BL (mm) Heidelberg et al. (2010)
Cumaceans ln CW (mg) = 1.03 + 1.46 � ln BL (mm) Heidelberg et al. (2010)
Mysids log CW (mg) = �0.167 + 3.10 � Log BL (mm) Uye (1982)

Decapods
Brachyuran zoea log CW (mg) = �8.68 + 3.39 � log CL (mm) Hirota (1986)
Brachuran megalopa log CW (mg) = �4.59 + 2.19 � log CL (mm) Hirota (1986)
Other decapod larvae ln CW (mg) = 1.03 + 1.46 � ln BL (mm) Heidelberg et al. (2010)

Tanaids ln CW (mg) = 1.03 + 1.46 � ln BL (mm) Heidelberg et al. (2010)
Cirriped nauplii log CW (mg) = �6.90 + 2.65 � log BL (lm) Hirota (1986)
Cirriped cypris log CW (mg) = �8.64 + 3.0 � log BL (lm) Japan Fisheries Agency (1987)
Chaetognaths log CW (mg) = �0.93 + 2.79 � log BL (mm) Hirota (1986)
Appendicularians log DW (mg) = �6.10 + 2.47 � log TL (lm) Hopcroft et al. (1998a)
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weight (CW) using a regression equation or a factor, respectively
(Table 2). The carbon weight of copepod nauplii was calculated
from the body length measurements (Table 2).

For mesozooplankton biomass estimation, the length of an
appropriate body portion, e.g., prosome length for copepods and
full body length for amphipods, was measured using an eyepiece
micrometer (Hirota, 1986). The length measurements were con-
verted to carbon weight of zooplankton individuals (CW, mg C)
using previously reported length-weight regression equations
(Table 3). Regressions for copepods are modified assuming either
CW = 47% dry weight (DW) (Hirota, 1981) or ash free dry weight
(AFDW) = 89% DW (Båmstedt, 1986). Regression for appendicular-
ians are modified assuming CW = 44.2% DW (Hirota, 1986).
Reported length–weight regressions of many species that occur
at the sampling site are not available, but we used regressions
according to similarity in genus or shape. Regressions for copepods
of the same genus were employed whenever possible. Regressions
established in tropical or subtropical seas were also employed as
much as possible. Upon estimation of body weight, we considered
the reported values of formalin shrinkage for the soft-bodied
organisms; i.e., 5% length shrinkage in chaetognaths (Szyper,
1976), 20% body length shrinkage in cnidarians (Wang et al.,
1995) and 30% shrinkage in polychaete larvae (White and
Roman, 1992).

2.5. Production measurement and estimation

While the production rate (P, mg C m�3 d�1) of phytoplankton
was directly measured using stable isotope tracer method, those
of bacteria, nano-, micro-, and mesozooplankton were obtained
based on their biomass (B, mg C m�3) and specific growth rates
(G, d�1): P = B � G. The growth rate (G, d�1) of bacteria and HNF
were measured by in situ incubation and those of microzooplank-
ton (nauplii) and mesozooplankton were estimated using
temperature-body weight related regressions in the present study.

Net primary production rate (P, mg C m�3 d�1) of phytoplank-
ton was determined by the in situ 13C tracer method (Hama
et al., 1983). The 13C method with incubation for >12 h estimates
primary production similar to that determined by the 14C method,
and this method with incubation for 24 h provides close to actual
daily net primary productivity in natural environments (Hama
et al., 1983). We collected seawater samples at 0.5 h before sunrise
using a bucket, which was pre-filtered through a 180 lm-mesh to
remove mesozooplankton. Quadruplicate subsamples (2 L each) of
the collected seawater were dispensed into separate acid washed
polycarbonate bottles (inner volume, 2 L), three for clear and one
for dark, and incubated in situ at a depth of 1 m for 24 h after the
addition of 13C-sodium bicarbonate (Hama et al., 1983). Final 13C
atom% of dissolved inorganic carbon (DIC) was ca. 10% of that in
the ambient water. DIC concentration in the seawater was deter-
mined in advance using a total organic C analyzer (Shimadzu,
TOC-5000). After incubation, the samples were filtered onto pre-
combusted (500 �C; 4 h) GF/F filters. These filters were rinsed with
1N HCl followed by distilled water to remove carbonates, and then
dried at 60 �C and stored in a desiccator until analysis. The isotopic
ratios of 13C to 12C were determined by a mass spectrometer
(Thermo Scientific Flash, EA1112) to determine the bulk carbon fix-
ation rate.



Table 4
Regression equations for estimating instantaneous growth rate (G, day�1). Log, common logarithm (log10); T, water temperature (�C); CW, body carbon weight (mg).

Taxonomic group Equation Reference

Hydrozoans log G = �0.423–0.219 � log CW Hirst et al. (2003)
Polychaetes log G = �0.630 + 0.409 � log CW Hirst et al. (2003)
Copepods

Broadcast-spawnera

Adult log G = 0.0232 � T � 0.285 � log CW � 1.196 Hirst et al. (2003)
Copepodites log G = 0.0352 � T � 0.233 � log CW � 1.230 Hirst et al. (2003)

Sac-spawnerb

Adult log G = 0.0223 � T + 0.177 � log CW � 1.644 Hirst et al. (2003)
Copepodites log G = �1.545 + 0.0408 � T Hirst et al. (2003)

Nauplii log G = 0.0370 � T � 0.0795 � log CW � 1.3840 Hirst and Lampitt (1998)
Other crustaceans log G = 0.0263 � T � 0.327 � log CW � 0.919 Hirst et al. (2003)
Chaetognaths log G = �1.851 + 0.0367 � T Hirst et al. (2003)
Appendicularians log G = �0.495 + 0.0285 � T Hirst et al. (2003)

a Copepods which shed eggs freely, i.e. calanoids observed in the present study except for Clausocalanus and Pseudodiaptoms.
b Copepods which carry their eggs externally on the body, i.e. Clausocalanus, Pseudodiaptoms, all cyclopoids, and all harpacticoids observed in the present study.
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The specific growth rate (G, d�1) of bacteria and HNF was mea-
sured using the dialysis membrane method (Herndl and Velimirov,
1986). Seawater sampled by Van Dorn bottle as described above
was immediately filtered either through 10 lm mesh screens by
reverse filtration or 2 lm membrane filters (Millipore) by gravity
filtration in order to obtain the seawater containing only bacteria
(<2 lm) or bacteria + HNF (<10 lm). Triplicate subsamples
(1000 ml each) of the filtrate (<2 lm or < 10 lm) were dispensed
into separate cellulose dialysis membrane tubes (Spectra/Por, cut
off 12,000–14,000 Da), which have proven to be sufficiently per-
meable to inorganic and organic nutrients (diffusive exchange of
<1 h) (Ferrier-Pagès and Furla, 2001). The dialysis tubes were incu-
bated where the sample water was originated for 24 h. Incubation
was started within 2 h of sample collection. Cell numbers of bacte-
ria and HNF at the beginning and the end of the incubation were
measured as described above. Growth rates (G, d�1) of bacteria
and HNF were obtained according to the following equation:
G = (ln Nf – ln Ni) (Tf – Ti)�1, where Nf and Ni are cell numbers (cells
ml�1) at the beginning (Ti) and end (Tf) of the incubation period.
The specific growth rates (G, d�1) of ciliates were estimated using
the previously reported growth rate (1.01 d�1 at 28 �C) in the coral
reefs of Miyako Island, Okinawa, relatively near to the present
sampling site (Ferrier-Pagès and Gattuso, 1998). A Q10 of 2.5 was
adopted for temperature correction (Caron et al., 1995).

The specific growth rates (Gz, d�1) of mesozooplankton (cope-
pods, other crustaceans, chaetognaths, cnidarians, appendiculari-
ans and polychaete larvae) were estimated from previously
reported regression equations (Table 4). The biomass and produc-
tion of particle-feeding and predatory mesozooplankton were cal-
culated separately on the basis of the feeding habits of each group
based on literatures (Table S1).
2.6. Detritus mass estimation

The amount of detritus (mg C m�3) was estimated by subtract-
ing the organic C value of organisms (i.e. sum of the carbon bio-
mass of bacteria, nano- and microzooplankton and
phytoplankton) from that of POC (Anderson and Rudehäll, 1993).
Since our POC was collected on GF/F glass fiber filter (Whatman)
and some bacterial biomass has been known to pass through it,
the contribution of bacterial carbon to POC may be overestimated
(Lee et al., 1995). We therefore calculated the bacterial proportion
in the POC fraction assuming that 30% of bacterial biomass passed
through the GF/F filter (Lee et al., 1995). However, the biomass of
the attached bacteria to the detritus was not distinguished in this
study, thus the estimated amount of detritus may be overesti-
mated to some degree.
2.7. Trophic structure

In order to estimate the relative contribution of grazing and
microbial food webs to mesozooplankton food requirements, pro-
duction from either the grazing food web (phytoplankton) or
microbial food web (microzooplankton + HNF) were compared to
the food requirement of particle-feeding mesozooplankton. To
determine the potential carbon flow from prey organisms to con-
sumers, the amount of carbon required (= food requirement, mg
C m�3 day�1) for metazoan and protozoan zooplankton was esti-
mated using a gross growth efficiency of 0.3 (Ikeda and Motoda,
1978) and 0.4 (Fenchel, 1982), respectively. We performed a sensi-
tivity analysis for the calculation of food requirement of metazoan
and protozoan zooplankton, using a lower (0.25 for metazoan; 0.3
for protozoan) and upper (0.35 for metazoan; 0.5 for protozoan)
gross growth efficiency (Kobari et al., 2008; Steinberg et al., 2008).

HNF and microzooplankton can efficiently graze on relatively
smaller phytoplankton (such as pico- and nanophytoplankton),
whilemesozooplanktonmainly capture larger phytoplankton (such
as microphytoplankton) (Sheldon, 1977; Vargas and González,
2004). We therefore assumed that mesozooplankton can feed
and utilize ‘‘residual” phytoplankton that was not consumed by
HNF and microzooplankton. In order to estimate the available
(=residual) phytoplankton production for mesozooplankton, we
subtracted half of the food requirements by HNF and microzoo-
plankton from the production of phytoplankton based on the
assumption that they feed both autotrophic and heterotrophic
preys equally to simplify the feeding habits. Similarly, the produc-
tion of HNF that can be utilized bymesozooplankton was estimated
by subtracting half of the food requirement by microzooplankton
from the production of HNF (=residual HNF production), based
on the assumption that microzooplankton can efficiently graze on
HNF rather than mesozooplankton (Nakano et al., 2001).
3. Results

3.1. Seasonal changes in autotrophic plankton

Chl-a concentrations in the water column were low throughout
the study periods, ranging from 0.249 ± 0.021 mg chl-a m�3 in
spring to 0.263 ± 0.048 mg chl-am�3 in fall and did not vary signif-
icantly among seasons (ANOVA, P = 0.45). Phytoplankton C bio-
mass estimated from chl-a ranged from 12.4 ± 1.0 mg C m�3 to
13.2 ± 2.4 mg C m�3 (Fig. 3a). In contrast to the stable phytoplank-
ton biomass, primary production varied significantly (ANOVA,
P = 0.006 � 10�5) from 2.1 ± 0.3 mg C m�3 d�1 in winter to
29.5 ± 1.4 mg C m�3 d�1 in summer (Fig. 3a).



Fig. 3. Seasonal changes in biomass (B) and production (P) of (a) phytoplankton, (b) heterotrophic bacteria, (c) heterotrophic nanoflagellates (HNF) and (d) microzooplankton,
and (e) concentrations of particulate organic carbon (POC) and nitrogen (PON) with composition of POC at Sesoko Island, Okinawa. Error bars indicate standard deviation.
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3.2. Seasonal changes in heterotrophic plankton

The biomass of the heterotrophic microorganisms (i.e., bacteria,
HNF and microzooplankton) was generally higher in summer when
temperatures were highest, though naked ciliates showed higher
biomass in fall (Fig. 3b–d). Mean bacterial biomass ranged from
6.7 ± 0.8 mg C m�3 in spring to 9.9 ± 3.0 mg C m�3 in summer.
Bacterial specific growth rate (d�1) ranged from 1.56 ± 0.17 d�1 in
winter to 2.08 ± 0.15 d�1 in summer, which resulted in the bacte-
rial production rate ranging from 11.7 ± 1.4 mg C m�3 day�1 in
spring to 23.3 ± 6.1 mg C m�3 day�1 in summer (Fig. 3b).

Mean biomass of nanozooplankton (HNF) varied between
3.7 ± 0.8 mg C m�3 in winter and 8.9 ± 1.9 mg C m�3 in summer
(Fig. 3c). HNF growth rate (d�1) ranged from 0.29 ± 0.08 d�1 in



Fig. 4. Seasonal changes in composition, biomass (B) and production (P) of (a) mesozooplankton and (b) copepods, and (c) the contribution of carnivores and particle-feeders
to mean biomass or production of mesozooplankton at Sesoko Island, Okinawa. Error bars indicate standard deviation.
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spring to 1.48 ± 0.39 d -1 in summer, which resulted in the produc-
tion rate ranging from 1.1 ± 0.2 mg C m�3 day�1 in winter to
13.2 ± 2.8 mg C m�3 day�1 in summer (Fig. 3c).

Microzooplankton (tintinids, naked ciliates and copepod nau-
plii) biomass ranged from 0.7 ± 0.2 to 3.3 ± 0.8 mg C m�3

(Fig. 3d). Of these microzooplankton assemblages, naked ciliates
and copepod nauplii constituted 36.8–87.5% and 12.1–63.2% of
the total biomass of microzooplankton, respectively, and tintinnids
were poorly represented (�1%). The estimated production rate of
microzooplankton ranged from 0.3 ± 0.03 mg C m�3 day�1 in
winter to 2.7 ± 1.4 mg C m�3 day�1 in summer (Fig. 3d).

3.3. POC composition

Mean (±SD) POC concentration ranged from 50.4 ± 4.0 mg Cm�3

in winter to 100.1 ± 16.5 mg C m�3 in fall, while PON varied from
8.2 ± 1.2 mg C m�3 to 23.1 ± 4.0 mg C m�3 (Fig. 3e). C/N ratio of
POM was 3.5 ± 0.6 in spring, 3.6 ± 0.3 in summer, 4.3 ± 0.4 in fall
and 6.2 ± 1.0 in winter. Autotrophic plankton (phytoplankton) C
biomass contributed 13.2–25.1%; heterotrophic plankton (i.e., bac-
teria, HNF and microzooplankton) contributed 14.5–22.8%, and the
remainder indicated that detritus contributed 57.9–72.4% to total
POC (Fig. 3e).
3.4. Mesozooplankton biomass and production

Mesozooplankton showed higher biomass in spring and sum-
mer compared to fall and winter (Fig. 4a). Mean (±SD) biomass of
mesozooplankton ranged from 7.0 ± 2.4 mg C m�3 in winter to
36.5 ± 6.1 mg C m�3 in summer, while the abundance ranged from
1243 ± 106 inds. m�3 in fall to 6689 ± 2079 inds. m�3 in summer
(Table S1). Copepods were one of the most dominant groups, con-
stituting 12.3–46.1% of the mesozooplankton biomass. Mysids
(mostly Anisomysis sp.), amphipods (dominated by Synopiidae
sp.) and decapods each constituted 7.8–54.9%, 3.5–28.3% and
7.8–25.9% of the total mesozooplankton biomass, respectively.
The estimated production rate (mean ± SD) of the mesozooplank-
ton community varied from 1.8 ± 0.4 mg C m�3 d�1 in fall to
9.1 ± 1.8 mg C m�3 d�1 in summer. Similar to the biomass,
copepods, mysids, amphipods and decapods were important
groups to the mesozooplankton production, contributing
8.1–32.6%, 6.3–51.1%, 4.8–27.7%, and 5.1–23.7%, respectively. In
addition, appendicularians predominantly contributed to the total
production (8.6–38.8%, except summer) due to their fast growth
rate.

The copepod biomass varied between 1.6 ± 0.5 mg C m�3 in fall
and 16.8 ± 3.6 mg C m�3 in summer (Fig. 4b). The copepod



Fig. 5. Schematic carbon-flow diagrams in the coral reef water during four seasons of the year at Sesoko Island, Okinawa. Values in boxes denote production rate
(mg C m�3 d�1) and values in circles are food requirements (mg C m�3 d�1) of the components above them. Black arrows indicate carbon flows from prey to predators. HNF,
heterotrophic nanoflagellates. The food requirement was calculated assuming a gross growth efficiency of 0.3 (Ikeda and Motoda, 1978) for metazoan and 0.4 (Fenchel, 1982)
for protozoan zooplankton (see the methods section). In this study, we assume that mesozooplankton can feed and utilize ‘‘residual” phytoplankton that is not consumed by
HNF and microzooplankton. The available (=residual) phytoplankton production for mesozooplankton is obtained by subtracting half of the food requirements by HNF and
microzooplankton from the production of phytoplankton based on the assumption that they feed on both autotrophic and heterotrophic prey equally, to simplify the feeding
habits.
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community was dominated by Acartia (dominated by A. fossae and
A. neglignes, 1.8–29.5%), Clausocalanus (0.1–15.7%), Calanopia
(mostly C. thompsoni, 0.0–20.5%), Pseudodiaptomus (mostly P.
nihonkaiensis, 0.0–66.9%), Tortanus (dominated by T. digitalis, T.
erabuensis, and T. ryukyuensis, 1.0–35.7%), Oithona (mostly O. sim-
plex and O. tenuis, 0.8–55.4%), and Oncaea (mostly O. venusta,
0.0–16.8%). The copepod production rate varied from
0.21 ± 0.06 mg C m�3 d�1 in fall to 2.95 ± 1.19 mg C m�3 d�1 in
summer.

Among the mesozooplankton biomass, those of particle-feeders
such as appendicularians, Paracalanus and Oithona copepods ran-
ged from 5.2 ± 2.0 mg C m�3 in winter to 29.9 ± 3.2 mg C m�3 in
summer, while predatory carnivores such as Tortanus copepods
and chaetognaths varied from 1.6 ± 0.4 mg C m�3 in fall to
12.2 ± 3.4 mg C m�3 in spring (Fig. 4c). The production of
particle-feeding mesozooplankton ranged from 1.5 ± 0.5 mg C
m�3 d�1 in fall to 7.1 ± 0.9 mg C m�3 d�1 in summer, while the
predatory mesozooplankton production varied from 0.3 ± 0.1 in fall
to 2.0 ± 0.6 mg C m�3 d�1 in spring.
3.5. Trophic structure

The productions of assemblages from grazing and microbial
food webs and mesozooplankton and their trophic relationship
are shown in Fig. 5a–d. The daily food (carbon) requirements of
nanozooplankton (HNF) ranged from 2.7 ± 0.6 mg C m�3 d�1 in
winter to 32.9 ± 6.9 mg C m�3 d�1 in summer (overall:
13.5 ± 13.3 mg C m�3 d�1), while those of microzooplankton varied
from 0.8 ± 0.2 mg C m�3 d�1 in winter to 7.6 ± 3.7 mg C m�3 d�1 in
summer (overall: 5.0 ± 3.0 mg C m�3 d�1). The combined food
requirement of HNF and microzooplankton ranged from 3.4–40.2
mg C m�3 d�1, which corresponded to 59.7–82.1% of the produc-
tion of phytoplankton and 22.3–76.2% of the combined production
of phytoplankton and bacteria. Assuming that half of each food
requirement by HNF and microzooplankton relies on phytoplank-
ton, the combined food requirement by HNF and microzooplank-
ton ranged from 1.7–20.1 mg C m�3 d�1, which was equivalent to
59.7–82.1% of phytoplankton production. Assuming the other half
of the food requirements by HNF and microzooplankton are



Table 5
Mean food requirements of particle-feeding mesozooplankton and the relative (%) contribution of available production from grazing, microbial and combined (grazing
+ microbial) food webs to the food requirements. The productions of grazing and microbial food webs were obtained after subtracting of the food requirements by nano- and
microzooplankton. The ranges in parenthesis are the lower and upper ends of sensitivity analysis for gross growth efficiency.

Parameter Spring Summer Fall Winter
(May 2011) (August 2011) (November 2011) (January 2012)

Food requirement (mg C m�3 d�1) 15.0 (12.8–17.9) 23.8 (20.4–28.6) 4.9 (4.2–5.8) 5.0 (4.3–6.0)
% contribution of grazing food web 31.8 (14.3–47.5) 39.4 (9.8–65.5) 76.4 (21.1–125.0) 7.3 (�2.8–16.1)
% contribution of microbial food web 21.3 (14.6–27.8) 51.7 (39.2–63.6) 56.8 (29.6–81.3) 18.9 (14.1–23.5)
% contribution of combined food web (grazing + microbial food webs) 53.1 (28.9–75.4) 91.1 (49.0–129.1) 133.1 (50.7–206.3) 26.2 (11.3–39.6)
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satisfied by heterotrophic organisms (bacteria and HNF, respec-
tively), the other half of the food requirement of HNF corresponded
to 10.1–70.8% of bacterial production, while those of microzoo-
plankton were equivalent to 27.4–93.1% of HNF production.

The food requirement by predatory mesozooplankton ranged
from 1.1 ± 0.5 mg C m�3 d�1 in winter to 6.7 ± 2.1 mg C m�3 d�1

in spring, which corresponded to 69.9%-150.5% of the production
of their particle-feeding mesozooplankton prey. The transfer effi-
ciency (%) from particle-feeding mesozooplankton to predatory
carnivorous mesozooplankton was 45.1% (spring), 26.9% (summer),
21.8% (fall) and 21.0% (winter). The food requirement of the
particle-feeding mesozooplankton ranged from 4.9 ± 1.5 mg C
m�3 d�1 in fall to 23.8 ± 3.1 mg C m�3 d�1 in summer (Table 5,
Fig. 6). The contribution of the grazing food web (=residual phyto-
plankton production after removal of the requirement by HNF and
microzooplankton) to the food requirement of particle-feeding
mesozooplankton was on average 38.7 ± 28.6% (7.3% in winter to
76.4% in fall) (Fig. 6). Similarly, the contribution of the microbial
food web, i.e., the productions of microzooplankton + residual
nanozooplankton (HNF production after removal of the require-
ment by microzooplankton) was on average 37.2 ± 19.8% (18.9%
in winter to 56.8% in fall). The microbial food web production cor-
responded to 67.1–257.7% (average: 132.6 ± 88.2%) of the grazing
food web production. When considering the combined production
from both the grazing and microbial food webs, the combined pro-
duction was 7.9 mg C m�3 d�1 in spring, 21.7 mg C m�3 d�1 in sum-
mer, 6.5 mg C m�3 d�1 in fall, and 1.3 mg C m�3 d�1 in winter,
Fig. 6. Seasonal changes in food requirement of particle-feeding mesozooplankton
(mean ± SD) and the available production from grazing and microbial food webs
after subtracting the food requirements by HNF and/or microzooplankton. The food
requirement was calculated assuming a gross growth efficiency of 0.3 (Ikeda and
Motoda, 1978) for metazoan and 0.4 (Fenchel, 1982) for protozoan zooplankton
(see the methods section).
which corresponded to 53.1%, 91.1%, 133.1%, and 26.2% of the food
requirement of particle-feeding mesozooplankton, respectively
(Table 5, Fig. 6). The transfer efficiency (%) from the component
organisms from both the food webs to particle-feeding mesozoo-
plankton was 56.5% (spring), 32.9% (summer), 22.5% (fall) and
114.6% (winter).
4. Discussion

4.1. Mesozooplankton production

This study describes the biomass and production of coral reef
mesozooplankton and their prey to elucidate the planktonic
trophic structure not previously well-described quantitatively.
We estimated mesozooplankton production rates using the multi-
ple regression models based on temperature and body mass for
various zooplankton species (Brown and Sibly, 2012; Hirst et al.,
2003; Hirst and Lampitt, 1998). Although the production rates esti-
mated by our empirically-derived regression models may differ
from actual in situ measurements of species-specific growth rates,
which are time-consuming and not practical in application, our
models allowed for more general and rapid estimation and com-
parison of the relative production of each component of the entire
zooplankton community (Huo et al., 2012).

The production rates of mesozooplankton from various coral
reefs are summarized in Table 1. It is difficult to directly compare
the results from different studies because of the differences in sam-
pling methods (e.g., net mesh size, net mouth diameter) and timing
(e.g., day, morning, night) and differences in the estimation of
specific growth rates (e.g., egg production rates based on culture
experiments, models based on temperature-body mass, and use
of reported turnover time). Yet, the overall mean production rate
of the mesozooplankton community in this study (4.8 mg C m�3

d�1) was comparable to those from atolls in French Polynesia,
New Caledonia and Lakshadweep (Table 1). Our mesozooplankton
community production in summer (9.1 mg C m�3 d�1) was ca.
7-fold higher than that in the tropical coral reef of Malaysia.
4.2. Planktonic food web structure

The significant seasonal variation of phytoplankton primary
production, in contrast to the stable phytoplankton biomass, indi-
cates very high grazing mortality for phytoplankton in this system.
Although we did not conduct the size-fractionation of phytoplank-
ton in this study, a previous study reported that the annual average
proportions of pico-, nano- and microphytoplankton to total phy-
toplankton biomass at the same sampling site were 52%, 34% and
11% (Tada et al., 2001). Assuming that size-fractionated primary
production is directly proportional to size-fractionated biomass
(Shinada et al., 2001), the major contributor to the primary produc-
tion would be pico- and nanophytoplankton (ca. 80%), which
would likely be intensely grazed by nanozooplankton (HNF) and
microzooplankton (Ferrier-Pagès and Gattuso, 1998; González
et al., 1998; Sakka et al., 2000). In fact, half of the food requirement
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by HNF and microzooplankton in this study even corresponded to
60–82% of phytoplankton production. This suggests that the major-
ity of phytoplankton production would be consumed by HNF and
microzooplankton throughout the year. Moreover, the carbon
requirements of mesozooplankton were even higher than the
available (=residual) phytoplankton production after removal of
the fraction by HNF and microzooplankton. This high grazing on
phytoplankton entirely by heterotrophic plankton is most likely
the reason for the stable phytoplankton biomass relative to the
variable primary production.

The food requirements of particle-feeding mesozooplankton
(4.9–23.8 mg C m�3 d�1) were close or even higher than the pri-
mary production of phytoplankton (2.1–29.5 mg C m�3 d�1). Con-
sidering that the major portion of the phytoplankton community is
dominated by picophytoplankton in this location (ca. 50%, Tada
et al., 2001), which is too small to be consumed by most mesozoo-
plankton (Landry and Lehner-Fournier, 1988; Ohtsuka and Kubo,
1991), it is not likely that in this case phytoplankton production
meets the mesozooplankton requirement. In fact, the available
(or residual) phytoplankton production could only satisfy 7%-76%
(average: 39%) of the mesozooplankton requirements (Fig. 6). As
demonstrated by sensitivity analyses (Table 5), the particle-
feeding mesozooplankton carbon demand in fall (November
2011) can be lower than residual phytoplankton production if
upper gross growth efficiencies are applied for both the metazoan
and protozoans. However, considering higher variability of the rel-
ative contribution of the grazing food web to mesozooplankton
carbon demand (16.1–125.0%) for the pairs of upper gross growth
efficiency, the moderate gross growth efficiency values we used (or
ever lower values) are reasonable for the estimation of the contri-
bution of grazing food webs. These results indicate that phyto-
plankton alone do not meet their metabolic demands. Similar
results were reported from other coral reefs in the GBR (Roman
et al., 1990) and Malaysia (Nakajima et al., 2014), where they
Table 6
Summary of detritus concentration (mg C m�3) and its contribution (%) to particulate organ
French Polynesia; GBR, Great Barrier Reef.

Site Specific sampling site POC size POC
(mm) (mg C m

Enewetak Atoll (Marshall Islands) Lagoon >0.45 24–54
Tikehau Atoll (Tuamotu, FR) Lagoon >0.7 203
Takapoto atoll (FR) Lagoon >0.7 198
Davies Reef (GBR, Australia) Lagoon >0.7 115.7
Tioman Island (Malaysia) Reef-flat >0.7 167–27
Miyako Island (Okinawa, Japan) Lagoon >0.3 76–125
Sesoko Island (Okinawa, Japan) Reef-flat >0.7 50–100

a Value includes CaCO3 (sample not acidified).

Table 7
Summary of C:N ratio of some possible detritus sources.

Study site Water ty

Vascular plants Delaware Bay (USA) Tidal ma
Macroalgae Southern coast of Korea Inter/sub
Seagrasses Southern coast of Korea Inter/sub
Mangrove detritus Guayas (Ecuador) Tropical
Phytoplankton
Filamentous algae Lizard Is. (Australia) Coral ree
Algal detritus Lizard Is. (Australia) Coral ree

Fish feces (Parrotfish) Palmyra Atoll Coral ree
Fish feces (Red snapper) Palmyra Atoll Coral ree
Fish feces (Surgeonfish) Palmyra Atoll Coral ree

Coral mucus (Acropora nobilis) Bidong Is. (Malaysia) Coral ree
Coral mucus (Acropora formosa) Tioman Is. (Malaysia) Coral ree
reported that low phytoplankton stocks failed to meet the meta-
bolic demands of the zooplankton community. Therefore phyto-
plankton production does not satisfy the metabolic demands of
mesozooplankton in coral reefs.

If low phytoplankton production fails to meet mesozooplankton
nutritional demands, food requirements can be subsidized by pro-
duction from the microbial food web such as nanozooplankton
(HNF) and microzooplankton (Ara and Hiromi, 2009; Bouvy et al.,
2016; David et al., 2006). Some particle-feeding mesozooplankton
(e.g., Acartia copepods) selectively feed on microzooplankton (e.g.,
ciliates) rather than phytoplankton (Robertson, 1983; Stoecker
and Sanders, 1985). Although the ingestion by particle-feeding
mesozooplankton is lower than that of microzooplankton, previous
studies also showed that smaller mesozooplankton, such as Oithona
and Paracalanus copepods, feed on HNF (Gifford et al., 2007; Vargas
and González, 2004). Since the ingestion rate on HNF by microzoo-
plankton is higher than that by mesozooplankton (Vargas and
González, 2004), only the residual HNF production after subtracting
the food requirements of microzooplankton was considered avail-
able to the mesozooplankton community in this study. The micro-
bial food web production, the production of microzooplankton
+ residual HNF, corresponded to 67–258% (average: 133%) of the
grazing food web production (=residual primary production), sug-
gesting the importance of the component organisms frommicrobial
food web as diet for mesozooplankton. Similar results were
reported from the low phytoplankton concentration of Gironde
estuary where copepods fed significantly on microzooplankton
(protozoans) to meet their metabolic demand in phytoplankton
scarce environment (David et al., 2006). Yet, the mesozooplankton
food requirements were not satisfied by the components from the
microbial food web alone, even considering lower and upper gross
growth efficiencies as indicated in the sensitivity analysis (Table 5),
explaining 14–81% (19–57% with moderate gross growth effi-
ciency) of the consumer’s requirements (Fig. 6).
ic carbon (POC) from several coral reefs. Values in parenthesis indicate the average. FR,

Detritus Detritus Reference
�3) (mg C m�3) (%)

(40) 24 77–93 (85) Gerber and Marshall (1982)
177 88 Charpy and Charpy-Roubaud (1990)
116a 59 Sakka et al. (2002)
89 >75 Roman et al. (1990))

6 (189) 169 86–92 (89) Nakajima et al. (2011)
(97) 51 35–73 (52) Casareto et al. (2000)
(78) 51 58–72 (64) This study

pe C:N ratio Reference

rshes 34 Wainright et al. (2000)
tidal coast 9.8–43.8 Kang et al. (2003)
tidal coast 11.1–69.4 Kang et al. (2003)
estuary 12.1 Cifuentes et al. (1996)

6.6–8.7 Holligan et al. (1984), Redfield. (1963)
f 6.8–20.0 Wilson et al. (2003)
f 6.3–17.2 Wilson et al. (2003)

f 10.1 Smriga et al. (2010)
f 3.4 Smriga et al. (2010)
f 5.7 Smriga et al. (2010)

f 5 Nakajima et al. (2009a)
f 4.5 Nakajima et al. (2009a)



R. Nakajima et al. / Progress in Oceanography 156 (2017) 104–120 117
The relative contributions of grazing versus microbial food
webs to particle-feeding mesozooplankton dietary requirements
were 7–76% (average 39%) and 19–57% (average 37%), respectively.
The combined production of the components from the two food
webs almost satisfied or completed the mesozooplankton food
demands in summer and fall, meeting 91% and 133% of the meso-
zooplankton requirements, respectively. A previous study showed
that the gross growth efficiency of particle-feeding mesozooplank-
ton in laboratory experiments was ca. 30% (Ikeda and Motoda,
1978). This implies that, if prey populations were grazed com-
pletely by predator populations, their transfer efficiency would
be close to 30% (Uye and Shimazu, 1997). The transfer efficiency
found in summer and fall (32.9% and 22.5% from the combined
food web production to mesozooplankton production) is close to
this potential value, suggesting that the prey-predator process at
Sesoko reef in summer and fall is very efficient. Yet the combined
production from the two food webs apparently did not completely
satisfy the food demand in spring and winter, explaining 26–53% of
the particle-feeding mesozooplankton food requirements. The
transfer efficiency (%) in these seasons (57–115%) exceeds that of
the potential maximum (30%, (Ikeda and Motoda, 1978)). These
results indicate that the mesozooplankton community utilized
other organic matter sources (such as detritus) to supplement their
diets and meet demands. In the present study, we used a plankton
net of 180 lm mesh, in which a significant amount of small cope-
pods such as Paracalanus, Oithona and many copepodite stages may
have been missed (Hopcroft et al., 1998b). The estimated mesozoo-
plankton production may be even higher if a finer-mesh net (e.g.,
100 lm) was employed together with our 180 lm net. This would
suggest an even higher food requirement by mesozooplankton,
resulting in even greater estimates of the importance of other
sources of organic matter to mesozooplankton. These results also
show that the heterotrophic components of the microbial food
web (HNF and microzooplankton) and mesozooplankton consume
the equivalent of the entire phytoplankton production (particulate
net production) each day, while the microzooplankton were almost
entirely eaten by higher trophic levels (mesozooplankton) each
day.

The importance of other organic matter (detritus) in mesozoo-
plankton diets has been discussed in various studies (Meyer and
Bell, 1989). The major portion of POC consisted of detritus in this
study (58–72%), which was similar in other coral reefs (52–89%,
Table 6). Generally the assimilation efficiency of detritivores is
lower than that of carnivores and herbivores (Lalli and Parsons,
1997). Still, detritivory is considered important during periods of
scarce food availability for many mesozooplankton species
(Zagursky and Feller, 1985). For example, the harpacticoid copepod
Microsetella norvegica is a typical herbivore in phytoplankton-rich
eutrophic waters but this species switches its diet to detritivory
in oligotrophic environments (Ohtsuka et al., 1993; Ohtsuka and
Nishida, 1997). The calanoid copepod Bestiolina similis also con-
sumes detritus to meet a deficit between its carbon demand and
primary production (McKinnon and Klumpp, 1998). Similarly, our
mesozooplankton in spring, summer and winter were likely sup-
ported, in part, by detritus in our food-limited system.

Although this study is not designed to examine the origin of
detritus, the C/N ratio of POM may give some hints for its origin.
Since the major portion (ca. >60%) of POM was occupied by detri-
tus, the C/N ratio of POM might be mainly reflecting the C/N ratio
of detritus. The C/N ratios of some potential sources of POM have
been reported (Table 7). The C/N ratio of POM varied from 3.5–
6.2 in our study site, suggesting a minor contribution of plant or
algal input to the reef water POM, and the detritus likely originated
from animal origins such as fish feces and coral mucus (Table 7).
This is also consistent with the fact that there are no seagrass beds
or mangroves in the Sesoko Island. Interestingly the C/N ratio of
POM was very low (3.5–3.6) in spring and summer compared to
the other seasons (4.3–6.2), suggesting that the quality of detritus
may have been different among the seasons. Further investigations
on the origin and production of detritus as well as ingestion of
these detritus are proposed in order to obtain a better understand-
ing of pelagic trophic dynamics in coral reef ecosystems.

5. Conclusion

Here, we demonstrated that the phytoplankton-based grazing
food web alone does not satisfy the food requirements of the meso-
zooplankton community on a coral reef in Okinawa and that a sig-
nificant part of their demand could be fulfilled by production from
the microbial food web. The relative contributions of grazing and
microbial food webs were on average 38.7% (7.3–76.4%) and
37.2% (18.9–56.8%), respectively, of the food requirements of
particle-feeding mesozooplankton, emphasizing the importance
of the multivorous food web to coral reef mesozooplankton. These
results also show that the heterotrophic components of the micro-
bial food web (HNF and microzooplankton) and mesozooplankton
consume the equivalent of the entire phytoplankton production
(particulate net production) each day, while the microzooplankton
were almost entirely eaten by higher trophic levels (mesozoo-
plankton) each day. In some seasons, however, even the combined
productions from both of the two food webs were not enough to
satisfy the food requirement of mesozooplankton, emphasizing
the importance of other organic carbon sources such as detritus.
Detailed investigation on the origin and production of detritus is
necessary for a better understanding of pelagic trophodynamics
in coral reef ecosystems.
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