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Abstract The relationship between anemones and

anemonefishes is an oft-cited and endearing example of a

mutualistic symbiosis. Current research on mutualistic

symbioses suggests these relationships are more com-

monplace and have greater importance at the ecosystem

level on nutrient dynamics and evolutionary processes

than previously thought. Using stable isotopes 15N and
13C, both field and laboratory experiments were designed

to investigate whether nutrient transfer from two species

of resident anemonefishes (Amphiprion perideraion and

A. clarkii) to host anemones (Heteractis crispa) occurs.

Mass spectroscopy indicated that both 15N and 13C were

significantly elevated in the tissues of anemonefishes and

in both host anemone and zooxanthellae fractions. These

experiments provide the first direct empirical evidence of

nitrogen and carbon transfer from resident anemonefishes

to host anemones and endosymbiotic zooxanthellae. Such

transfer of elements within this intriguing tripartite asso-

ciation underscores the central role that nutrient dynamics

contributes to the evolutionary processes of these marine

symbioses.

Introduction

The symbiosis between cnidarians and endosymbiotic

dinoflagellates (‘‘zooxanthellae’’) has long been cited as

the dominant reason for their combined success in tropical

reef ecosystems that are notoriously nutrient poor (Davies

1992). The endosymbiotic dinoflagellates gain access to a

protected space for photosynthesis and inorganic and

organic molecules translocated from the host (Lipschultz

and Cook 2002). The host cnidarians gain access to two

metabolic pathways not available to animals—photosyn-

thesis and the synthesis of essential amino acids (Wang and

Douglas 1999). The algal/cnidarian symbiosis succeeds

because the metabolic waste material from one partner is

collectively utilized by the other partner via a tightly

coupled recycling of both inorganic and organic carbon and

nitrogen compounds (reviews by Yellowlees et al. 2008;

Houlbrèque and Ferrier-Pagès 2009). Both carbon and

nitrogen (Furla et al. 2005; Venn et al. 2008) are obtained

by the zooxanthellae via metabolic byproducts from the

host cnidarian and/or surrounding seawater. The cnidarian

host, in turn, obtains both carbon (Muscatine 1990; Biel

et al. 2007) and nitrogenous organic products (Wang and

Douglas 1998; Wang and Douglas 1999) from its zoo-

xanthellae and external seawater via DOM uptake and

heterotrophy (Bachar et al. 2007; Houlbrèque and Ferrier-

Pagès 2009). With regard to nitrogen, ammonia transfer

between host cnidarian and endosymbiotic zooxanthellae

has been demonstrated using 15N-labeled ammonia

(Roberts et al. 1999; Tanaka et al. 2006).

The symbiotic relationship between cnidarians and zoo-

xanthellae has thus been well characterized. One of the

major metabolic pathways studied is the translocation of

host nitrogenous waste to the endosymbiotic zooxanthellae

(Muscatine and D’Elia 1978; Wilkerson and Trench 1986;
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Roberts et al. 1999). The depletion-diffusion model of

ammonium uptake suggests that zooxanthellae deplete

ammonium from the host cytoplasm after inward diffusion

of ammonium from the surrounding seawater (D’Elia et al.

1983). Once the zooxanthellae have gained access to

ammonium, levels of photosynthesis, symbiont densities,

and protein content of host and zooxanthellae all increase

(Fitt and Cook 2001). The increase in photosynthesis and

zooxanthella density then leads to increased growth rates

of the cnidarian host (Meyer and Schulz 1985; Hoegh-

Guldberg and Smith 1989; Fitt and Cook 2001). Any

enhancement of ammonium availability to this dynamic

system should therefore increase these physiological effects.

It has long been suspected that reef fishes and inverte-

brates facultatively or obligately associated with cnidarians

may have a positive effect on their hosts (Pinnegar and

Polunin 2006; Holbrook et al. 2008). Resident fishes have

been shown to protect their hosts from predators (Fautin

1991, Fautin and Allen 1992; Godwin and Fautin 1992; Porat

and Chadwick-Furman 2004), and fishes and invertebrates

may mix stagnant water and remove sediments within the

cnidarian’s tentacles (Liberman et al. 1995; Goldshmid et al.

2004; Stewart et al. 2006), but recent studies have provided

indirect evidence that fishes provide nitrogen to their hosts,

and subsequently their endosymbiotic zooxanthellae as well.

Arvedlund et al. (2006) suggested that juvenile cleaner

wrasses Thalassoma amblycephalum may not only serve

unusual clients, the anemones Entacmaea quadricolor and

Heteractis magnifica, by removing mucus and necrotic tis-

sue, but may also provide a possible ammonium benefit to

the anemones. Meyer and Schultz (1985) found that coral

heads associated with resting schools of grunts had higher

growth rates and greater zooxanthella densities.

While the associations between grunts and coral heads,

and cleaner wrasses and anemones are facultative, many

pomacentrid fishes show obligate associations with cni-

darians for at least some part of their life cycle. In these

obligate associations between pomacentrids and cnidarians,

the enhancement effects of associated fishes are even

greater. Liberman et al. (1995) demonstrated that the coral

Stylophora pistillata hosting the damselfish Dascyllus

marginatus had increased polyp surface area and higher

reproductive rates than corals without fish. The anemone

Entacmaea quadricolor regenerated faster, had higher

growth rates and survival, and greater zooxanthella densi-

ties, when associated with the obligate anemonefish Am-

phiprion bicinctus (Porat and Chadwick-Furman 2004,

2005). Holbrook and Schmitt (2005) examined the growth

and survivorship of the sea anemone Heteractis magnifica

associated with the orange-fin anemonefish Amphiprion

chrysopterus; they found that growth rates, fission rates,

and survivorship were greatest in anemones that had fish

associated with them.

While these studies provide good indirect evidence of

the role fishes play in enhancing the growth and survi-

vorship of their obligate cnidarian hosts, the mechanism is

still not well-characterized. Roopin et al. (2008) demon-

strated that under laboratory conditions, A. bicinctus

excreted ammonium and the host anemone E. quadricolor

absorbed ammonium. When members of these two species

were incubated together, the buildup of ammonium in

laboratory conditions was very low, strongly suggesting

that the anemone, and potentially its endosymbiotic zoo-

xanthellae, absorbed the excreted ammonium. Roopin and

Chadwick (2009) further showed that ammonium supple-

ments prevented long-term tissue loss in starved E. quad-

ricolor to the same extent as did culturing the anemones

with live anemonefish, indicating that excreted ammonium

from fish symbionts augments anemone nutrition. Godinot

and Chadwick (2009) additionally suggested that phos-

phate is readily excreted by anemonefish; however, labo-

ratory studies suggest that excreted levels of phosphate are

insufficient to supply the phosphate demand of anemones.

Muscatine and Kaplan (1994) and Roberts et al. (1999)

have successfully demonstrated ammonium transfer

between host cnidarians and endosymbiotic zooxanthellae

using 15N-labeled ammonia. Natural levels of stable iso-

topes have also been used to elucidate trophic webs in

marine ecosystems (Heikoop et al. 2000; Cocheret de la

Morinière et al. 2003; Pinnegar and Polunin 2006; Ho et al.

2007). Thus, one promising method of demonstrating direct

nitrogen transfer between resident anemonefishes, host

anemones, and endosymbiotic zooxanthellae is the use of

stable isotope 15N tracer studies.

In Negros Oriental, Philippines, six species of anemo-

nefishes of the genus Amphiprion are found most com-

monly in association with three anemones (Heteractis

crispa, Entacmaea quadricolor, Stichodactyla sp.). Am-

phiprion clarkii and Amphiprion perideraion are the

dominant species of resident anemonefishes of Heteractis

crispa at this site. Both species are planktivorous, actively

feeding throughout the day in the water column, and return

to their host anemones at night. The amount of time fish of

each species spend in close contact with their host anem-

ones (\25 cm from anemone) varies among species, with

individuals of A. perideraion spending significantly more

time (*49) near their anemones than do those of A. clarkii

(Cleveland et al. 2006). Consequently, there may be ane-

monefish-specific differences in the quantities of nutrients

that are provided to the host anemones.

In the present study, we used stable isotopes 15N and 13C

to provide the first direct evidence of nutrient transfer from

resident anemonefishes to host anemones and subsequent

transfer to endosymbiotic zooxanthellae. We hypothesized

that these fishes provide a predictable and substantial

source of nitrogen to their host anemones as well as the
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symbiotic zooxanthellae that live within the anemones. We

specifically asked whether (1) there is direct transfer of

N- and C-containing products from the anemonefishes to

the anemone hosts, and if so, (2) whether endosymbiotic

zooxanthellae acquire these products as well. Both field

and laboratory A perideraion and A. clarkii were fed a diet

formulated with 15N and 13C, and both fish and anemone

tissues were analyzed for the presence of 15N and 13C. The

presence of any isotope in the anemone tissues was inter-

preted as direct transfer of C and/or N from resident fish to

host anemone and endosymbiotic zooxanthellae.

Methods

The experiments described elsewhere occurred May–

August in multiple years (2004, 2007, and 2010). Labora-

tory feeding experiments were conducted at the Silliman

University Marine Laboratory (SUML), Dumaguete, Negros

Oriental, Philippines, and field feeding experiments were

conducted in situ on patch reefs in front of the laboratory.

Anemonefish sample sizes were unequal within treatments

(Table 1) due to limited laboratory space for aquaria and

limited anemonefish/anemone pairs that met field criteria

(see below).

Anemone size can vary widely and is highly dependent

on the water content of the coelenteron; we thus estimated

the size of 108 haphazardly chosen anemones by measur-

ing the tentacular crown diameter (surface area covered by

the tentacles). The average (±SE) diameter of the tentac-

ular crown (19.9 ± 0.6 cm) of Heteractis crispa was

determined by measuring both the longest and shortest

diameters perpendicular to each other and obtaining the

mean value. The size distribution of anemones subse-

quently collected was assumed to reflect the distribution

observed in the field.

Collection and maintenance

Adult anemonefishes (Amphiprion clarkii and A. perider-

aion, Table 1) were collected from shallow patch reefs

(\5 m) in front of SUML using SCUBA and hand nets.

Fishes were collected from 1900 to 2200 by locating an

anemone and gently probing until a fish was discovered.

Fishes were immediately brought to a shaded (translucent

roof) concrete table and placed in individual 38-L aquaria

with running seawater (flushing rate * 82 L h-1). Prior to

placement of fishes, each aquarium was provided with an

artificial shelter (10 cm diameter 9 20 cm length PVC

tubing) and a single H. crispa. Fishes were maintained

under ambient temperature conditions (range = 29 ± 1�C)

and were fed twice daily on artificial diets (see below).

Anemones (H. crispa) were collected by hand using

SCUBA. Where possible anemones were selected that were

seen to host fishes, but behavioral studies of A. perideraion

and A. clarkii suggest that mated pairs often inhabit more

than one anemone, spending time in 2–5 different anem-

ones over the course of the day (Cleveland et al. 2006).

Individual H. crispa were haphazardly located by swim-

ming over small patch reefs. The base of each anemone

was buried in sand and shell gravel that was gently dug

away until the diver could easily grasp the rock or coral

rubble on which the anemone was attached. Both the

rubble and the anemone were lifted from the sediment and

placed in a submerged mesh bag and transported to the

laboratory within 1 h of collection. The rock or coral stub

to which the anemone attached was removed and anemones

were allowed to attach to the glass bottom of the 38-L

aquaria. One fish was added to each aquarium within 24 h

of the anemone placement. We did not purposely keep the

same anemonefish–anemone pairs from the field, although

it is possible that some fish may have been reunited with

their original anemone.

Table 1 Biometric data (weight and standard length), sample sizes, and treatment conditions of the two anemonefish species used in this study

Year Treatment Fish species N Weight (g)

(Mean ± SE)

Standard length (mm)

(Mean ± SE)

2004 Aquarium fed A. clarkii 9 24.7 ± 1.6 85.6 ± 1.8

A. perideraion 9 11.4 ± 0.9 68.0 ± 2.1

2004 Field fed A. clarkii 15 20.8 ± 1.2 79.9 ± 1.4

2007 Field fed A. clarkii 8 21.5 ± 3.2 76.6 ± 5.1

A. perideraion 13 9.4 ± 1.1 62.4 ± 2.8

2007 Control A. clarkii 23 24.7 ± 1.6 85.3 ± 1.6

A. perideraion 22 11.4 ± 0.9 70.3 ± 1.8

Control anemonefishes include all fishes that were fed unlabeled food, in both laboratory aquaria and in situ, and wild-caught, unfed fish. As d13C

and 15N signatures were not statistically different (Tukey’s HSD test, p [ 0.05) between these control groups, the three classes of control fishes

were combined
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Anemonefish diet formulation

We formulated an artificial diet that could be used for both

control and isotope-labeled experiments. The control diet

was made by grinding 30 g of commercial fish pellets to a

fine powder and adding it to a mixture of 2 g agar and

100 ml boiling water (RO water). The resultant paste was

spread out to a thickness of *1 mm and allowed to gel in a

refrigerator. The food was refrigerated in a sealed container

until use. Small pellets (*0.025 ± 0.003 g pellet-1) were

cut from the gelled food 5 min prior to each feeding. A

fresh batch of food was made approximately every 5 days.

The isotope-labeled diet was made as earlier, but 0.5 g of
15N- and 13C-labeled Isogro (Sigma–Aldrich) was added to

the powdered food mixture prior to adding the boiling

water.

Laboratory feeding experiment

Laboratory fishes were acclimated to the aquaria and

anemones for 24 h prior to the first day of feeding and then

fed ad libitum on an artificial diet twice daily (0900 and

1500). Fishes were first trained to feed on an unlabeled diet

for 10 days in the same aquaria as the anemones (however,

feeding of fishes occurred at the opposite side of the

aquarium from the anemones); all fishes accepted pellets

by the end of the 10-day training period. Fishes were

offered a single pellet at a time; if a fish refused a pellet, it

was immediately removed from the aquarium by suction

pipette. When a fish refused two pellets in sequence,

feeding was stopped. After the training period, 11

A. perideraion and 9 A. clarkii were haphazardly selected

and offered the 15N-13C-labeled diet ad libitum twice daily

for 5 days. The remaining 3 A. perideraion and 2 A. clarkii

continued feeding on the unlabeled diet as control aquar-

ium-fed fish. An additional 5 anemones were collected in

July 2010 and were placed in individual 38-L aquaria as

described above. Pellets were placed into each aquarium

and allowed to sit for 5 min twice per day. This treatment

served as an additional control to determine whether sig-

nificant 15N and/or 13C transfer occurred directly from the

pelleted food to the anemones.

Field feeding experiment

Ten A. perideraion and 15 A. clarkii were chosen in 2004,

and 13 A. perideraion and 8 A. clarkii were chosen in 2007,

for in situ feeding experiments in the field at water depths

of 3–5 m. To select the fishes, we observed the adult

individuals of visually estimated average standard length

(65–75 mm for A. perideraion, 75–85 mm for A. clarkii)

for *10 min to determine the anemone each individual

spent the most time in. Anemones were selected so that

[5 m separated anemones of fishes to be fed. Individual

fishes and their host anemones were identified by placing

numbered flagging tape adjacent to the anemones. Fishes

were trained to feed from a SCUBA diver twice daily

(1000 and 1500); the diver would approach no closer than

2 m to the anemone and release artificial food pellets (see

above) into the water column from a 50-ml capped vial.

The training period was 5 days in 2004; A. clarkii quickly

learned to accept food from divers during the training

period such that they actively swam to the diver to receive

the food. We were unsuccessful in feeding A. perideraion

in 2004. In 2007, we switched from SCUBA to snorkel and

extended the training period to 24 days and were then

successful in feeding both A. perideraion and A. clarkii in

the field. Once fishes were trained to feed from divers,
15N-13C-labeled food was fed to the fishes for 7–8 days.

Care was taken to feed 2–3 m from the host anemone so

that no labeled food was consumed directly by the anem-

one. Uneaten food was quickly consumed by several

wrasse species resident on the reef; indeed, the wrasses

competed greatly with the anemonefishes for the food so

we were only able to release 3–4 pellets at a time. Control

fishes were fed unlabeled diet during this second feeding

stage: 3 field A. clarkii in 2004 and 3 field A. perideraion

and 4 field A. clarkii in 2007. Control fishes were located

on the periphery of the patch reef *10 m away from where

the feeding experiments occurred; this was to further

minimize any possibility of the isotope-labeled pellets

being eaten by control fishes. Additional unfed controls (14

A. clarkii and 16 A. perideraion) were collected from the

reef *500 m away from the in situ experiment.

Fish tissue processing

At the end of the 15N-13C feeding trials, fishes were killed

and liver, gill, and muscle tissue were removed (gonads

were also removed when visible). Tissues were initially

dried to constant weight at 63�C for 24–48 h and stored in

airtight centrifuge tubes (SUML) and then further dried

(90�C) and powdered using an aluminum mortar and

motorized pestle at Maine Maritime Academy (MMA).

The stable isotope analyses were performed at Washington

State University (WSU) as described later.

Anemone tissue processing

Zooxanthellae are known to concentrate in the tentacles

and oral disc of host anemones (Verde unpubl data), so this

section of the anemone was removed and processed. The

tentacles and oral disc were homogenized in *100 ml of

200 mM NaHPO4 (pH = 8) extraction buffer and filtered

through a 100-lm mesh strainer to remove mesoglea. The

filtered homogenate was brought to 250 ml with additional
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extraction buffer and thoroughly mixed. Approximately

50 ml of this intact anemone homogenate was immediately

removed to a plastic weigh boat and dried to constant

weight at 63�C.

Two 50-ml aliquots of the remaining homogenate were

centrifuged at *7,000 rpm for 5 min; this separated each

aliquot into a zooxanthellate algal pellet and an animal

supernatant. The animal supernatant from each tube was

combined into a single weigh boat and dried at 63�C. To

obtain a clean algal fraction, the small amount of animal

debris above each algal pellet was removed; the two algal

pellets were then resuspended in 50 ml of extraction buffer

and centrifuged a further 5 min at *7,000 rpm. The

supernatant and the animal tissue layer immediately above

the algal pellet were discarded; the two resultant pellets

were combined and resuspended a final time in 50 ml of

extraction buffer, thoroughly mixed, and dried to constant

weight at 63�C (SUML). The intact, animal, and zooxan-

thellate fractions of the sample were re-dried (90�C) and

ground to a fine powder using an aluminum mortar and

motorized pestle (MMA) and analyzed for 15N and 13C

(WSU) as described later.

Stable isotope analysis

Dried fish tissue or anemone fraction samples were added

to tin capsules and combusted in a Costech (Valencia,

USA) elemental analyzer in the laboratory of RWL. The

resulting N2 and CO2 gases were separated by gas chro-

matography and admitted into the inlet of a GV Instru-

ments (Manchester, UK) Isoprime isotope ratio mass

spectrometer (IRMS) for the determination of 15N�14N-1

and 13C�12C-1 ratios. Typical precision of analyses was

±0.5% for d15N and ±0.2% for d13C where dð0=00Þ ¼
½ðRsample � Rstandard

�1Þ � 1� � 1; 000 with R = 15N�14N-1

or R = 13C�12C-1. The standard for d15N was atmospheric

nitrogen, and for d13C, the standard was Peedee belemnite

(PDB). Delta (d) values correlate with 15N and 13C content

of samples with higher d values corresponding to higher
15N or 13C content. Egg albumin was used as a daily

internal reference material.

Statistical analyses

Since all data sets met the assumptions of normality and

homogeneity of variances (Barlett’s test), parametric sta-

tistical analysis were conducted (Zar 1999). Student’s

t test, analysis of variance (one-, two-, and three-way

ANOVA) and post hoc Tukey (HSD) tests were performed

using the statistical package JMP 7.0 (SAS Institute). From

year to year (between 2004 and 2007), d15N or d13C data

sets for either control or treatment categories (for either fish

or anemone tissues) that were not significantly different

(p [ 0.05) were subsequently pooled. The ensuing data

were visualized using the SlideWrite Plus (Advanced

Graphics Software) graphics package. Data are reported as

means ± standard error (SE).

Results

Uptake of 15N and 13C labels

The isotopic labels 15N and 13C were taken up success-

fully in all treatments; this was true for both laboratory

and field experiments. In all cases, d15N and d13C levels

of experimental fishes, anemones, and zooxanthellae were

significantly higher than those of control fishes, control

anemones incubated with fishes, control anemones incu-

bated without fishes, and control zooxanthellae (p \ 0.05

for all comparisons, Tables 2 and 3 for fish tissues,

Table 4 for anemone and zooxanthellae fractions). This

provided the necessary evidence that the labeling tech-

nique was successful and also demonstrated that there was

no significant difference in isotopic labels 15N and 13C

between control anemones incubated with control fishes

and control anemones without fishes. Because the isotopic

levels were so low in control tissues relative to experi-

mental tissues, control data do not appear in subsequent

figures.

Aquarium-fed fish

All fish tissues of Amphiprion clarkii and A. perideraion

were significantly enriched with 15N at the end of the

aquarium feeding trials (Fig. 1a). d15N was highest in the

liver for both species (two-way ANOVA, F4,59 tissue =

67.3, ptissue \ 0.0001); the isotopic signals were 6–7 times

higher in the liver than those found in muscle tissue. d15N

in gill tissues was also significantly higher than in muscle

tissue for both species. The d15N of gonad tissue in fishes

with developed gonads was intermediate between gill and

muscle tissue. Both A. clarkii and A. perideraion showed

similar patterns of d15N, and there was no significant

species effect (two-way ANOVA, F1,59 species = 0.02,

pspecies = 0.89, Fig. 1a) in 15N accumulation in fish tissues.

The pattern for d 13C in the fish tissues of A. clarkii and

A. perideraion was similar to that of d 15N (two-way

ANOVA, F4,59 tissue = 43.8, ptissue \ 0.0001, F1,59 species =

0.4, pspecies = 0.51, Fig. 1b). Liver d13C was highest for

both fish species, followed by gill d13C and muscle d13C.

d13C of gonadal tissue was again intermediate between gill

and muscle tissue. There was no significant difference in
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label uptake between the two species; this repeated the

pattern seen with d15N.

Field-fed fish

Only A. clarkii was successfully trained to feed on labeled

food in 2004. d15N was again significantly higher in liver

tissue (one-way ANOVA, F4,51 = 4.62, p = 0.003,

Fig. 2a) and also in egg tissue than it was in muscle tissue.

Although d15N was tended to be higher in liver and egg

tissue than in gill tissue and testes, this difference was not

significant. This pattern was essentially repeated for d13C,

with the highest level of isotope in the liver (one-way

ANOVA, F4,51 = 3.8, p = 0.009, Fig. 2b) and the lowest

level in muscle tissue. d13C in gill, eggs, and testes were

intermediate between liver and muscle and did not differ

significantly from either tissue.

Both A. clarkii and A. perideraion were fed successfully

on labeled diet in 2007, and there was a significant dif-

ference in d15N between species (two-way ANOVA, F1,73

species = 4.5, pspecies = 0.04, Fig. 3a) with A. perideraion

having higher d 15N levels. There was considerably more

variation in tissue d15N in field-fed fishes than in aquarium-

fed fishes, most likely due to variation in the amount of

labeled pellets that individual fish consumed as it was not

possible to feed fishes to satiation in situ. As a result of this

variability, patterns in the tissue accumulation of 15N were

harder to discern but still showed significant variation

(two-way ANOVA, F4,53 tissue = 7.2, ptissue \ 0.0001,

Fig. 3a). In contrast with what we saw with the aquarium-

fed fishes, the d15N signal was not highest in the liver but

rather in the egg tissue. For A. perideraion, d15N in egg

tissue was significantly greater than in gill or muscle tissue

but did not differ significantly from liver tissue or testes.

Table 2 d15N levels in five fish tissue types (liver, gill, muscle, eggs, and testes)

Fish species Tissue Control d15N

(Mean ± SE)

N Aquarium Fed d15N

(Mean ± SE)

N Field Fed2004 d15N

(Mean ± SE)

N Field Fed2007 d15N

(Mean ± SE)

N

A. clarkii Liver 8.3 ± 0.2 23 929.2 ± 40.0 9 305.3 ± 54.8 15 208.2 ± 48.2 8

Gill 9.1 ± 0.2 23 414.7 ± 33.4 9 184.2 ± 31.5 15 105.1 ± 25.3 8

Muscle 10.1 ± 0.2 23 144.4 ± 9.9 9 74.6 ± 13.9 15 31.4 ± 6.9 8

Eggs 8.6 ± 0.2 8 339.7 ± 48.0 4 316.4 ± 126.4 5 301.4 ± 101.7 3

Testes 11.4 ± 3.4 9 369.5 ± 47.5 4 177.0 ± 66.5 5 130.7 ± 89.1 3

A. perideraion Liver 7.6 ± 0.5 22 866.0 ± 80.8 8 378.5 ± 93.6 13

Gill 7.6 ± 0.3 22 466.4 ± 69.2 9 152.1 ± 36.3 13

Muscle 8.2 ± 0.3 22 172.7 ± 14.5 8 52.8 ± 11.9 13

Eggs 6.3 ± 0.5 17 419.5 ± 71.2 3 655.6 ± 188.8 7

Testes 6.9 ± 0.4 3 245.0 ± 20.1 2 161.2 ± 78.9 3

In all cases, tissues from experimental treatments had significantly higher d15N (Tukey’s HSD, p \ 0.05, factors were treatment versus control,

species, tissue) than control tissues. Data for control fish from 2004 and 2007 were combined as they did not differ significantly (Student’s t test,

p [ 0.05) between 2004 and 2007. A. perideraion failed to feed in the field in 2004 so there are no data for that interval

Table 3 d13C levels in five fish tissue types (liver, gill, muscle, eggs, and testes)

Fish species Tissue Control d13C

(Mean ± SE)

N Aquarium Fed d13C

(Mean ± SE)

N Field Fed2004 d13C

(Mean ± SE)

N Field Fed2007 d13C

(Mean ± SE)

N

A. clarkii Liver -16.9 ± 0.4 23 205.8 ± 11.0 9 63.7 ± 16.2 15 23.5 ± 7.6 8

Gill -15.4 ± 0.3 23 88.2 ± 10.0 9 24.2 ± 7.3 15 8.9 ± 8.2 8

Muscle -15.4 ± 0.2 23 29.2 ± 3.2 9 4.7 ± 4.3 15 -7.8 ± 2.3 8

Eggs -16.0 ± 0.5 8 70.9 ± 12.8 4 35.3 ± 27.1 5 48.7 ± 26.9 3

Testes -14.2 ± 0.7 9 84.3 ± 9.4 4 28.9 ± 16.6 5 13.4 ± 27.2 3

A. perideraion Liver -15.7 ± 0.6 22 188.4 ± 24.1 8 37.5 ± 15.5 13

Gill -13.6 ± 0.2 22 91.8 ± 17.1 9 9.0 ± 6.3 13

Muscle -14.2 ± 0.1 22 38.2 ± 4.6 8 -2.5 ± 3.2 13

Eggs -14.6 ± 0.3 17 65.0 ± 23.6 3 101.9 ± 32.3 7

Testes -14.0 ± 0.2 3 59.1 ± 3.9 2 20.1 ± 17.5 3

In all cases, tissues from experimental treatments had significantly higher d13C (Tukey’s HSD test, p \ 0.05, factors were treatment versus

control, species, tissue) than control tissues. Data for control fish from 2004 and 2007 were also combined as they did not differ significantly

(Student’s t test, p [ 0.05) between 2004 and 2007. A. perideraion failed to feed in the field in 2004 so there are no data for that interval
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d15N of A. clarkii tissues did not differ statistically from

each other, although the pattern of their signals mimicked

those of A. perideraion. This contrasted sharply with the

2004 results for A. clarkii where we were able to discern

significant differences in label concentrations between

liver, eggs and muscle.

In contrast to the significant species effect on 15N sig-

nals in field-fed fishes, a species effect was not significant

in d13C accumulation in tissues (two-way ANOVA, F1,73

species = 2.3, pspecies = 0.13, Fig. 3b). There was a signif-

icant tissue effect (two-way ANOVA, F4,73 tissue = 6.9,

ptissue \ 0.0001, Fig. 3b) with d13C levels being highest in

the egg tissue of A. perideraion, followed by egg tissue of

A. clarkii (although egg d13C in A. clarkii was not signif-

icantly different from d13C in the other tissues). While

d13C levels in liver, gill and muscle tissues were not sig-

nificantly different from each other, they followed the

pattern of accumulation seen thus far in that liver signals

tended to be highest and muscle signals tended to be

lowest, with gill tissue signals intermediate.

Anemone hosts of aquarium-fed fish

All three anemone fractions (intact anemone, animal,

zooxanthellae) were significantly enriched in 15N and 13C

relative to controls. d15N in these fractions was at least an

order of magnitude greater than control d15N (Table 4)

with the highest concentration evident in zooxanthellae

(two-way ANOVA, F2,56 tissue = 32.7, ptissue \ 0.0001,

Fig. 4a). d15N in zooxanthellae was 2–3 times greater than

d15N in either intact or animal fractions in the aquarium

experiment, and there was a significant species effect (two-

way ANOVA, F1,56 species = 15.2, pspecies = 0.003,

Fig. 4a). Anemones with resident A. clarkii had signifi-

cantly higher levels of d15N in zooxanthellae than did

anemones with resident A. perideraion.

There was no significant difference (two-way ANOVA,

F2,56 tissue = 1.26, ptissue = 0.29, Fig. 4b) in d13C among

intact anemone, animal, and zooxanthellae fractions in

anemones of aquarium-fed fishes, but the levels were sig-

nificantly elevated relative to control anemones (d13C was

lower than that of the PDB standard for both experimental

and control anemones so values are negative). There was a

significant species effect (two-way ANOVA, F1,56 spe-

cies = 24.6, pspecies \ 0.0001, Fig. 4b) with d13C tending to

be higher in anemones with resident A. clarkii.

Anemone hosts of field-fed fishes

As seen in the anemone hosts of the aquarium-fed fishes,

d15N and d13C of intact anemone, animal, and zooxan-

thellate fractions were significantly higher than controls for

host anemones of field-fed fishes. However, the magnitude

of the increase was much less than that seen for aquarium-

fed fishes. In 2004, only A. clarkii ate the labeled pellets,

but in 2007 both fish species fed successfully. While the

results of the aquarium feeding experiments demonstrated

significant differences in d15N between the different

Table 4 d15N and d13C levels in three anemone fractions (intact anemone, animal fraction, zooxanthellae fraction)

Fish species Tissue Control d15N

(Mean ± SE)

N Aquarium Fed d15N

(Mean ± SE)

N Field Fed2004 d15N

(Mean ± SE)

N Field Fed2007 d15N

(Mean ± SE)

N

A. clarkii Intact 5.0 ± 0.6 6 80.3 ± 9.6 9 15.3 ± 2.6 10 17.5 ± na 1

Animal 5.2 ± 0.6 6 60.0 ± 7.1 9 14.5 ± 2.5 10 12.5 ± 1.7 2

Zooxanthellae -3.8 ± 0.6 6 171.7 ± 23.0 9 25.3 ± 5.0 10 31.8 ± 15.4 2

A. perideraion Intact 7.9 ± 2.4 8 58.0 ± 7.2 11 26.1 ± 6.2 7

Animal 8.5 ± 3.0 8 39.1 ± 3.3 11 23.6 ± 7.1 6

Zooxanthellae 0.3 ± 1.3 7 104.9 ± 12.1 11 39.2 ± 9.8 7

Fish species Tissue Control d13C

(Mean ± SE)

N Aquarium Fed d13C

(Mean ± SE)

N Field Fed2004 d13C

(Mean ± SE)

N Field Fed2007 d13C

(Mean ± SE)

N

A. clarkii Intact -12.7 ± 0.5 6 -7.5 ± 1.0 9 -12.1 ± 0.2 10 -12.9 ± na 1

Animal -12.7 ± 0.3 6 -7.7 ± 1.0 9 -12.1 ± 0.2 10 -12.1 ± 0.7 2

Zooxanthellae -16.3 ± 0.7 6 -8.2 ± 1.0 9 -12.4 ± 0.3 10 -13.0 ± 2.0 2

A. perideraion Intact -12.5 ± 0.5 8 -10.5 ± 0.3 11 -10.1 ± 0.8 7

Animal -12.2 ± 0.7 8 -10.1 ± 0.4 11 -9.9 ± 1.1 6

Zooxanthellae -15.8 ± 0.5 7 -11.7 ± 0.5 11 -12.8 ± 0.3 7

In all cases, tissues from experimental treatments had significantly higher d15N (Tukey’s HSD test, p \ 0.05, factors were treatment versus

control, species, tissue) than control tissues. A. perideraion failed to feed in the field in 2004 so there are no data for that interval. For control

anemones, a total of 6 anemones that hosted A. clarkii and 8 anemones that hosted A. perideraion were sampled during 2004 and 2007, but as no

significant difference was detected (Student’s t test, p [ 0.05) between the 2 years, the data were combined
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anemone fractions, we did not see significant differences

among fractions for the field experiments. However, the

trend toward increased d15N in zooxanthellae fractions was

still apparent. In 2004, d15N in zooxanthellae was almost

twice that of d15N in intact anemone and animal fractions

(one-way ANOVA, F2,28 = 0.8, p = 0.07, Fig. 5a) for

host anemones of A. clarkii. In 2007, again d15N in zoo-

xanthellae tended toward a value twice that of the other

fractions (two-way ANOVA, F2,21 tissue = 1.2, ptissue =

0.31, F1,21 species = 0.7, pspecies = 0.39, Fig. 5b). The var-

iation in the amount of food ingested by field-fed fishes

could have led to the high variation seen in d15N in

anemone fractions and thus potentially masks significant

fractionation among tissue types.

While d13C was significantly higher in all anemone

tissue fractions of experimental anemones relative to con-

trols, no pattern was revealed between the different

fractions. There was no significant difference in d13C

among intact, anemone, or zooxanthellate fractions in 2004

(one-way ANOVA, F2,28 = 0.79, p = 0.47, Fig. 6a) when

only A. clarkii were successfully fed, nor in 2007 when

both fish species fed successfully (two-way ANOVA, F2,21

tissue = 1.4, ptissue = 0.28, F1,21 species = 2.6, pspecies =

0.12, Fig. 6b). These results replicated those of the

aquarium experiments where significant label uptake

occured but no anemone fraction differences were seen.

Discussion

All three anemone fractions (intact anemone, animal,

zooxanthellae) were significantly enriched in 15N and 13C

relative to controls in both the laboratory and in situ; these

data provide the first direct evidence of 15N and 13C

Fig. 1 d15N (a) and d13C (b) in selected fish tissues of A. clarkii and

A. perideraion after 5 days of ad libitum feeding on a 15N-13C-labeled

diet. Fish were maintained in 38-L aquaria with running seawater.

Histogram bars that share letters are not significantly different

(Tukey’s HSD test, p [ 0.05). Data are mean ± SE. For fish sample

sizes (N), refer to appropriate column in Tables 2 and 3

Fig. 2 d15N (a) and d13C (b) in selected fish tissues of A. clarkii
trained to feed on a 15N-13C-labeled diet in the field in 2004. Fish

were fed labeled diet for 7–8 consecutive days prior to collection.

Histogram bars that share letters are not significantly different

(Tukey’s HSD test, p [ 0.05). Data are mean ± SE. For fish sample

sizes (N), refer to appropriate column in Tables 2 and 3
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transfer from resident anemonefishes to host anemones and

their intracellular zooxanthellae. Zooxanthellate fractions

in our study had the highest d15N; this result concurs with

that of Roberts et al. (1999) who found that zooxanthellae

became enriched with 15N at up to 17 times the rate of the

host Anemonia viridis. Many studies have indirectly dem-

onstrated the role resident fishes may play in the nitrogen

budget of their host corals (Liberman et al. 1995; Meyer

and Schultz 1985) or anemones (Porat and Chadwick-

Furman 2004, 2005; Holbrook and Schmitt 2005; Roopin

et al. 2008; Roopin and Chadwick 2009). Heikoop et al.

(2000) examined the 15N signals in corals subject to sew-

age disposal and found the corals consumed wastewater

nutrients. Their study successfully used stable isotopes in

wastewater to demonstrate that cnidarians are capable of

uptake of nitrogenous waste and the evidence that fishes

could thus directly provide nitrogenous waste was tanta-

lizingly close. Fish metabolic waste would be expected to

be taken up by cnidarians, as our study suggests.

d15N and d13C were highest in the liver tissues of

Amphiprion clarkii and A. perideraion, as expected. The

role of the liver in digestion and processing of proteins,

carbohydrates, and lipids (Gerking 1994) would make it a

likely organ for 15N and 13C to be found in high concen-

tration. Similarly, the significant isotope signal level at the

gills was expected as the gills are the primary site of

nitrogen excretion, generally in the form of ammonium,

and carbon excretion in the form of bicarbonate ion

(Marshal and Grosell 2006). The d15N and d13C in muscle

tissue was often lower than those in liver and gill tissue for

two reasons: the duration of the feeding experiment was

relatively short to trigger increased muscle growth in the

Fig. 3 d15N (a) and d13C (b) in selected fish tissues of A. clarkii and

A. perideraion trained to feed on a 15N-13C-labeled diet in the field in

2007. Fish were fed labeled diet for 7–8 consecutive days prior to

collection. Histogram bars that share letters are not significantly

different (Tukey’s HSD test, p [ 0.05). Data are mean ± SE. For fish

sample sizes (N), refer to appropriate column in Tables 2 and 3

Fig. 4 d15N (a) and d13C (b) in intact anemone (intact), animal, and

zooxanthellae (zoox) fractions of anemones incubated for 5 days with

A. clarkii and A. perideraion fed ad libitum with a 15N-13C-labeled

diet; fishes and anemones were housed in 38-L aquaria with running

seawater. Histogram bars that share letters are not significantly

different (Tukey’s HSD test, p [ 0.05). Data are mean ± SE. For

anemone sample sizes (N), refer to appropriate column in Table 4
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adult fishes and growth rates of anemonefishes are highly

socially controlled (Buston 2003). Because of the strict

social control over growth rate, it is more likely that excess

food energy is directed toward gonadal development and

may explain the elevated isotopic signals of both eggs and

testes. Anemonefishes are capable of breeding year round

(Fautin and Allen 1992; Richardson et al. 1997), and the

number of breeding cycles per year may be correlated with

energy intake in pomacentrids (Tyler and Stanton 1995).

While both A. clarkii and A. perideraion showed sig-

nificant incorporation of 15N and 13C, not all of ingested

nutrients can be assimilated by the fishes. Studies of other

pomacentrid fish species indicate a range of assimilation

efficiency for ingested protein [two Gulf of California

damselfishes Microspathodon dorsalis and Stegastes rec-

tifraenum 57–67% (Montgomery and Gerking 1980), jewel

damselfish Plectroglyphidodon lacrymatus 83% (Polunin

1988), S. apicalis [ 50% (Klumpp and Polunin 1989),

threespot damselfish S. planifrons and dusky damselfish

S. dorsopunicans [ 95% (Cleveland and Montgomery

2003)] and carbohydrate [Microspathodon dorsalis and

S. rectifraenum 37–44% (Montgomery and Gerking 1980),

jewel damselfish Plectroglyphidodon lacrymatus 56%

(Polunin 1988), threespot damselfish S. planifrons and

dusky damselfish S. dorsopunicans [ 90% (Cleveland and

Montgomery 2003)]. Ingested nutrients that are not

assimilated are excreted as fecal material and calcium

carbonate/magnesium carbonate precipitates (Walsh et al.

1991; Wilson et al. 2009) and ammonium and bicarbonate

ions at the gills (Marshal and Grosell 2006); it is these

excreted nutrients that are hypothesized to facilitate growth

Fig. 5 d15N in intact anemone (intact), animal, and zooxanthellae

(zoox) fractions of host anemones of a field-fed A. clarkii fed

7–8 days on a 15N-13C-labeled diet in 2004 and b field-fed A. clarkii
and A. perideraion fed 7–8 days on a 15N-13C-labeled diet in 2007.

Histogram bars that share letters are not significantly different

(Tukey’s HSD test, p [ 0.05). Data are mean ± SE. For anemone

sample sizes (N), refer to appropriate column in Table 4

Fig. 6 d13C in intact anemone (intact), animal, and zooxanthellae

(zoox) fractions of host anemones of a field-fed A. clarkii fed

7–8 days on a 15N-13C-labeled diet in 2004 and b field-fed A. clarkii
and A. perideraion fed 7–8 days on a 15N-13C-labeled diet in 2007.

Histogram bars that share letters are not significantly different

(Tukey’s HSD test, p [ 0.05). Data are mean ± SE. For anemone

sample sizes (N), refer to appropriate column in Table 4
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and reproduction in cnidarians and zooxanthellae. Meyer

et al. (1983) indicated that 80–99% of nitrogen excreted

by French and white grunts, Haemulon flavolineatum and

H. plumier, is in the form of ammonium; this is the form of

nitrogen most readily taken up by cnidarians (Muscatine

and Porter 1977; D’Elia and Webb 1977; Muscatine and

D’Elia 1978). Roopin et al. (2008) estimated the mean

ammonium excretion rate for a pair of anemonefish

A. bicinctus at 10–74 lmol h-1 under laboratory condi-

tions. Lower excretion rates (12.6 lmol h-1 fish-1) are

estimated in the field yet still represent an enrichment over

background ammonia levels (Roopin et al. 2008).

There was a significant species effect in d15N seen in the

anemone fractions in the aquarium experiment with host

anemones of A. clarkii having significantly higher con-

centrations of nitrogen. A trend to the opposite was seen in

the field experiment where d15N tended to be higher in

anemone fractions with resident A. perideraion although

this difference was not significant due to limited sample

size (several A. clarkii samples were lost in transit). These

results lead to an intriguing question of whether one ane-

monefish species may be a better symbiont to its host

anemone. Roopin et al. (2008) suggested that the time an

anemonefish spends away from its host anemone can

reduce the potential nutrient contribution of ammonium

and fecal material. In our aquarium studies, both A. clarkii

and A. perideraion were confined to the same size aquaria.

As A. clarkii is the larger species on average, (A. clarkii

mean weight = 23.7 ± 6.6 g, A. perideraion mean

weight = 10.9 ± 3.6 g, for all fishes used in our study)

and ingested more of the labeled pellets, it is likely that the

species effect we saw in the aquarium experiments was due

to the higher feeding and subsequent excretion rates of

A. clarkii. However, the behavior of A. clarkii and

A. perideraion in the field is significantly different from the

forced behavior of the aquarium environment. Under nat-

ural field conditions, female A. clarkii spend significantly

more time away from their host anemone, and are associ-

ated with significantly more anemones, than are female

A. perideraion. Cleveland et al. (2006) found that female

A. clarkii spend on average about 10% of their time within

25 cm of a host anemone, and each female associates with

4-5 anemones within her home range, although one

anemone is usually the preferred host. In contrast, female

A. perideraion spend about 50% of their time within 25 cm

of their host anemone and generally are only associated

with one anemone (although some females associate with

more). Male A. clarkii and A. perideraion show similar

behaviors (Cleveland unpubl data). This ranging pattern

was also documented by Hattori (2002); A. clarkii had a

larger home range, sometimes including two or more hosts,

whereas A. perideraion’s home range was not much larger

than the extent of the host anemone. These behavioral

differences between species suggest that A. perideraion,

while still the smaller fish species, may provide more

nutrient benefit to the host anemone due to the higher

amount of time spent in close proximity to their host

anemones. Excretion of ammonium from the gills is likely

not voluntarily controlled by the fish and thus is likely to

occur whether the fish is within its host anemone or away.

This interpretation suggests that A. perideraion could

provide more nitrogen to the anemone via ammonium

excretion. Some fishes are seen to control where they

defecate, and both A. clarkii and A. perideraion may pro-

vide direct fecal input to their host anemone when spending

time within their tentacles. Indeed, only rarely were

A. clarkii observed defecating in the field, and A. peri-

deraion never were, which suggests they may defecate

directly within the tentacular crowns of their hosts.

The significant elevation of d15N, but not d13C, in the

zooxanthellae suggests that nitrogen is a limiting nutrient

that must be conserved, while carbon at least in the form of
13CO2 is not. Inorganic carbon, in the form of bicarbonate,

is in abundance in seawater and presumably does not limit

photosynthesis. In contrast, the organic 13C-containing

compounds associated with fecal material, and with fish

mucus, may play a more significant role in zooxanthellae

nutrition. Fish mucus, which is rich in glycoproteins

(Nakagawa et al. 1988), is a significant source of nutrition

in many reef symbioses (e.g. Arnal et al. 2001). Rinkevich

et al. (1991) demonstrated that photosynthetic products

from zooxanthellae in the branching coral Stylophora

pistillata were incorporated into coral mucus that was then

grazed by the symbiotic xanthid crab Trapezia cymodoce.

Arnal et al. (2001) suggested that the protein content of fish

mucus is not negligible (39–78% dry weight) and is a

reliable source of energy for cleaner wrasses and cleaner

shrimp. Lastly, Brooks and Mariscal (1984) hypothesized

that anemonefishes secrete protective mucus to avoid being

stung by their host anemones. It is therefore likely that the

mucus coating of the fishes in our experiment incorporated
13C and 15N, which was then transferred to the anemone by

either direct ingestion or transmembrane absorption by

ectoderm and/or endoderm layers (Ferguson 1982; Gomme

1982; DeFreese and Clark 1991); subsequent transfer to

zooxanthellae would then be possible.

The ecological significance of symbioses in the coral

reef ecosystem cannot be overstated, nor must we risk

oversimplification by focusing solely on one exchange at a

time. Significant work has been done on algal–sponge

(Davy et al. 2002), algal–cnidarian (see Table 2 of Venn

et al. 2008), algal–mollusk (Belda et al. 1993), and shrimp–

cnidarian (Fautin et al. 1995) symbioses, as well as fish–

cnidarian interactions (Porat and Chadwick-Furman 2004,

2005; Holbrook and Schmitt 2005; Holbrook et al. 2008;

Roopin et al. 2008; Roopin and Chadwick 2009) but the
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links are much more complex. Davies (1992) suggested

that the ecological success of coral reefs in an otherwise

nutrient-poor tropical ocean is largely due to the multitude

of symbiotic relationships among coral reef species.

Tropical fishes of the family Pomacentridae have been

found to have the highest rate of body mass growth per

week of reef fish species examined (Depczynski et al.

2007), reflecting their importance for energy transfer

among trophic levels. Anemonefishes, as planktivores, are

net importers of nitrogen from the water column to the

benthic environment (Fricke 1979; Fautin and Allen 1992),

and their high feeding rates and biomass production confer

benefits not only to their host anemone and endosymbiotic

zooxanthellae but potentially serve as mediators that affect

nutrient cycling at a higher level (Roopin et al. 2008).

Consider this scenario. The growth, fission rate, and

reproductive capacity of anemones are tied to their endo-

symbiotic zooxanthellae (Holbrook and Schmitt 2005).

Increased nutrient levels, particularly nitrogen (Roopin

et al. 2008; Roopin and Chadwick 2009), facilitate

increased photosynthesis and mitotic division in zooxan-

thellae (Fitt and Cook 2001). As zooxanthellae densities

increase, substantially more essential amino acids and other

organic compounds are translocated to the host anemone,

which facilitates the anemone’s growth (as shown for corals

by Meyer and Shultz 1985; Hoegh-Guldberg and Smith

1989; Fitt and Cook 2001). Larger anemones can shelter

more anemonefish, as well as increase the number of

Dascyllus permitted as cohabitants (Schmitt and Holbrook

2003). As the number of resident anemonefishes and

Dascyllus increase, the positive feedback of ammonium

excretion and fecal input to anemone growth will facilitate

more anemone reproduction and/or fission, which in turn

can provide additional habitat for other anemonefishes, as

well as the myriad other organisms that such a community

supports.

While the links in this system have long been suspected,

yet only recently investigated (Porat and Chadwick-

Furman 2005; Roopin et al. 2008; Roopin and Chadwick

2009), our study provides the first definitive 15N and 13C

link from resident anemonefish to host anemone and to

endosymbiotic zooxanthellae. The complex interactions of

the coral reef environment, of which this tripartite symbi-

osis plays a part, are under increasing threat from over-

harvesting, pollution, bleaching, and climate change

(Roberts et al. 2002). Shuman et al. (2005) found that close

to 60% of the total aquarium trade catch in the Philippines

consisted of anemones and anemonefishes. Our data sug-

gest that anemonefishes play a significant role in host

cnidarian nutrition and may protect against or mitigate

bleaching events. The implications of this study are rele-

vant to the basic understanding of nutrient cycling in coral

reef ecosystems and underscore the complex interactions in

a marine ecosystem that contains more than 25% of global

marine biodiversity.
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Arnal C, Côté IM, Morand S (2001) Why clean and be cleaned? The

importance of client ectoparasites and mucus in a marine

cleaning symbiosis. Behav Ecol Sociobiol 51:1–7. doi:10.1007/

s002650100407

Arvedlund M, Iwao K, Brolund TM, Takemura A (2006) Juvenile

Thalassoma amblycephalum Bleeker (Labridae, Teleostei)

dwelling among the tentacles of sea anemones: a cleanerfish

with an ususual client? J Exp Mar Biol Ecol 329:161–173. doi:

10.1016/j.jembe.2005.08.005

Bachar A, Achituv Y, Pasternak Z, Dubinsky Z (2007) Autotrophy

versus heterotrophy: the origin of carbon determines its fate in a

symbiotic sea anemone. J Exp Mar Biol Ecol 349:295–298. doi:

10.1016/j.jembe.2007.05.030

Belda CA, Lucas JS, Yellowlees D (1993) Nutrient limitation in the

giant clam-zooxanthellae symbiosis: effects of nutrient supple-

ments on growth of the symbiotic partners. Mar Biol

117:655–664. doi:10.1007/BF00349778

Biel KY, Gates RD, Muscatine L (2007) Effects of free amino acids

on the photosynthetic carbon metabolism of symbiotic dinoflag-

ellates. Russian J Plant Physiol 54:171–183. doi:10.1134/S1021

443707020033

Brooks WR, Mariscal RN (1984) The acclimation of anemone fishes

to sea anemones: protection by changes in the fish’s mucous

coat. J Exp Mar Biol Ecol 80:277–285. doi:10.1016/0022-

0981(84)90155-2

Buston PM (2003) Mortality is associated with social rank in the clown

anemonefish (Amphiprion percula). Mar Biol 143:811–815. doi:

10.1007/s00227-003-1106-8

Cleveland A, Montgomery WL (2003) Gut characteristics and

assimilation efficiencies in two species of herbivorous damself-

ishes (Pomacentridae: Stegastes dorsopunicans and S. plani-
frons). Mar Biol 142:35–44. doi:10.1007/s00227-002-0916-4

Cleveland A, Jackson HR, Verde EA (2006) Behavioral comparisons

of two sympatric clownfish species (Amphiprion clarkia and A.
perideraion) as symbionts of the anemone Heteractis crispa.

Ecol Evol Ethol Fish Symp, Soka University, Aliso Viejo

Cocheret de la Morinière E, Pollux BJA, Nagelkerken I, Hemminga

MA, Huiskes AHL, van der Velde G (2003) Ontogenetic dietary

changes of coral reef fishes in the mangrove-seagrass-reef

continuum: stable isotopes and gut-content analysis. Mar Ecol

Prog Ser 246:279–289. doi:10.3354/meps246279

D’Elia CF, Webb KL (1977) The dissolved nitrogen flux of reef

corals. In: Proceedings of 3rd International Coral Reef Sympo-

sium, Miami

D’Elia CF, Domoster SL, Webb KL (1983) Nutrient uptake kinetics

of freshly isolated zooxanthellae. Mar Biol 75:157–167. doi:

10.1007/BF00405998

600 Mar Biol (2011) 158:589–602

123

Author's personal copy

http://dx.doi.org/10.1007/s002650100407
http://dx.doi.org/10.1007/s002650100407
http://dx.doi.org/10.1016/j.jembe.2005.08.005
http://dx.doi.org/10.1016/j.jembe.2007.05.030
http://dx.doi.org/10.1007/BF00349778
http://dx.doi.org/10.1134/S1021443707020033
http://dx.doi.org/10.1134/S1021443707020033
http://dx.doi.org/10.1016/0022-0981(84)90155-2
http://dx.doi.org/10.1016/0022-0981(84)90155-2
http://dx.doi.org/10.1007/s00227-003-1106-8
http://dx.doi.org/10.1007/s00227-002-0916-4
http://dx.doi.org/10.3354/meps246279
http://dx.doi.org/10.1007/BF00405998


Davies PS (1992) Endosymbiosis in marine cnidarians. In: John DM,

Hawkins SJ, Prince JH (eds) Plant-animal interactions in the

marine benthos. Clarendon Press, Oxford, pp 511–540

Davy SK, Trautman DA, Borowitzka MA, Hinde R (2002) Ammo-

nium excretion by a symbiotic sponge supplies the nitrogen

requirements of its rhodophyte partner. J Exp Biol 205:

3505–3511

DeFreese DE, Clark KB (1991) Transepidermal uptake of dissolved

free amino acids from seawater by three ascoglossan opistho-

branchs. J Molluscan Stud 57:65–74. doi:10.1093/mollus/57.

Supplement_Part_4.65

Depczynski M, Fulton CJ, Marnane MJ, Bellwood DR (2007) Life

history patterns shape energy allocation among fishes on coral

reefs. Oecologia 153:111–120. doi:10.1007/s00442-007-0714-2

Fautin DG (1991) The anemonefish symbiosis: what is known and

what is not. Symbiosis 10:23–46

Fautin DG, Allen GR (1992) Field guide to anemonefishes and their

host sea anemones. Western Australia Museum, Perth

Fautin DG, Guo C-C, Hwang J-S (1995) Costs and benefits of the

symbiosis between the anemoneshrimp Periclimenes brevicarp-

alis and its host Entacmaea quadricolor. Mar Ecol Prog Ser

129:77–84. doi:10.3354/meps129077

Ferguson JC (1982) A comparative study of the net metabolic benefits

derived from the uptake and release of free amino acids by

marine invertebrates. Biol Bull 162:1–17

Fitt WK, Cook CB (2001) The effects of feeding or addition of

dissolved inorganic nutrients in maintaining the symbiosis

between dinoflagellates and a tropical marine cnidarians. Mar

Biol 139:507–517. doi:10.1007/s002270100598

Fricke HW (1979) Mating system, resource defense and sex change in

the anemonefish, Amphiprion akallopisos. Z Tierpsychol 50:

313–326

Furla P, Allemand D, Schick JM, Ferrier-Pages C, Richier S,

Plantivaux A, Merle P, Tambutte S (2005) The symbiotic

anthozoan: a physiological chimera between alga and animal.

Integr Comp Biol 45:595–604. doi:10.1093/icb/45.4.595

Gerking SD (1994) Feeding ecology of fish. Academic Press, San

Diego

Godinot C, Chadwick NE (2009) Phosphate excretion by anemonefish

and uptake by giant sea anemones: demand outstrips supply. Bull

Mar Sci 85:1–9

Godwin J, Fautin DG (1992) Defense of host actinians by anemo-

nefishes. Copeia 1992(3):902–908

Goldshmid R, Holzman R, Weihs D, Genin A (2004) Aeration of

corals by sleep-swimming fish. Limnol Oceanogr 49:1832–1839

Gomme J (1982) Epidermal nutrient absorption in marine inverte-

brates: a comparative analysis. Amer Zool 22:691–708. doi:

10.1093/icb/22.3.691

Hattori A (2002) Small and large anemonefishes can coexist using the

same patchy resources on a coral reef, before habitat destruction.

J Anim Ecol 71:824–831. doi:10.1046/j.1365-2656.2002.00649.x

Heikoop JM, Risk MJ, Lazier AV, Edinger EN, Jompa J, Limmon

GV, Dunn JJ, Browne DR, Schwarcz HP (2000) Nitrogen-15

signals of anthropogenic nutrient loading in reef corals. Mar Poll

Bull 40:628–636. doi:10.1016/S0025-326X(00)00006-0

Ho C-T, Kao S-J, Dai C-F, Hsieh H-L, Shiah F-K, Jan K-Q (2007)

Dietary separation between two blennies and the Pacific Gregory

in northern Taiwan: evidence from stomach content and stable

isotope analysis. Mar Biol 151:729–736. doi:10.1007/s00227-

006-0517-8

Hoegh-Guldberg O, Smith GJ (1989) The effect of sudden changes in

temperature, light and salinity on the population density and

export of zooxanthellae from the reef corals Stylophora pistillata
Esper and Seriatopora hystrix Dana. J Exp Mar Biol Ecol

129:279–303. doi:10.1016/0022-0981(89)90109-3

Holbrook SJ, Schmitt RJ (2005) Growth, reproduction and survival of

a tropical sea anemone (Actinaria): benefits of hosting ane-

monefish. Coral Reefs 24:67–73. doi:10.1007/s00338-004-

0432-8

Holbrook SJ, Brooks AJ, Schmitt RJ, Stewart HL (2008) Effects of

sheltering fish on growth of their coral hosts. Mar Biol

155:521–530. doi:10.1007/s00227-008-1051-7

Houlbrèque F, Ferrier-Pagès C (2009) Heterotrophy in tropical

scleractinian corals. Biol Rev 84:1–17. doi:10.1111/j.1469-

185X.2008.00058.x

Klumpp DW, Polunin NVC (1989) Partitioning among grazers of

food resources within damselfish territories on a coral reef. J Exp

Mar Biol Ecol 125:145–169. doi:10.1016/0022-0981(89)900

40-3

Liberman T, Genin A, Loya Y (1995) Effects on growth and

reproduction of the coral Stylophora pistillata by the mutualistic

damselfish Dascyllus marginatus. Mar Biol 121:741–746. doi:

10.1007/BF00349310

Lipschultz F, Cook CB (2002) Uptake and assimilation of 15N-

ammonium by the symbiotic sea anemone Batholomea annulata
and Aiptasia pallida: conservation versus recycling of nitrogen.

Mar Biol 140:489–502. doi:10.1007/s00227-001-0717-1

Marshal WS, Grosell M (2006) Ion transport, osmoregulation, and

acid-base regulation. In: Evans DH, Claiborne JB (eds) The

physiology of fishes, 3rd edn. CRC Press, Boca Raton,

pp 177–230

Meyer JL, Schultz ET (1985) Tissue condition and growth rate of

corals associated with schooling fish. Limnol Oceanogr

30:157–166

Meyer JL, Schultz ET, Helfman GS (1983) Fish schools: an asset to

corals. Science 220:1047–1049. doi:10.1126/science.220.4601.

1047

Montgomery WL, Gerking SD (1980) Marine macroalgae as foods for

fishes: an evaluation of potential food quality. Environ Biol Fish

5:143–153. doi:10.1007/BF02391621

Muscatine L (1990) The role of symbiotic algae in carbon and energy

flux in reef corals. In: Dubinsky Z (ed) Coral reefs. Elsevier,

Amsterdam

Muscatine L, D’Elia CF (1978) The uptake, retention, and release of

ammonium by reef corals. Limnol Oceanogr 23:725–734

Muscatine L, Kaplan IR (1994) Resource partitioning by reef corals

as determined from stable isotope composition II. 15N of

zooxanthellae and animal tissue versus depth. Pac Sci

48:304–312

Muscatine L, Porter JW (1977) Reef corals and mutualistic symbiosis

adapted to nutrient-poor environment. BioSci 27:454–460

Nakagawa H, Asakawa M, Enomoto N (1988) Diversity in the

carbohydrate moieties of mucus glycoproteins of various fishes.

Nippon Suisan Gakkaishi 54:1653–1658

Pinnegar JK, Polunin NVC (2006) Planktivorous damselfish supports

significant nitrogen and phosphorus fluxes to Mediterranean

reefs. Mar Biol 148:1089–1099. doi:10.1007/s00227-005-0141-z

Polunin NVC (1988) Efficient uptake of algal production by a single

resident herbivorous fish on a reef. J Exp Mar Biol Ecol

123:61–76. doi:10.1126/science.220.4601.1047

Porat D, Chadwick-Furman NE (2004) Effects of anemonefish on

giant sea anemones: expansion behavior, growth, and survival.

Hydrobiologica 530–531:513–520. doi:10.1007/978-1-4020-

2762-8_58

Porat D, Chadwick-Furman NE (2005) Effects of anemonefish on

giant sea anemones: ammonium uptake, zooxanthella content

and tissue regeneration. Mar Fresh Behav Physiol 38:43–51. doi:

10.1080/10236240500057929

Richardson DL, Harrison PL, Harriott VJ (1997) Timing of spawning

and fecundity of a tropical and subtropical anemonefish

Mar Biol (2011) 158:589–602 601

123

Author's personal copy

http://dx.doi.org/10.1093/mollus/57.Supplement_Part_4.65
http://dx.doi.org/10.1093/mollus/57.Supplement_Part_4.65
http://dx.doi.org/10.1007/s00442-007-0714-2
http://dx.doi.org/10.3354/meps129077
http://dx.doi.org/10.1007/s002270100598
http://dx.doi.org/10.1093/icb/45.4.595
http://dx.doi.org/10.1093/icb/22.3.691
http://dx.doi.org/10.1046/j.1365-2656.2002.00649.x
http://dx.doi.org/10.1016/S0025-326X(00)00006-0
http://dx.doi.org/10.1007/s00227-006-0517-8
http://dx.doi.org/10.1007/s00227-006-0517-8
http://dx.doi.org/10.1016/0022-0981(89)90109-3
http://dx.doi.org/10.1007/s00338-004-0432-8
http://dx.doi.org/10.1007/s00338-004-0432-8
http://dx.doi.org/10.1007/s00227-008-1051-7
http://dx.doi.org/10.1111/j.1469-185X.2008.00058.x
http://dx.doi.org/10.1111/j.1469-185X.2008.00058.x
http://dx.doi.org/10.1016/0022-0981(89)90040-3
http://dx.doi.org/10.1016/0022-0981(89)90040-3
http://dx.doi.org/10.1007/BF00349310
http://dx.doi.org/10.1007/s00227-001-0717-1
http://dx.doi.org/10.1126/science.220.4601.1047
http://dx.doi.org/10.1126/science.220.4601.1047
http://dx.doi.org/10.1007/BF02391621
http://dx.doi.org/10.1007/s00227-005-0141-z
http://dx.doi.org/10.1126/science.220.4601.1047
http://dx.doi.org/10.1007/978-1-4020-2762-8_58
http://dx.doi.org/10.1007/978-1-4020-2762-8_58
http://dx.doi.org/10.1080/10236240500057929


(Pomacentridae: Amphiprion) on a high latitude reef on the east

coast of Australia. Mar Ecol Prog Ser 156:175–181

Rinkevich B, Wolodarsky Z, Loya Y (1991) Coral-crab association: a

compact domain of a multilevel trophic system. Hydrobiologia

216/217:279–284. doi:10.1007/BF00026475

Roberts JM, Davies PS, Fixter LM, Preston T (1999) Primary site and

initial products of ammonium assimilation in the symbiotic sea

anemone Anemonia viridis. Mar Biol 135:223–236. doi:10.1007/

s002270050620

Roberts CM, McClean CJ, Veron JEN, Hawkins JP, Allen GR,

McAllister DE, Mittermeier CG, Schueler FW, Spalding M,

Wells F, Vynne C, Werner TB (2002) Marine biodiversity

hotspots and conservation priorities for tropical reefs. Science

295:1280–1284. doi:10.1126/science.1067728

Roopin M, Chadwick NE (2009) Benefits to host sea anemones from

ammonia contributions of resident anemonefishes. J Exp Mar

Biol Ecol 370:27–34. doi:10.1016/j.jembe.2008.11.006

Roopin M, Henry RP, Chadwick NE (2008) Nutrient transfer in a

marine mutualism: patterns of ammonia excretion by anemone-

fish and uptake by giant sea anemones. Mar Biol 154:547–556.

doi:10.1007/s00227-008-0948-5

Schmitt RJ, Holbrook SJ (2003) Mutualism can mediate competition

and promote coexistence. Ecol Letters 6:898–902. doi:

10.1046/j.1461-0248.2003.00514.x

Shuman CS, Hodgson G, Ambrose RF (2005) Population impacts of

collecting sea anemones and anemonefish for the marine

aquarium trade in the Philippines. Coral Reefs 24:564–573. doi:

10.1007/s00338-005-0027-z

Stewart HL, Holbrook SJ, Schmitt RJ, Brooks AJ (2006) Symbiotic

crabs maintain coral health by clearing sediments. Coral Reefs

25:609–615. doi:10.1007/s00338-006-0132-7

Tanaka Y, Miyajima T, Koike I, Hayashibara T, Ogawa H (2006)

Translocation and conservation of organic nitrogen within the

coral-zooxanthella symbiotic system of Acropora pulchra, as

demonstrated by dual isotope-labeling techniques. J Exp Mar

Biol Ecol 336:110–119. doi:10.1016/j.jembe.2006.04.011

Tyler WA, Stanton F (1995) Potential influence of food abundance on

spawning patterns in a damselfish, Abudefduf abdominalis. Bull

Mar Sci 57:610–623

Venn AA, Loram JE, Douglas AE (2008) Photosynthetic symbioses

in animals. J Exper Bot 59:1069–1080. doi:10.1093/jxb/erm328

Walsh PJ, Blackwelder P, Gill KA, Danulat E, Mommsen TP (1991)

Carbonate deposits in marine fish intestines: a new source of

biomineralization. Limnol Oceangr 36:1227–1232

Wang J-T, Douglas AE (1998) Nitrogen recycling or nitrogen

conservation in an alga-invertebrate symbiosis? J Exp Mar Biol

Ecol 201:2445–2453

Wang J-T, Douglas AE (1999) Essential amino acid synthesis and

nitrogen recycling for an alga-invertebrate symbiosis. Mar Biol

135:219–222. doi:10.1007/s002270050619

Wilkerson FP, Trench RK (1986) Uptake of dissolved inorganic

nitrogen by the symbiotic clam Tridacna gigas and the coral

Acropora sp. Mar Biol 93:237–246. doi:10.1007/BF00508261

Wilson RW, Millero FJ, Taylor JR, Walsh PJ, Christensen V,

Jennings S, Grosell M (2009) Contribution of fish to the marine

inorganic carbon cycle. Science 323:359–362. doi:10.1126/

science.1157972

Yellowlees D, Rees RAV, Leggat W (2008) Metabolic interactions

between algal symbionts and invertebrate hosts. Plant Cell

Environ 31:679–694. doi:10.1111/j.1365-3040.2008.01802.x

Zar JH (1999) Biostatistical analysis, 4th edn. Prentice-Hall, New

Jersey

602 Mar Biol (2011) 158:589–602

123

Author's personal copy

http://dx.doi.org/10.1007/BF00026475
http://dx.doi.org/10.1007/s002270050620
http://dx.doi.org/10.1007/s002270050620
http://dx.doi.org/10.1126/science.1067728
http://dx.doi.org/10.1016/j.jembe.2008.11.006
http://dx.doi.org/10.1007/s00227-008-0948-5
http://dx.doi.org/10.1046/j.1461-0248.2003.00514.x
http://dx.doi.org/10.1007/s00338-005-0027-z
http://dx.doi.org/10.1007/s00338-006-0132-7
http://dx.doi.org/10.1016/j.jembe.2006.04.011
http://dx.doi.org/10.1093/jxb/erm328
http://dx.doi.org/10.1007/s002270050619
http://dx.doi.org/10.1007/BF00508261
http://dx.doi.org/10.1126/science.1157972
http://dx.doi.org/10.1126/science.1157972
http://dx.doi.org/10.1111/j.1365-3040.2008.01802.x

	Nutritional exchange in a tropical tripartite symbiosis: direct evidence for the transfer of nutrients from anemonefish to host anemone and zooxanthellae
	Abstract
	Introduction
	Methods
	Collection and maintenance
	Anemonefish diet formulation
	Laboratory feeding experiment
	Field feeding experiment
	Fish tissue processing
	Anemone tissue processing
	Stable isotope analysis
	Statistical analyses

	Results
	Uptake of 15N and 13C labels
	Aquarium-fed fish
	Field-fed fish
	Anemone hosts of aquarium-fed fish
	Anemone hosts of field-fed fishes

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


