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Abstract The anemone—anemonefish association is the
quintessential symbol of a symbiotic mutualism from the
Indo-Pacific waters. Both historical field documentation
and extant scientific research advocate that these interac-
tions are fundamental at the level of nutrient exchanges and
evolutionary driving forces (natural selection) to facilitate
this mutualism. Through the use of >N and '*C stable iso-
tope tracers, complementary laboratory- and field-based
experiments were implemented in the Philippines to inves-
tigate the possibility of nutrient transmission from the host
anemone, Heteractis crispa and/or endosymbiotic zoox-
anthellae, to two species of exosymbiotic anemonefishes
(Amphiprion clarkii and A. perideraion). Mass spectrom-
etry analyses suggest that >N and '3C concentrations were
significantly higher in tissues of the anemonefishes (intes-
tines, liver, gills, and gonads), anemone host, and zooxan-
thellae compared with controls. We interpret the presence
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of N and '3C in the anemonefish tissues as direct empiri-
cal evidence for the transmission of nitrogen and/or carbon
from host anemone and endosymbiotic zooxanthellae to
resident anemonefish. These “translocations” and resultant
recycling of elements within this classical tripartite rela-
tionship highlight the fundamental role of nutrient dynam-
ics in this synergistic symbiosis.

Introduction

Throughout the Indo-West Pacific Region, there are 28 spe-
cies of anemonefishes within the genera Amphiprion and
Premnas that form an obligate symbiosis with 10 species
from several families of tropical sea anemones (Fautin and
Allen 1997). Balamurugan et al. (2014) provide evidence
that a combination of visual, tactile, and biochemical sig-
nals is utilized by the anemonefish to distinguish its specific
host anemone species. These anemone lineages include the
Actiniidae (Entacmaea and Macrodactyla), Stichodactyli-
dae (Heteractis and Stichodactyla), and Thalassianthidae
(Cryptodendrum) (Fautin and Allen 1997). These anem-
one hosts may be highly specific regarding the number of
anemonefish species that are accommodated, or they may
be generalists and house a wider number of anemonefish
species. Examples of anemone specialists are Cryptoden-
drum adhaesivum (Klunzinger) and Heteractis malu (Had-
don and Shackleton) which only forms an association with
one anemonefish, Amphiprion clarkii (Fautin and Allen
1997). By contrast, the anemone Heteractis crispa (Ehren-
berg) is the host for 14 anemonefish species in the genus
Amphiprion (Fautin and Allen 1997) which is the most
diverse assemblage of fish species for any given anemone
host. Two anemonefishes hosted by H. crispa, A. clarkii
(Bleeker) and A. perideraion (Bleeker) are commonly
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found at Okinawa, Japan (Hattori 2000) and Dumaguete,
Philippines (Cleveland et al. 2011).

In the absence of an appropriate anemone host, other
surrogate cnidarians or molluscs may be utilized by anem-
onefishes while in captivity (Arvedlund and Takemura
2005). Likewise, Arvedlund and Takemura (2005) observed
a single adult A. clarkii closely allied with Lobophytum,
a soft coral, over the course of almost 2 years. This asso-
ciation of A. clarkii and surrogate “anemone” in the field
was thought to be triggered by the absence of appropriate
anemone hosts due to the widespread 1998 global bleach-
ing event (Arvedlund and Takemura 2005). Alternatively,
there are fishes other than anemonefishes that form “asso-
ciations” with anemones both in tropical (blennies, but-
terfly fishes, cardinalfishes, damselfishes, hawkfishes and
wrasses) and in temperate (greenling) waters (Elliott 1992;
Randall and Fautin 2002; Fautin and Allen 1997).

The term “connexion” was utilized by Collingwood
(1868) to describe his initial observations between sea
anemones and anemonefishes from ‘“Pulo Pappan” (cur-
rently known as Pulau Papan), Malaysia. De Crespigny
(1869) used the term “friendship” to describe the inter-
actions between Premnas biaculeatus and Actinia cras-
sicornis (i.e., Entacmaea quadricolor). Currently, this
fish—cnidarian alliance has been characterized as being
mutualistic in nature where both partners positively benefit
from each other (Mariscal 1970; Fautin and Allen 1997).
Many of these anemonefishes actively defend their host
anemones from vertebrate predators such as chaetodontid
fishes (Fautin 1991; Godwin and Fautin 1992; Fautin and
Allen 1997; Porat and Chadwick-Furman 2004; Holbrook
and Schmitt 2005) and turtles (Godwin and Fautin 1992),
help mix any stagnant water, and improve water motion
(Liberman et al. 1995; Szczebak et al. 2013) to remove
sediments and anemone waste products within the tentacles
(Fautin and Allen 1997; Goldshmid et al. 2004; Stewart
et al. 2006).

The host anemone reciprocates the favor(s) by provid-
ing the anemonefishes and the developing fish eggs with a
protective habitat from their predators (Verwey 1930; Mari-
scal 1970; Fautin and Allen 1997) such as Emydocephalus
annulatus, the turtle-headed sea snake (Goiran et al. 2013).
The anemone’s ectodermal layer contains high densities
of nematocysts or toxins (see reviews by Anderluh et al.
2011; Frazao et al. 2012) which presumably affords pro-
tection from predators. Recently, Goiran and Shine (2014)
described the mouth gaping and body recoiling behavior of
the sea snake, Hydrophis major, soon after inadvertently
tongue-flicking E. quadricolor. As such, Nedosyko et al.
(2014) suggested that the host anemone’s chemical toxic-
ity may play a fundamental role in both the formation and
preservation of this fish—anemone association.
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The anemonefishes may also promote anemone health
by removing parasites or increasing water motion among
the tentacles of the anemone to remove waste products
(Fautin and Allen 1997). Szczebak et al. (2013) showed
that direct contact between A. bicinctus and E. quadricolor
increased the metabolic rates of the host anemone during
the night; such enhanced respiration is most likely from
improved water motion through the anemone tentacles
induced by increased swimming behavior by the anemone-
fish (Szczebak et al. 2013).

Several studies have documented, utilizing indirect
measurements of nutrient transfer, the key role resident
anemonefishes may play in either host anemone (Porat
and Chadwick-Furman 2004, 2005; Holbrook and Schmitt
2005; Roopin et al. 2008; Roopin and Chadwick 2009)
or coral growth from nearby fish (Liberman et al. 1995;
Meyer et al. 1983; Meyer and Schultz 1985). There is also
strong evidence that the anemone host (E. quadricolor) and
intracellular zooxanthellae obtain nitrogen resources such
as ammonium (Porat and Chadwick-Furman 2005; Roopin
et al. 2008, 2011; Roopin and Chadwick 2009) from
excreted urine and feces products from the anemonefish
(A. bicinctus). Cleveland et al. (2011) used both N and
13C isotopes as tracers to demonstrate that two anemone-
fish species (A. clarkii and A. perideraion) directly provide
nutrients to both the anemone host (H. crispa) and zooxan-
thellae symbionts.

Although some specific anemonefishes (if not all) do
provide inorganic nutrients to their anemone hosts and
zooxanthellae, the question of whether the host anemone
and endosymbiotic zooxanthellae can reciprocate this nutri-
ent exchange to anemonefish remains unresolved. Accord-
ingly, the primary purpose of this study was to ascertain
whether the anemone holobiont is capable of “back-trans-
locating” organic or inorganic nutrients in the form or car-
bon or nitrogen compounds to the resident anemonefishes.
We hypothesized that both anemone host and intracellular
zooxanthellae provide a predictable and substantial source
of carbon and/or nitrogen to their anemonefish symbionts.
We specifically asked these questions:

1. Are any C- and N-containing products obtained by the
anemone host (via feeding) directly transferred to resi-
dent anemonefishes?

2. Are any C-containing products obtained by zooxan-
thellae (via photosynthesis) directly transferred to resi-
dent anemonefishes?

Both field- and laboratory-based H. crispa were
exposed to >N and/or '3C, and both fish and anemone
tissues were analyzed for the presence of >N and/or °C.
The presence of any isotope above background in the
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fish internal tissues was interpreted as direct transfer of
C and/or N from host anemone holobiont to the resident
anemonefish.

Methods

The experiments described occurred between May and
August, in 2007 and 2010. Laboratory-based experiments
(2007) were conducted at the Silliman University Marine
Laboratory (SUML), Dumaguete, Negros Oriental, Philip-
pines, and field-based experiments (2010) were conducted
in situ on patch reefs in front of the laboratory. Table 1 dis-
plays both anemonefish sample sizes and biometric infor-
mation regarding weights and lengths used in this study.
In order to use similar-sized anemones as Cleveland et al.
(2011), we selected anemones with a tentacular diameter of
20 £ 1 cm since this was the mean (+ SE) tentacular diam-
eter from their study.

Collection and maintenance

Heteractis crispa were collected as described by Cleve-
land et al. (2011). The rock or coral rubble on which the
anemone was attached was removed as were any materi-
als attached to the anemone’s verrucae. The anemones,
which were arbitrarily sorted into isotopic (N = 81) and
control (N = 24) treatment groups, were placed into two
independent concrete raceways (4.6 x 1.2 x 0.6 m; vol-
ume = 3312 L) with ambient flow-through seawater
(~900 L h™') and irradiance levels. The anemones were
maintained in this system for 2 days prior to labeling with
isotopes.

Isogro-enriched anemone food

Fresh raw shrimp were purchased at a local seafood mar-
ket and the exoskeletons were removed. The shrimp were
placed into a food processor and converted into a thick
paste. Unlabeled shrimp paste (control) was removed and
placed into 50-mL centrifuge tubes and refrigerated at 4 °C.
A ratio of 6 g of '3C- and 'N-double-labeled amino acid
mixture (Isogro, Sigma-Aldrich) per 100 g of the shrimp
paste was thoroughly mixed together until a uniform brown
color was obtained; the Isogro-labeled shrimp paste for
each anemone feeding session was stored in 50-mL cen-
trifuge tubes and refrigerated at 4 °C. Both control and
labeled shrimp paste were initially fed to anemones within
24 h of formulation and all shrimp food was used within
4 days of preparation.

NaH'*COj;-enriched seawater

In order to isotopically label only the zooxanthellae, the
seawater carbon in the form of H'2CO,™! was completely
replaced with isotopic H13C03_l. The method of Weis
(1993) was used to exchange soluble '*CO, for '*CO, with
the following modifications (for scaling to larger volumes).
A 6-L volume of unfiltered natural seawater was placed
in a Plexiglas container equipped with a magnetic stir bar
to continuously mix the seawater. The pH of the initial
seawater was noted (pH = 8.18-8.23) and continuously
measured with a Mettler-Toledo (Model 120) portable pH
meter calibrated to both pH 4.0 and 7.0. Between 1.2 and
1.3 mL of 12 M HCI was added (in 250-pL increments)
until a pH of 4.0—4.4 was achieved to convert all dissolved
HCO, ! into gaseous CO,. An aeration stone was lowered
to the bottom of the container and purified N, gas was

Table 1 Biometric data (weight

Year Treatment Fish species N Weight (g) Standard length (mm)
and standard length), sample
sizes, and treatment conditions (Mean + SE) (Mean + SE)
f the t fish i
0" the two aneimonelisi SPECIEs 007 Aquarium  A. clarkii 10 251422 85.3 4 2.4
used in this study
(Isogro) A. perideraion 10 122+ 1.1 723 +2.6
2007 Aquarium A. clarkii 10 255+23 84.6 £3.0
(Bicarb) A. perideraion 8 122+ 1.4 69.9 +£2.9
2010 Field A. clarkii 246 £2.9 85.0£3.8
(Isogro) A. perideraion 139+ 1.6 7277 +£2.5
2010 Field A. clarkii 10 265+ 1.6 926+£19
(Bicarb) A. perideraion 10 176 £ 1.0 834+ 1.6
2007 and 2010 Control A. clarkii 16 262+ 1.8 859+£22
A. perideraion 16 144+ 0.7 743+ 1.3

Control anemonefishes include all fishes that were exposed to control anemones, both in laboratory aquaria
and in situ within cages, and wild-caught fish. Data for control fish from 2007 and 2010 were combined as
they did not differ significantly (¢ test, P > 0.05) between 2007 and 2010. Sample sizes are unequal within
treatments due to limited laboratory space for aquaria (2007) and escape of field fish from cages due to a

storm (2010)
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vigorously bubbled into the seawater for 10 min in order
to displace all gaseous CO,. A 600-uL aliquot of 10 M
NaOH was added (in 100-pL increments) until a stable pH
of A~ 9.6 was achieved. Approximately 2.6 g of NaH'*CO,
stable isotope (Sigma-Aldrich) was added to the seawater
and allowed to dissolve completely, and the final pH was
adjusted to &~ 8.2 with dropwise additions of either 10 M
NaOH or 12 M HCI. This artificial H'*CO;~'-labeled sea-
water was transferred into 20-L bottled water containers
that were resealed, covered with two layers of thick black
plastic bags (to prevent phytoplankton uptake of 13CO2 via
photosynthesis), and stored for 2 days until utilized. A total
volume of 100 L of H®CO; !-labeled seawater was for-
mulated. Control seawater (total volume of 60 L) was also
synthesized the same way using non-enriched NaH'>CO;.

Isogro feeding

Both Isogro-labeled anemones (N = 44) and control
(N = 10) anemones were fed twice daily for 3 days. Prior
to each feeding session at 0800 and 1600, the control and
Isogro-labeled shrimp pastes were “thawed” and formed
into smaller amounts with disposable wooden chopsticks.
The shrimp paste was placed directly on the oral disk near
the coelenteron and was ingested by the anemone over the
course of several minutes. Subsequent, all anemones were
monitored during the 3 day feeding period and for another
2 days after the feeding period was finished for the release
of undigested shrimp waste (a pink-tinted buoyant ball)
that was expelled from the coelenteron. After all artificial
anemone food was consumed and expelled, the anemones
were not fed for the duration of the experiment in the labo-
ratory or in the field although the anemones were capable
of capturing zooplankton from the surrounding seawater.
Prior observations (unpub data) documented that these
shrimp balls are expelled within 8-12 h of feeding anem-
ones, and Shick (1991) reported anemone egesta detected
after 3.5-8 h post-feeding; consequently, 1.5 days of extra
clearing time “insured” that anemonefishes were not able to
directly feed on these labeled egesta.

HCO; ! seawater incubations

Either '3C isotope-labeled or control seawater was placed
in three (two for isotopic seawater, one for control sea-
water) separate white plastic basins (diameter = 0.6 m,
height = 0.16 m, volume = 45.2 L). Arbitrarily chosen
anemones, completely different from anemones fed Iso-
gro label, were selected for 13C incubation (N = 37) or
for controls (N = 14). Prior to placement in the white
basins, anemones were agitated to expel internal coelen-
teronic seawater by gently squeezing and massaging them
so that anemones would “re-inflate” with the experimental
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seawater in each basin. Both temperature (°C) and light
intensity (umol photons m~2 s~!) were monitored at 30-min
intervals throughout the day using thermometers and a LI-
COR Spherical Quantum Sensor (UWQ 6695) attached to
an LI-1400 data logger.

The three basins containing the anemones (maximum of
10 per basin) were directly exposed to either overcast sun-
light (<1000 umol photons m~2 s~!) or covered with neutral
density screens during full sunlight (>1000 umol photons
m~2 s~!) from 0800 to 1800 on the same day. Water tem-
perature was never allowed to reach >2 °C above ambient
seawater temperature via the removal of warm experimen-
tal water and the addition of control or isotopic bicarbonate
seawater. After the exposures were completed, the anemo-
nes were again agitated to induce contraction and eliminate
as much of the experimental seawater from the coelenteron
as possible. The anemones (both 13C-labeled and controls)
were placed in separate outdoor seawater raceways for
2 days to allow them to clear any isotopic seawater within
their coelenterons prior to deploying in aquaria (2007) or in
the field (2010).

Aquarium experiments

In order to determine how soon the anemonefishes acquired
isotopic signatures during 2007, Isogro-labeled (N = 21)
and control (N = 4) anemones were placed individually
into outdoor yet shaded 38 L flow-through aquaria (flush-
ing rate ~82 L h™") as described by Cleveland et al. (2011).
In a temporally separate experiment, H13CO3’1-labeled
(N = 17) and control (N = 8) anemones were placed indi-
vidually into 38 L aquaria as described above (Cleveland
et al. 2011). For the duration of all aquaria experiments,
the anemones were fully inflated during both night and day
time suggesting that they were healthy and not stressed due
to the ambient environmental conditions. Previously cap-
tured adult fish (Cleveland et al. 2011), one per anemone of
either A. clarkii (N = 25) or A. perideraion (N = 25), were
arbitrarily assigned to each aquarium. Individual fish were
fed twice a day with unlabeled fish food (Cleveland et al.
2011) until the end of both isotope exposure experiments
which lasted for 14 days.

Field experiments

During 2010, Isogro (N = 23) or H*CO,~!(N = 20)-labeled
and control (combined N = 12) anemones were trans-
planted to the reef (adjacent to other anemones with anem-
onefishes) at depths ranging from 3.2 to 9.1 m depending
on the tidal cycle. All anemones were covered with a bam-
boo cage (averages: diameter = 0.46 m, height = 0.62 m,
volume = 104.4 L) with an average mesh size of 2.4 cm to
allow seawater exchange and light penetration. Anemones
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were allowed to attach to coral rubble and left undisturbed
for 24 h prior to addition of anemonefishes. The bamboo
cages were secured to the sediment by weights and rebar
forced into the sand or coral rubble; cages were scrubbed
every other day once filamentous algae started grow-
ing on them. Previously captured adult fishes (Cleveland
et al. 2011) of either A. clarkii (N = 29) or A. perideraion
(N = 26) were arbitrarily assigned to each cage (one fish
per anemone) and introduced to the anemone 24 h after
the anemones were transplanted on the reef. At the end
of the experiments (14 days for Isogro and 28 days for
H13CO3_1), the anemonefishes were recaptured and pro-
cessed for isotopic tissue content as described below. The
field Isogro experiment only lasted 14 days; it was termi-
nated early due to storm surge rocking the cages and conse-
quently allowing fish to escape.

All newly recruited larval fishes (Amphiprion (N = 4)
and Dascyllus (N = 4)) were captured from Isogro-labeled
anemones with an aquarium dip net, the fish measured
for both length (mm) and weight (g), and processed as
described below. Similarly, shrimp (Periclimenes (N = 10))
were captured from Isogro-labeled anemones by a “slurp”
gun (50-mL syringe outfitted with 10-cm clear tubing) and
processed as described below.

Anemone tissue processing

At the end of each isotopic experiment during 2007, indi-
vidual anemones were processed to obtain the three anemone
fractions (intact, animal, and zooxanthellae) and subsequently
analyzed as described by Cleveland et al. (2011). At the end
of each isotopic experiment during 2010, an arbitrarily chosen
tentacle was excised from individual anemones and placed in
the center of a Whatman GF/C filter (2.4 cm), folded, and
inserted into a microfuge tube. Only a tentacle was obtained
in order to verify tracer uptake by the anemone and to avoid
unnecessary killing of anemones. All tentacle filters were
dried at 63 °C for 24-48 h and stored at SUML; additional
drying at 90 °C for 6-7 days occurred at Maine Maritime
Academy (MMA). Stable isotope analyses were performed at
Washington State University (WSU) as described below.

Fish/shrimp tissue processing

At the end of each isotopic experiment, each anemonefish
was dispatched and the intestine, liver, gill, muscle, fin, and
gonadal tissues (when visible) were removed and inserted
into individual microfuge tubes. Individual larval fish and
were dispatched and inserted into microfuge tubes; the
shrimp recruits were dispatched, placed onto GF/C filters
and into microfuge tubes. All tissues or samples were dried
at 63 °C for 24-48 h and stored at SUML. After additional
drying at 90 °C for 6-7 days at MMA, the tissues were

powdered using an aluminum mortar and motorized alu-
minum pestle. Stable isotope analyses were performed at
WSU as described below.

Stable isotope analysis

Dried animal/algal tissue or GF/C filter were added to tin
capsules and combusted in a Costech (Valencia, USA)
elemental analyzer. The resulting N, and CO, gases were
separated by gas chromatography and admitted into the
inlet of a GV Instruments (Manchester, UK) Isoprime iso-
tope ratio mass spectrometer (IRMS) for determination
of 13C/2C and "N/'N ratios. Typical precision of analy-
ses was 20.2 %o for 3'3C and 40.5 %o for 3'N where 8
(%0) = [(Rgample X Ringara) — 11 % 1000 and R = "C/"*C or
R = SN/"N. The standard for 3'3C was Peedee belemnite
(PDB), and the standard for 8N was atmospheric nitro-
gen. Delta (8) values correlate with 13C and N content of
samples with higher § values corresponding to higher '*C
and PN content. Egg albumin was used as a daily internal
reference material.

Egesta and tentacle consumption

Additional H. crispa (N = 10) were collected (2007) and
maintained as described above. When freshly extruded
egesta was observed exiting the coelenteron of each
anemone, the egesta were immediately collected, parti-
tioned into smaller amounts, and single portions offered
to aquaria-housed A. clarkii (N = 13) and A. perideraion
(N = 12) prior to the regular morning feeding session by
dropping the egesta fragment at the surface of the water.
Prior to the next morning’s feeding cycle, two tentacles
were removed using surgical tweezers and scissors from
H. crispa and provided to the same fish which were fed
egesta by dropping the tentacles at the surface of the water.
These paired feeding experiments took place for 24 h (two
morning feedings), and each fish was observed for behav-
ior involving sampling or ingesting the anemone egesta or
tentacles.

During the summer of 2013, a survey of whether anem-
onefishes would ingest freshly cut tentacles in the field was
conducted. In the field, using SCUBA, multiple tentacles
were cut from anemones (N = 123) with surgical scissors
and released into the water column where resident anem-
onefishes (N = 123+) had access to them. If anemonefishes
clearly swallowed and retained the tentacles, they were
scored as having eaten the tentacles; if they swallowed the
tentacles and subsequently spit them out, they were scored
as not having eaten tentacles. Both the anemone and anem-
onefish species were recorded, and colored tape was tied
near the anemone to prevent resampling of that particular
association.
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Statistical analyses

If data sets met assumptions of normality and homogeneity
of variances (Barlett’s test), parametric statistical analysis
were conducted (Sokal and Rohlf 2012; Zar 2009): These
analyses were Student’s ¢ test, analysis of variance (one-,
two-, three-way ANOVA), and post hoc Tukey HSD. In
cases where data sets were non-normal or heterogeneous,
the data were log-transformed prior to statistical analysis.
All analyses were performed using Statistica (StatSoft,
Inc). From year to year (between 2007 and 2010), 8'°N or
813C data sets for either control or experimental catego-
ries (for either fish or anemone tissues) that were not sig-
nificantly different (P > 0.05) were subsequently pooled.
The data were graphed using SlideWrite Plus (Advanced
Graphics Software). Data are reported as average =+ stand-
ard error (SE).

Supplementary data

Calculated average (£SE) 4 values, sample sizes (), and §
percent changes between experimental and control tissues
are provided as electronic supplementary material (ESM).
The “Atom % value” was calculated from the R,y term
and the percent change in '>C or N in the experimental
tissue, compared to the control tissue, was calculated using
the following equation:

Atom % value of experimental tissue

Percent change (%) = x 100

Atom % value of control tissue

Results
Incorporation of 1N and *C by anemones

The average values (Figs. 1, 2, 3, 4 5), along with the
main and interaction effects of the three primary variables
(Fish, Tissue, Treatment), show that both isotopes BN and
13C were successfully incorporated at significantly higher
quantities (see Treatment, two- and three-way ANOVA,
F > 238, P < 0.001; ESM Table 3) by all three Heteractis
crispa fractions in 2007 and tentacles in 2010 than controls.
Within Isogro experiments during 2007, the percent change
for >N within anemone tissue fractions (Fig. 1) ranged
between 87 and 351 times higher than for control tissues.
For the 2010 tentacle snips (Fig. 4), values were 205-206
times higher for tentacles than for controls. Although not
as great in magnitude, the >C signature in anemone tis-
sues from Isogro experiments (Fig. 2) was still 5-15 times
higher than corresponding anemone control tissues in 2007
and 26-27 times higher for tentacles during 2010 (Fig. 4).
Similarly, within '*C bicarbonate experiments (2007), the
percent change for '3C within labeled anemone tissue frac-
tions (Fig. 3) ranged from 36 to 122 times higher than for
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control anemones and 19-20 times higher for labeled tenta-
cles during 2010 (Fig. 5).

In the 2007 aquarium trials, all anemone tissue fractions
(intact, animal, zooxanthellae) exposed to Isogro were sig-
nificantly enhanced with N (Fig. la, b) compared with
controls (Tukey HSN, P < 0.001) and between tissue types
(Tukey HSN, P < 0.001). The '*N levels were significantly
lower in intact and animal tissue fractions compared to the
zooxanthellae fraction (Tukey HSN, P < 0.001); however,
intact and animal tissue fractions were not significantly dif-
ferent (Tukey HSN, P > 0.05) in 5N levels from each other.
The pattern of >N values within the anemone tissue frac-
tions was not affected by the fish species placed with the
anemones (Tukey HSN, P > 0.05, Fig. 1c).

For anemones exposed to '*C from Isogro in 2007,
all tissue fractions were also significantly elevated with
3C (Fig. 2a, b) compared to controls (Tukey HSN,
P < 0.001). Intact and animal tissue fractions were 2.3—
2.9 times higher in *C levels (Tukey HSN, P < 0.001)
than the zooxanthellae fraction, although intact and ani-
mal fractions did not differ significantly (Tukey HSN,
P > 0.05; Fig. 2c) from each other. This pattern was true
regardless of which anemonefish species was present in
the aquaria.

Tissue fractions in anemones exposed to *C bicarbonate
during 2007 (Fig. 3a, b) were significantly higher (Tukey
HSN, P < 0.001) in '3C than in controls, indicating signifi-
cant uptake of labeled carbon as demonstrated by the Iso-
gro experiments. However, the pattern of '3C enhancement
in the bicarbonate experiment showed the reverse pattern of
13C enhancement in the Isogro experiment. Here, 1*C lev-
els were 2.4-2.9 times lower in intact and animal fractions
(Tukey HSN, P < 0.001, Fig. 3a, b) than in the zooxanthel-
lae fraction. Again, fish species did not have a significant
effect on '*C enhancement patterns (Tukey HSN, P > 0.05,
Fig. 3c) as patterns were similar between anemones housed
with different species.

Both °N (Fig. 4a) and Bc (Fig. 4b) enhancement of
the H. crispa tentacles (regardless of anemonefish species)
during the 2010 field studies were significantly higher
(Tukey HSN, P < 0.001) than their respective controls;
for >N and 3C, this represents a 205-206 and 26-27 %
change, respectively. For both >N and '*C, no significant
difference (Tukey HSN, P > 0.05) was present between
anemones harboring either anemonefish species. The '*C
enhancement of anemone tissue via '°C bicarbonate expo-
sure (Fig. 5) closely mirrored the '*C Isogro experiments
(Fig. 4b); irrespective of anemonefish species, the tentacles
were significantly higher (Tukey HSN, P < 0.001) than
their respective controls and represent a 19-20 % change.
Regardless of anemonefish species, tentacle 13C levels
were not significantly different (Tukey HSN, P > 0.05)
from each other.
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Fig. 1 3N of intact, animal, and zooxanthellae (zoox) fractions of
the anemone host Heteractis crispa fed a '"’N='3C Isogro-labeled or
control shrimp diet and exposed to anemonefish during 2007. Anemo-
nes and fish were maintained together for 14 days in 38 L aquaria
with running seawater. A comparison of a experimental versus con-
trol A. clarkii, b experimental versus control A. perideraion and ¢
experimental A. clarkii versus A. perideraion. Histogram bars that
share letters are not significantly different (Tukey HSD, P > 0.05).
Asterisks denote comparison between experimental versus control
anemone fraction (Tukey HSD, ***P < 0.001) and ns not significant
(Tukey HSD, P > 0.05). Data are mean £ SE. For values, sample
sizes (N), and percent changes between experimental and control tis-
sues, please refer to the appropriate column in ESM Table 1

Laboratory uptake of N and '3C by anemonefishes

The main and interaction effects of the three primary vari-
ables (Fish, Tissue, Treatment) show that both 5N and
1BC were successfully incorporated at significantly higher
quantities (see Treatment, three-way ANOVA, F > 67,
P < 0.001, ESM Table 3) by experimental fish tissues in
both laboratory (2007) and field (2010) experiments com-
pared to control fish tissues.

In the aquarium-based Isogro experiments (2007), the
5N levels in most tissues of anemonefishes were signifi-
cantly higher (Tukey HSN, P < 0.01) than controls; percent
change ranged from 0.5 to 9.1 when compared to control
tissues (Fig. 6a, b). The exception to this pattern occurred
in muscle tissues of both species where '°N levels did not
differ between experimental and control experiments. This
was also seen with the eggs of A. clarkii and testes of A.
perideraion. The highest '’N concentration enhancement in
the anemonefishes occurred in the following order: intes-
tine > liver > remaining tissues. Regardless of fish spe-
cies (Fig. 6¢), there were no significant differences (Tukey
HSN, P > 0.05) in "N values within the same anemonefish
tissue types.

In contrast to the °N signal, significant 13C increases
(Tukey HSN, P < 0.001) within fish tissues from exposure
to Isogro-fed anemones only occurred within the intestines
(and liver of A. perideraion) compared to control fish tis-
sues (Fig. 7a, b). However, a pattern of consistently higher
13C signals in experimental fish exposed to enhanced anem-
ones suggests °C uptake. The '3C within the fish tissues
was similar (Tukey HSN, P > 0.05) between the anemone-
fish species (Fig. 7c) for all tissue types.

In the 2007 aquarium bicarbonate exposure studies,
the >C enhancement of anemonefish intestine, liver, and
gills (Fig. 8a, b) were significantly higher (Tukey HSN,
P < 0.001) than their respective controls; in addition, the
13C in eggs and fins of A. perideraion (Fig. 8b) were also
significantly higher (Tukey HSN, P < 0.05) than controls.
For A. clarkii (Fig. 8a) the highest '3C increase occurred
in the intestine whereas in A. perideraion (Fig. 8b), both
intestine and liver showed the highest levels of '3C assimi-
lation. These elevated intestine and liver tissue values of A.
perideraion were significantly higher than those seen in A.
clarkii (Tukey HSN, P < 0.05, Fig. 8c), but significant dif-
ferences between species for the other tissue types were not
seen (Tukey HSN, P > 0.05).

Field uptake of >N and *C by anemonefishes
and shrimp

With respect to '°N enhancement via Isogro-fed anemo-

nes during the 2010 field experiments, the I5N in intestine,
liver, and gills of A. clarkii were significantly elevated over

@ Springer
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Fig. 2 3'3C of intact, animal, and zooxanthellae (zoox) fractions of
the anemone host Heteractis crispa fed a '"’N='3C Isogro-labeled or
control shrimp diet and exposed to anemonefish during 2007. Anemo-
nes and fish were maintained together for 14 days in 38 L aquaria
with running seawater. A comparison of a experimental versus con-
trol A. clarkii, b experimental versus control A. perideraion and ¢
experimental A. clarkii versus A. perideraion. Histogram bars that
share letters are not significantly different (Tukey HSD, P > 0.05).
Asterisks denote comparison between experimental versus control
anemone fraction (Tukey HSD, ***P < 0.001) and ns not significant
(Tukey HSD, P > 0.05). Data are mean £ SE. For values, sample
sizes (N), and percent changes between experimental and control tis-
sues, please refer to the appropriate column in ESM Table 1
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controls (Tukey HSN, P < 0.01), but muscle, gonad, and fin
tissue were not (Tukey HSN, P > 0.05) although the pattern
of elevated levels was conserved (Fig. 9a). All tissue types
in A. perideraion were significantly higher (Tukey HSN,
P < 0.001) than the controls (Fig. 9b). Regardless of anem-
onefish species, both the intestine and liver displayed the
highest increase in '°N followed by the gills, gonads, and
fins. Muscle tissue consistently showed the lowest increase
for 1SN in all cases, A. perideraion consistently had signifi-
cantly higher (Tukey HSN, P < 0.01) N concentrations
than A. clarkii (Fig. 9c).

The pattern of '*C levels in fish tissues of anemonefish
exposed to anemones fed Isogro reflected the same pat-
tern seen for '°N. The °C levels were significantly higher
(Tukey HSN, P < 0.001) for both intestine and liver tissues
of both fish species over controls (Fig. 10a, b). Addition-
ally, A. perideraion showed significantly greater intestine
and liver tissue °C over A. clarkii (Tukey HSN, P < 0.01,
Fig. 10c). Amphiprion perideraion exposed to treated
anemones also demonstrated significant '’C levels in the
gill, egg, and fin tissue (Tukey HSN, P < 0.05) relative to
controls; these values were not significantly higher than
those seen for A. clarkii even though those values were not
different from controls for A. clarkii.

The 3C level in tissues of field maintained (2010) anem-
onefishes (Fig. 11a, b), exposed to anemones incubated in
13C bicarbonate, were significantly higher (Tukey HSN,
P < 0.001) than controls for all tissues except for muscle
and gonadal tissue in A. clarkii. Regardless of anemone-
fish species, the intestine (followed by liver) consistently
showed the highest amounts of '*C than the rest of the tis-
sues. There were no significant differences (Tukey HSN,
P > 0.05) between the two anemonefish species when
comparing the '3C enhancement levels within tissue types
(Fig. 11c¢).

Similar sized, newly recruited fish larvae of Amphip-
rion sp. (Fig. 12a) and Dascyllus sp. (Fig. 12b) displayed
total '3C levels that were significantly elevated (¢ test,
P < 0.05) compared to respective fish controls regardless of
the source of isotope (1*C-bicarb or '*C-Isogro). Likewise,
the 1N levels of the anemonefishes were also significantly
higher (¢ test, P < 0.001) than the control fishes. Similar to
the juvenile fish data, the 13C and PN levels in the whole
Periclimenes sp. shrimp were also significantly higher (¢
test, P < 0.001; Fig. 12c) than for control shrimp.

Egesta and tentacle ingestion
Regardless of species, all anemonefishes (combined

N = 25) in aquaria immediately consumed, without any
hesitation, the anemone egesta when it was offered to
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labeled or control seawater and exposed to anemonefish during 2007.
Anemones and fish were maintained together for 14 days in 38 L
aquaria with running seawater. A comparison of a experimental ver-
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and ¢ experimental A. clarkii versus A. perideraion. Histogram
bars that share letters are not significantly different (Tukey HSD,
P > 0.05). Asterisks denote comparison between experimental ver-
sus control anemone fraction (Tukey HSD, ***P < 0.001) and ns not
significant (Tukey HSD, P > 0.05). Data are mean & SE. For values,
sample sizes (N), and percent changes between experimental and con-
trol tissues, please refer to the appropriate column in ESM Table 2
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Fig. 4 3'°N (a) and 313C (b) of tentacles from the anemone host
Heteractis crispa fed a ""'N-'>C Isogro-labeled or control shrimp
diet and exposed to anemonefish during 2010. Anemones and fish
were maintained together in the field for 14 days in 104 L bamboo
cages. Histogram bars that share letters are not significantly different
(Tukey HSD, P > 0.05). Asterisks denote comparison between experi-
mental versus control anemone tentacle (Tukey HSD, ***P < 0.001).
Data are mean & SE. For values, sample sizes (), and percent
changes between experimental and control tissues, please refer to the
appropriate column in ESM Table 1

them. By contrast, none of these same anemonefishes ever
ingested any of the tentacles offered to them; each fish
sampled the tentacle by swallowing it, but the anemonefish
subsequently spit it out. However, unlike aquaria fish, most
of the wild anemonefish that were offered freshly cut ten-
tacles of their host anemone did ingest tentacles (Table 2).

Discussion
Both anemonefish species (Amphiprion clarkii and A.
perideraion) demonstrated elevated concentrations of N

and/or '3C in various tissues of experimental fishes rela-
tive to controls in both laboratory and in situ environments.
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Fig. 5 8!3C of tentacles from the anemone host Heteractis crispa
incubated with '*C bicarbonate-labeled or control seawater and
exposed to anemonefish during 2010. Anemones and fish were main-
tained together in the field for 28 days in 104 L bamboo cages. His-
togram bars that share letters are not significantly different (Tukey
HSD, P > 0.05). Asterisks denote comparison between experimental
versus control anemone tentacle (Tukey HSD, ***P < 0.001). Data
are mean £ SE. For values, sample sizes (VN), and percent changes
between experimental and control tissues, please refer to the appro-
priate column in ESM Table 2

These data provide the first direct evidence of isotopic
nutrient transfer from intracellular zooxanthellae (*C via
photosynthesis) and host anemones (!*C and "N via “pre-
dation”) to the resident anemonefishes. This evidence,
combined with the data from Cleveland et al. (2011), which
document the transfer of >N and '*C stable isotopes from
resident anemonefishes to anemone host and intracellular
zooxanthellae, unequivocally confirms the dynamic trans-
fer and cycling of C and N in this unique tripartite symbi-
otic system.

The observed enhancement of isotopes from anemone
tissue fractions (intact, animal, zooxanthellae) is dependent
on the element; these elevated enhancement levels provide
confirmation that both techniques for incorporation of >N
and °C into the anemone and zooxanthellae were highly
effective. During the 2007 laboratory experiments where
anemones were fed double-labeled Isogro, the isolated
zooxanthellae fraction displayed the greatest accumulation
of '*N. This mirrors the results obtained by Cleveland et al.
(2011) for >N uptake by anemones hosting Isogro-fed
anemonefishes and agrees with Roberts et al. (1999) who
showed that zooxanthellae from the anemone Anemonia
viridis are highly enhanced (17x) with "°N relative to host
(intact and animal) tissues. The significantly higher (~3x)
enhancement of the zooxanthellae fraction with >N sup-
ports the idea that the algal symbionts are the primary sink
for nitrogen in this association.

@ Springer

Within the cnidarian holobiont, this is not surprising
as several studies have documented this transfer of >N to
zooxanthellae in the temperate anemone Anemonia viridis
(Roberts et al. 1999), temperate coral Oculina arbuscula
(Piniak et al. 2003; Piniak and Lipschultz 2004), tropical
anemone Aiptasia pallida (Piniak et al. 2003) and tropical
coral Oculina diffusa (Piniak and Lipschultz 2004). The
prominent N signature in zooxanthellae supports more
pronounced uptake of nitrogen over carbon, suggesting that
zooxanthellae may be nitrogen limited (Cook et al. 1992,
1994; Marubini and Davies 1996; Davy et al. 2012). Since
the Isogro fed to anemones is comprised of amino acids/
peptides (65 %), salts (30 %), water (3 %), and glucose
(2 %) with an elemental isotopic purity of 98 % for '°N and
99 % for 13C (Sigma-Aldrich), the N that was initially
absorbed by the host anemone, and preferentially acquired
by the zooxanthellae, originated from the amino acid/pep-
tide portion. Consequently, the elevated concentrations of
I5N within the zooxanthellae portion (this study) is initially
acquired by the host anemone by oral ingestion and sub-
sequently transferred to the endosymbiotic algae. Such a
process has been documented by Piniak et al. (2003) and
Piniak and Lipschultz (2004). A review of the nutrient pro-
cessing and trafficking of nitrogen (and phosphorus) within
symbiotic cnidarians is provided by Davy et al. (2012).
Recently, Kopp et al. (2015) exposed the coral Pocillopora
damicornis to seawater containing '*N-nitrate and subse-
quently detected the >N tracer in the zooxanthellae within
30 min. Although "*N-nitrate dissolved in seawater was not
utilized in our isotope exposure experiments, we would
expect a similar time frame would occur in the zooxanthel-
lae within anemones hosting anemonefish.

In contrast to the pattern of elevated concentrations of
5N in the zooxanthellae fraction, '3C was lowest in this
same fraction relative to the animal and intact anemone
fractions. As such, carbon does not seem to be a limiting
element probably due to the high host anemone respira-
tion rates and the abundance of extracellular HCO; ™' and/
or intracellular HCO{1 (Goiran et al. 1996; Al-Moghrabi
et al. 1996; Furla et al. 1998a, b; Furla et al. 2000a) avail-
able via host anemone carbonic anhydrase conversion
to CO, (Weis et al. 1989; Weis 1991; Furla et al. 2000b).
The '*C enhancement of the zooxanthellae fraction in the
2007 laboratory '’C-bicarbonate experiments validates
BCO, fixation via the photosynthetic pathway; subse-
quently, the fixed '°C is translocated to the host anemone
tissues as demonstrated by the prominent '*C concentration
within both the intact and animal fractions of the associa-
tion. In Stylophora pistillata (Tremblay et al. 2012) and P.
damicornis (Kopp et al. 2015), '3C-labeled algal photosyn-
thate accumulates in coral tissues within 15 min of expo-
sure to the stable isotope and suggests a fairly rapid rate
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Fig. 6 8N of specific fish tissues from anemonefish exposed to
the anemone host Heteractis crispa fed a "N-'3C Isogro-labeled
or control shrimp diet during 2007. Anemonefish and anemones
were maintained together for 14 days in 38 L aquaria with running
seawater. A comparison of a experimental versus control A. clarkii,
b experimental versus control A. perideraion and ¢ experimental A.
clarkii versus A. perideraion. Histogram bars that share letters are
not significantly different (Tukey HSD, P > 0.05). Asterisks denote
comparison between experimental versus control fish tissue (Tukey
HSD, **P < 0.01; ***P < 0.001) and ns not significant (Tukey HSD,
P > 0.05). Data are mean £ SE. For values, sample sizes (), and
percent changes between experimental and control tissues, please
refer to the appropriate column in ESM Table 5

of translocation. If such a short time frame is also true for
anemones hosting anemonefishes, the availability of algal-
derived carbon products for anemonefish consumption and
assimilation could essentially be “immediate.” Davy et al.
(2012) provide a comprehensive review of carbon fluxes via
metabolic exchange in various algal-cnidarian symbioses.

Our data show the original experimental source of the
nitrogen and/or carbon, whether initially from the anem-
one host by oral ingestion (°N and '*C) or the intracellu-
lar zooxanthellae via photosynthesis ('°C), is the definitive
source of the substantially higher amounts of '°N and '*C
in specific tissues of both species of resident anemone-
fishes (A. clarkii and A. perideraion) of H. crispa. These
results ultimately show that both anemone host and intra-
cellular zooxanthellae play a unique and previously unre-
ported role in anemonefish nutrition and point to a tightly
coupled interplay of nutritional resources within this mul-
tilateral symbiosis. If the anemone host can also synthe-
size and release essential amino acids, as is the case with
scleractinian corals (Fitzgerald and Szmant 1997), and if
anemonefishes can acquire these nutrients, they may poten-
tially be obtaining a rather substantive nutritional windfall.
The most parsimonious explanation for the transfer of °N
and '3C from the anemone holobiont to the anemonefishes
is ingestion of various anemone or algal products: egested
mucous balls of undigested food, gametes, expelled zoox-
anthellae, external mucous coat, and perhaps anemone ten-
tacles themselves. This assertion is supported by the high-
est concentrations of 1°N and '3C in both intestine and liver
tissues. Four lines of evidence provide strong verification
of the anemonefish oral uptake hypothesis.

First, ingestion by anemonefishes of undigested mate-
rial/organic waste released from the coelenteron and mouth
of the anemone host has been observed in both field and in
laboratory studies (Verwey 1930; Moser 1931; Gohar 1934;
Gohar 1948; Eibl-Eibesfeldt 1960; Koenig 1960 as cited
by Mariscal 1970). These egested products, when viewed
under light microscopy, consist of abundant mucus, both
unfired and fired nematocysts, zooxanthellae, and other
unidentifiable substances (Verde, per obs). Steele (1975,
1976) documented expulsion of both fecal and zooxanthel-
lae pellets by laboratory-maintained Aiptasia tagetes; like-
wise Hill and Scott (2012) reported that mucous-bound,
freshly expelled zooxanthellae from thermally and high-
light stressed E. quadricolor were photosynthetically via-
ble. In addition, bacterial biomass may be another compo-
nent of anemone egesta since Herndl and Velimirov (1986)
showed higher densities of bacteria in the coelenteron than
in surrounding seawater and also higher clearance rates of
the coelenteron when bacterial loads were elevated.

Anemonefishes in our 2007 laboratory experiments
readily ingested freshly released egesta from laboratory
acclimated H. crispa. Egesta offered to both A. clarkii and
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Fig. 7 3'3C of specific fish tissues from anemonefish exposed to
the anemone host Heteractis crispa fed a N-13C Isogro-labeled
or control shrimp diet during 2007. Anemonefish and anemones
were maintained together for 14 days in 38 L aquaria with running
seawater. A comparison of a experimental versus control A. clarkii,
b experimental versus control A. perideraion and ¢ experimental A.
clarkii versus A. perideraion. Histogram bars that share letters are
not significantly different (Tukey HSD, P > 0.05). Asterisks denote
comparison between experimental versus control fish tissue (Tukey
HSD, *P < 0.05; ***P < 0.001) and ns not significant (Tukey HSD,
P > 0.05). Data are mean £+ SE. For values, sample sizes (N), and
percent changes between experimental and control tissues, please
refer to the appropriate column in ESM Table 6
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A. perideraion housed with H. crispa, in all cases regard-
less of anemonefish species, was immediately consumed
and retained by anemonefishes. In contrast, when cut tenta-
cles of H. crispa were offered to these same fishes, they ini-
tially swallowed them but immediately rejected them. This
selective ingestion of freshly egested material versus fresh
tentacle by anemonefishes is intriguing as both items are
essentially the same (mucus, zooxanthellae, both fired and
unfired nematocysts) and points to the complex evolution
of this symbiosis. Perhaps the nematocysts in egesta are
heavily coated with mucus or proteinaceous material and
unable to fire, whereas in intact tentacles, the nematocysts
are better able to fire within the mouth of anemonefish.

During the 2010 field experiments, the intestine and
liver tissues of A. perideraion consistently displayed sig-
nificantly higher amounts of both >N and '3C than A.
clarkii. We suggest these results may simply represent the
amount of time each species of adult anemonefish spends
in close proximity to its host anemone or simply due to
its smaller size. Amphiprion perideraion spends ~83 % of
its time within 25 cm of H. crispa; in contrast, A. clarkii
only spends ~38 % if its time within 25 cm of H. crispa
and more time higher in the water column feeding (unpubl
obs). As well, female A. clarkii associates with an average
of ~5 anemones compared to female A. perideraion which
associate with ~3 anemones (unpubl data). Given that A.
perideraion are consistently in closer proximity to fewer
host anemones, the probability of these fishes observing
and consequently procuring and ingesting anemone egesta
or gametes (see below) is greater. Alternatively, since A.
perideraion are inherently smaller than A. clarkii, ingestion
of the same amount of isotope would raise their tissue iso-
tope levels more than in a larger fish.

Buston (pers comm) observed field A. percula feeding
on egesta from the anemone H. magnifica on several occa-
sions in Madang, Papua New Guinea (PNG); this egesta is
clearly important to these anemonefish because it is one of
only two contexts in which there is aggressive engagement
between A. percula fishes within the same anemone—the
other being forcible eviction from H. magnifica by the
dominant female anemonefish. Likewise, this egesta-eating
behavior was also observed in A. ocellaris within H. mag-
nifica on several occasions by Verde (pers obs) in the Phil-
ippines in 2013. As well, both A. bicinctus and A. ocella-
ris have been observed consuming egesta pellets extruded
from E. quadricolor and H. crispa in captivity (Chadwick,
pers comm) and these mucous-encased boluses of undi-
gestible food material are expelled from the anemone ~24 h
after their weekly feeding session (Chadwick, pers comm).

Amphiprion akindynos, when ingesting the chlorophyte
alga Enteromorpha flexuosa, displayed between 15 and
79 % digestion of total dry matter, demonstrates that some
anemonefish are capable of digesting algae (Galetto and
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Fig. 8 3'°C of specific fish tissues from anemonefish exposed to
the anemone host Heteractis crispa incubated with '*C bicarbonate-
labeled or control seawater during 2007. Anemonefish and anemones
were maintained together for 14 days in 38 L aquaria with running
seawater. A comparison of a experimental versus control A. clarkii,
b experimental versus control A. perideraion and ¢ experimental A.
clarkii versus A. perideraion. Histogram bars that share letters are
not significantly different (Tukey HSD, P > 0.05). Asterisks denote
comparison between experimental versus control fish tissue (Tukey
HSD, *P < 0.05; **P < 0.01; ***P < 0.001) and ns not significant
(Tukey HSD, P > 0.05). Data are mean £ SE. For values, sample
sizes (N), and percent changes between experimental and control tis-
sues, please refer to the appropriate column in ESM Table 7

Bellwood 1994). Mariscal (1970) determined that the pri-
mary contents within the stomachs of A. akallopisus were
zooxanthellae and that within the hindgut, the zooxanthel-
lae showed advanced degradation, consistent with the inter-
pretation that zooxanthellae are being digested. If correct,
anemonefishes may acquire substantial amounts of metab-
olites during the digestion of zooxanthellae as they pass
along the fish’s alimentary canal.

Second, some anemonefishes may benefit by feed-
ing on reproductive products released into the water dur-
ing host anemone-spawning events. To date, only Scott
and Franscisco (2006) have documented anemonefishes
directly consuming host anemone reproductive products;
they observed resident A. clarkii directly consuming eggs
of spawning Stichodactyla haddoni. Photographs by Scott
and Francisco (2006) clearly show anemone eggs being
released into the water column via the greatly extended
anemone mouth; all three resident A. clarkii (female, male
and sub-male) readily ingested the newly released eggs and
there were no overtly aggressive behavioral displays on the
part of the female toward either male A. clarkii (Francisco,
pers comm).

While the evidence for anemonefishes feeding on host
anemone reproductive products remains minimal, several
studies of closely related pomacentrids have documented
fishes feeding on coral eggs and larvae. Pomacentrus
moluccensis and Abudefduf whitleyi (Pratchett et al. 2001)
and P. amboinensis (McCormick 2003) have been seen
preferentially feeding on coral eggs or larvae (coral prop-
agules). If anemonefish predation on host anemone eggs
turns out to be a significant source of energy to the anem-
onefishes, it may represent a significant cost to the host
anemones. Such a negative interaction does not fit the clas-
sic distinction of a truly mutualistic association and offers
intriguing questions for future research.

Third, anemonefishes may be foraging on the mucous
film and/or parasites and bacteria associated with host
anemone tentacles. Several female Premnas biaculeatus
at Madang, PNG, were observed aggressively biting and
tugging on Entacmaea quadricolor tentacles while caus-
ing no apparent physical damage to them (Verde, per obs).
These mouthing and tugging episodes (Fig. 13a, b) may
result in anemone mucus and cells being ingested by the
anemonefishes as mentioned by Mariscal (1970). Benson
and Muscatine (1974) have documented many fish species
that actively consumed scleractinian, alcyonacean, and tri-
dacnian mucus that may contain high-energy organic mol-
ecules such as waxes, triglycerides, phospholipids, sterols
(Benson and Muscatine 1974), and proteins (Daumas et al.
1981). Such consumption of energy-rich cnidarian glyco-
protein mucus (Wild et al. 2004; Bythell and Wild 2011),
and associated bacterial assemblage by marine organ-
isms, is clearly advantageous. Using *CO, tracers via
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Fig. 9 3'5N of specific fish tissues from anemonefish exposed to
the anemone host Heteractis crispa fed a '"N-13C Isogro-labeled
or control shrimp diet during 2010. Anemonefish and anemones
were maintained together in the field for 14 days in 104 L bamboo
cages. A comparison of a experimental versus control A. clarkii, b
experimental versus control A. perideraion and ¢ experimental A.
clarkii versus A. perideraion. Histogram bars that share letters are
not significantly different (Tukey HSD, P > 0.05). Asterisks denote
comparison between experimental versus control fish tissue (Tukey
HSD, **P < 0.01; ***P < 0.001) and ns not significant (Tukey HSD,
P > 0.05). Data are mean £ SE. For values, sample sizes (), and
percent changes between experimental and control tissues, please
refer to the appropriate column in ESM Table 5
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zooxanthellate photosynthesis, both Rinkevich et al. (1991)
and Simon-Blecher et al. (1999) demonstrated that the
crabs Trapezia cymodoce and Crytochirus coralliodytes,
respectively, obtain '*C by oral consumption of coral hosts’
tissue or products. Similarly, >*P tracer studies by Gorlick
(1980) provide evidence for client fish mucus consumption
by the Hawaiian cleaning wrasse, Labroides phthiropha-
gus. Naumann et al. (2010) provide strong experimental
evidence for the uptake of N labeled coral mucus as a
food source by the epizoic acoelomorph Waminoa (initially
described by Barneah et al. 2007) on various hard and soft
coral species. It is also possible that external parasites on
the anemones may be targeted for elimination as a form of
grooming by the anemonefishes (Mariscal 1970; Fautin and
Allen 1997), as is the case for many cleaner fishes (Arnal
and Morand 2001).

An additional pathway for anemone nutrients that also
requires further consideration involves the bacterial com-
ponent associated with the anemone holobiont. Not only
are there bacteria on the ectodermal and endodermal layers
of the host cnidarian, but in the anemones Aiptasia pallida
(Palincsar et al. 1989) and Metridium senile (Schuett et al.
2007), bacterial aggregates are actually located within the
epidermal cells. These symbiotic bacterial communities
may undergo either nitrogen fixation (Lesser et al. 2007,
Fiore et al. 2010) and transformations (Fiore et al. 2010),
sulfur recycling (Raina et al. 2009), or digestion within the
coelenteron (Herndl and Velimirov 1986). Consequently,
the bacterial component may provide the host cnidarian
with a steady source of carbon, nitrogen, sulfur compounds,
and even phosphorous and vitamin B, (Agostini et al.
2009, 2012). Given the importance of the bacterial com-
munity to these cnidarian associations, it is highly plausible
that both organic and inorganic nutrient interchange occurs
among all components of this endosymbiont-exosymbiont-
anemone symbiosis. Although bacterial-specific pathways
of nutrient exchange were not specifically tested in this
study or by Cleveland et al. (2011), future studies inves-
tigating the nuances and intricacies are in order (see Weis
et al. 2008).

Fourth, anemonefishes may be feeding on host anemone
tentacles. Direct biting of host anemones by resident anem-
onefishes has been observed by numerous investigators
in both field and aquarium settings (Verwey 1930; Gohar
1934; Herre 1936; Mariscal 1970; Moyer and Bell 1976;
Ross 1978). Nevertheless, we have not directly observed A.
clarkii and A. perideraion naturally feeding on H. crispa
tentacles during many hours of field work; however, in
2013 when tentacle snips were artificially provided, the
anemonefishes ate them (see below).

Mariscal (1970) investigated the stomach contents of
field A. akallopisus; microscopic analysis revealed both
fired and unfired nematocysts and zooxanthellae from the
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Fig. 10 8'3C of specific fish tissues from anemonefish exposed to
the anemone host Heteractis crispa fed a '’N-'3C Isogro-labeled or
control shrimp diet during 2010. Anemonefish and anemones were
maintained together in the field for 14 days in 104 L bamboo cages.
A comparison of a experimental versus control A. clarkii, b experi-
mental versus control A. perideraion and ¢ experimental A. clarkii
versus A. perideraion. Histogram bars that share letters are not sig-
nificantly different (Tukey HSD, P > 0.05). Asterisks denote com-
parison between experimental versus control fish tissue (Tukey HSD,
*P < 0.05; ¥**P < 0.01; ***P < 0.001) and ns not significant (Tukey
HSD, P > 0.05). Data are mean &+ SE. For values, sample sizes (N),
and percent changes between experimental and control tissues, please
refer to the appropriate column in ESM Table 6

host anemone, Radianthus ritteri (= H. magnifica), con-
sistent with the notion that anemonefishes are ingesting
anemone tentacles (although ingestion of anemone egesta
cannot be ruled out). Hall (pers comm) observed a juve-
nile A. melanopus biting off a tentacle of E. quadricolor
(Fig. 13c) which was subsequently consumed. We specu-
late that newly recruited (and highly defenseless) juvenile
anemonefishes (and possibly Dascyllus) on anemones may
be directly feeding on the host anemone products as a way
of enhancing survival rates. Corroborating support for
young fish feeding on their cnidarian hosts is provided by
D’Ambra et al. (2015). Stable isotope analysis of fish and
potential food sources showed that age-0 carangid Chloro-
scombrus chrysurus rely on its two pelagic scyphomedusae
hosts, Aurelia sp. and Drymonema larsoni, as a principal
source of food and that approximately 90 % of the fishes
assimilated diet is contributed by the hosts (D’ Ambra et al.
2015).

Cut anemone tentacle feeding experiments conducted
in the field during 2013 suggest the potential for anemone-
fishes to feed on tentacles. If H. crispa is the host anemone,
only an average of approximately 26 and 6 % of A. clarkii
and A. perideraion, respectively, ingested the anemone ten-
tacles in the field; this is higher than the 2007 aquarium-
based anemonefishes which did not eat any tentacles at all.
It may be that the anemonefishes in aquaria that are fed a
high-quality food pellet learn to be more discriminatory
and are “holding out” for better food than a mere tenta-
cle whereas in the field, wild anemonefishes may be more
opportunistic. In contrast to H. crispa, if E. quadricolor is
the host anemone (regardless of the anemonefish species),
the tentacles were readily consumed. Consequently, these
results suggest that the consumption of host anemone tenta-
cles can occur but may be highly dependent on the specific
anemonefish—host anemone combination.

Collingwood (1868) used the term “quasi-parasitic fish”
in the title of his paper to label his initial observations of
anemonefishes and anemones in the field; given the biting/
ingestion of tentacles (and consumption of anemone eggs),
this may be a fairly accurate description of how some
anemonefishes may obtain organic products from their host
anemone. While these behaviors by anemonefishes would
appear counter-intuitive in this mutualistic symbiosis, if the
costs incurred by the host anemones by this “predation”
are less than the benefits provided by resident anemone-
fishes (territorial defense, water circulation, nutrient trans-
fer), the symbiotic association would develop and flourish.
Bronstein (2001) discusses the ecology and evolution of
mutualisms that are shaped by aggressive interactions like
herbivory, predation, and parasitism when considering the
overall costs of mutualistic collaborations.

Aside from the oral uptake of nutrients by anemonefish,
another mechanism of nutrient acquisition from anemones
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Fig. 11 3'3C of specific fish tissues from anemonefish exposed to
the anemone host Heteractis crispa incubated with '*C bicarbonate-
labeled or control seawater during 2010. Anemonefish and anemones
were maintained together in the field for 28 days in 104 L bamboo
cages. A comparison of a experimental versus control A. clarkii, b
experimental versus control A. perideraion and ¢ experimental A.
clarkii versus A. perideraion. Histogram bars that share letters are
not significantly different (Tukey HSD, P > 0.05). Asterisks denote
comparison between experimental versus control fish tissue (Tukey
HSD, ***P < 0.001) and ns not significant (Tukey HSD, P > 0.05).
Data are mean £+ SE. For values, sample sizes (), and percent
changes between experimental and control tissues, please refer to the
appropriate column in ESM Table 7
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Isotope Source

Bicarb *C

Fig. 12 §'3C and 3N levels of recently settled larval a Amphiprion
sp. and b Dascyllus sp. and ¢ adult Periclimenes sp. shrimp exposed
to field-transplanted anemone host, Heteractis crispa, incubated or
fed with stable isotopes without during 2010. Asterisks denote com-
parison between experimental versus control whole organism tissue (¢
test, *P < 0.05; **P < 0.01; ***P < (0.001). Data are mean + SE

potentially involves the movement of carbon and nitrogen
through epithelial cells of post-settlement anemonefish
larvae. Trans-epidermal uptake of nutrients from seawater
is a common occurrence in invertebrates with soft tissues
in direct contact with seawater (Ferguson 1982; Gomme
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Table 2 Sample size and percentage of anemonefish eating cut tenta-
cles from various host anemone species that were sampled in the field
in the Philippines from June to August, 2013

Anemone & fish species Sample size (N) % of fish eating tentacles

H. crispa
A. clarkii 23 26
A. perideraion 17 6
E. quadricolor
A. melanopus 30 100
P. biaculeatus 3 100
A. chrysopterus 1 100
A. clarkii 8 38
H. magnifica
A. perideraion 7 57
A. ocellaris 19 11
S. mertensii
A. sanderacinos 3 67
A. ocellaris 2 50
A. chrysopterus 6 50
A. polymnus 1 0
A. clarkii 1 0
M. doreensis
A. clarkii 2 0

1982; DeFreese and Clark 1991; Ambariyanto and Hoegh-
Guldberg 1999). The integument of fish (comprised of both
the epidermis and dermis) is such that these epithelial cells
are generally not sclerotized but composed of vascularized
cells (Elliot 2000; Olsen 2000). This morphology of larval
(and possibly juvenile and adult) anemonefishes may be
a plausible conduit for organic nutrient uptake from sea-
water or direct contact with the tentacles of the anemone.
Evidence for this hypothesis comes from epidermal wipes
of mucus from adult anemonefishes over time showing a
2-4 times higher enhancement (compared to controls) in
both '*C and N within 2 h after initial contact with sta-
ble isotope-augmented anemones (unpubl data). Alterna-
tively, the elevated '*C and '°N on the epidermis and fins
of adult fishes may simply be anemone mucous transferred
from direct contact between anemonefish and anemone
ectoderm.

Bearing in mind that certain pomacentrids (Stegastes
planifrons and S. dorsopunicans) actively cultivate their
food (Cleveland and Montgomery 2003) within territo-
ries which they aggressively defend (Robertson 1984;
Cleveland 1999), this damselfish behavior could also be
extended to pomacentrid anemonefishes. Since the anem-
one host and zooxanthellae serves as a food source for
the anemonefishes, protection of a potential food resource
may be another strategic reason to vigorously defend
the anemone host (Godwin and Fautin 1992; Porat and

Fig. 13 Adult a Amphiprion chrysopterus showing tentacles of
Entacmaea quadricolor within its mouth (photo by Howard Hall)
and b A. ocellaris pulling a tentacle of Heteractis magnifica into its
mouth (photo by Ulrika Kroon). A juvenile ¢ A. melanopus observed
biting off a tentacle from E. quadricolor and subsequently swallow-
ing it (photo by Howard Hall)

Chadwick-Furman 2004) from anemone predators. Addi-
tionally, there are other fishes (Apogon, Starksia, Pterapo-
gon, Thallasoma, and Cirrhitichthys) that show a faculta-
tive association with anemones (Randall and Fautin 2002);
however, it is currently not known whether any of these
fishes are able to benefit nutritionally from anemones.
There are other organisms that are also in a symbiotic
association with anemones that do feed on anemone ten-
tacles (Periclimenes; Fautin et al. 1995) or mucus and
egesta (Allopetrolisthes; Valdivia and Stotz 2006). Such
organisms include several porcellanid crab (Petrolisthes
and Neopetrolisthes) and shrimp (Periclimenes) species
that may benefit nutritionally from the anemones just as
much, if not more, than the anemonefish since they are
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in direct contact with the anemone host virtually 100 %
of the time. The data from field recruited Periclimenes
shrimp onto anemones exposed to stable isotope provides
evidence for this assertion since the average whole-body
values were significantly higher than controls for both *C
(8 percent change = 7—11) and especially for N (8 per-
cent change = 101). One could argue that these higher iso-
tope values may simply reflect direct contact transference
of isotopes between anemone ectoderm and shrimp exo-
skeleton and not necessarily organic products ingested by
the shrimp. However, the magnitude of '*C for shrimp are
much greater than the '*C values for the liver and intestines
of anemonefishes; furthermore, the average BN value of
1033 %o is an order of magnitude greater than any of the
anemonefish liver and intestine >N values. Consequently,
these very prominent isotopic signals suggest that the
shrimp are directly ingesting carbon and nitrogenous prod-
ucts from the anemone host.

Through the use of 13C and PN, Cleveland et al. (2011)
and this study provide definitive evidence that both carbon-
and nitrogen-containing compounds are being cycled in a
“closed-loop system” between the three primary associ-
ates of algal endosymbiont, anemone host, and anemone-
fish exosymbiont that underscores the interdependence of
these organisms. However, both the quantity (magnitude)
and quality (metabolite profiling) of these compounds are
currently unknown and remain to be established. Stable
isotope techniques (similar to the radioactive isotope study
by Whitehead and Douglas 2003) as well as more con-
temporary techniques such as multi-isotope imaging mass
spectrometry (MIMS, Davy et al. 2012) or the combina-
tion of both transmission electron microscopy (TEM) and
nanoscale secondary ion mass spectrometry (NanoSIMS)
ion microprobe imaging used by Kopp et al. (2015) should
be considered in future studies.

It is clearly apparent that anemonefishes and their hol-
obiont anemones are “co-dependent” on each other for
carbon and nitrogen sources in an environment known
for low nutrient levels; consequently, protecting both part-
ners from human-induced stresses such as pollution, over-
harvesting, and climate change is critical to maintaining
these strategic residents of coral reef ecosystems in order
to preserve marine biodiversity as described by Roberts
et al. (2002). The conclusions of this study are appropri-
ate to the fundamental understanding of nutrient recycling
in tropical reef ecosystems and highlight the intricate and
dynamic collaborations in a marine ecosystem that encom-
passes more than 25 % of worldwide marine biodiversity.
As such, the commercial collection of anemone hosts
and resident anemonefishes in the Philippines (and prob-
ably elsewhere) should utilize more extensive conserva-
tion strategies and management policies (Shuman et al.
2005) to avoid overexploitation of either partner in this
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association. Such measures would not only help conserve
these superb examples of symbiotic partnerships but also
provide long-term income potential to local ornamental
collectors (Madduppa et al. 2014) in a developing econ-
omy of a nation bordered by a tropical climate within the
Pacific Ocean.
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