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Abstract Many symbioses involve multiple partners in
complex, multi-level associations, yet little is known con-
cerning patterns of nutrient transfer in multi-level marine
mutualisms. We used the anemonefish symbiosis as a
model system to create a balance sheet for nitrogen produc-
tion and transfer within a three-way symbiotic system. We
quantified diel patterns in excretion of ammonia by ane-
monefish and subsequent absorption by host sea anemones
and zooxanthellae under laboratory conditions. Rates
of ammonia excretion by the anemonefish Amphiprion
bicinctus varied from a high of 1.84 pmole g~'h~' at 2 h
after feeding, to a basal rate of 0.50 pmole g~'h~! at
24-36 h since the last meal. Conversely, host sea anemones
Entacmaea quadricolor absorbed ammonia at a rate of
0.10 pmole g~'h~! during the daytime in ammonia-
enriched seawater, but during the night reduced their
absorption rate to near zero, indicating that ammonia
uptake was driven by zooxanthella photosynthesis. When
incubated together, net ammonia excretion was virturally
zero, indicating that host anemones absorbed most of the
ammonia produced by resident fish. Adult anemonefish
weighed about 11 g under laboratory conditions, but on the
coral reef may reach up to 64 g, resulting in a maximal
potential ammonia load of >200 pmole h™' produced by
two adult fish during daylight hours. In contrast, host sea
anemones weighed about 47 g in the laboratory, but under
field conditions, large individuals may reach 680 g, so their
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maximal ammonia clearance rates may reach about
70 umole h™! during the daytime. As such, the ammonia
load produced by adult anemonefish far exceeds the clear-
ance rate of host anemones and zooxanthellae. Ammonia
transfer likely occurs mainly during the daytime, when ane-
monefish consume zooplankton and excrete rapidly, and in
turn the zooxanthellae are photosynthetically active and
drive rapid ammonia uptake. We conclude that zooplank-
tivorous fishes that form mutualisms with coral reef cnida-
rians may serve as an important link between open water
and benthic ecosystems, through the transfer of large quan-
tities of nutrients to zooxanthellate hosts, thus enhancing
coral reef productivity.

Introduction

Many symbioses consist of multi-level associations among
members of at least three species belonging to widely-sepa-
rated taxonomic groups. For example, a four-way associa-
tion occurs among some cleaner shrimps that remove
parasites from client fishes on coral reefs, and also shelter
in sea anemones that host endosymbiotic microalgae (zoo-
xanthellae) (Nizinski 1989; Bunkley-Williams and Wil-
liams 1998). These sea anemones provide the basis for a
network of complex interactions among mutualistic part-
ners that may impact multiple trophic levels on coral reefs
(Becker and Grutter 2004; Arvedlund et al. 2006). Most of
the evolutionary theory and empirial evidence on mutual-
isms, however, focusses on two-species systems, or on only
two partners within multi-level associations (Doebeli and
Knowlton 1998; Herre et al. 1999; Stachowicz 2001; but
see Bruno et al. 2003). Symbiotic organisms often utilize
the metabolic byproducts of their partners, thus enhancing
the efficiency of nutrient and energy transfer both within
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and among ecosystems (Meyer and Schultz 1985a, b; Ellis
and Midgley 1996; Stachowicz 2001; Davy et al. 2002;
Vanni 2002). In aquatic environments where dissolved
nutrients become easily dispersed, nutrient exchange
among symbiotic partners may be common, especially in
oligotrophic ecosystems such as coral reefs where levels of
dissolved nutrients limit the growth of marine plants (Mus-
catine and Porter 1977; Crossland 1983; Falkowski et al.
1993; Hoegh-Guldberg and Williamson 1999). However,
evidence on the patterns and ecological impacts of nutrient
exchange within complex, multilevel symbioses in the
marine environment is extremely rare. One of the few docu-
mented examples is the association among cnidarians, zoo-
xanthellae, and a variety of invertebrate ectosymbionts.
Some shrimps, barnacles, and mussels form obligate asso-
ciations with host corals and sea anemones, and excrete
ammonium and phosphate metabolic byproducts that the
host potentially absorbs and can utilize for its own growth
and that of its zooxanthellae (Fautin et al. 1995; Achituv
and Mizrachi 1996; Spotte 1996; Mokady et al. 1998).

One of the most conspicuous symbioses on coral reefs is
the association between groups of zooplanktivorous dam-
selfishes and large cnidarians such as branching corals and
giant sea anemones. These fishes shelter among the
branches or tentacles of the host cnidarians (Allen 1991;
Fautin and Allen 1997; Randall and Fautin 2002) and are
thereby protected from predation by large reef piscivores
such as groupers and sharks, greatly enhancing fish diver-
sity and abundance on coral reefs. As vertebrates, these
fishes metabolize more rapidly than do their invertebrate
hosts and so produce relatively large quantities of meta-
bolic waste products, mostly in the form of dissolved
ammonia and particulate organic matter (Meyer and
Schultz 1985a; Bray et al. 1986; Schaus et al. 1997). The
main nitrogenous excretion of marine fish is ammonia (75—
85%), which rapidly binds to hydrogen ions to form ammo-
nium ions in aqueous solution (e.g., Jobling 1981; Durbin
and Durbin 1981; Meyer and Schultz 1985a). This form of
nitrogen is readily assimilated by corals and other cnidari-
ans (Muscatine and D’Elia 1978). As such, mutualistic
fishes may serve as major contributors to the fitness of cni-
darian hosts and zooxanthellae through their metabolic
byproducts, but almost nothing is known about the process
of nutrient transfer among these partners or impacts on ben-
thic reef productivity. Because most damselfish symbiotic
with cnidarians are zooplanktivores (Allen and Randall
1980; Allen 1991; Fautin and Allen 1997), they import
nutrients to the coral reef from the plankton, and thus may
serve as an important link between open ocean and benthic
ecosystems via nutrient transfer to their symbiotic hosts,
thereby greatly enhancing reef productivity.

The excretions of free-living, non-symbiotic fishes also
serve as an important source of nutrients on coral reefs. For
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example, large schools of migrating grunts (Haemulon
spp.) that feed during the night and rest over colonies of the
stony coral Porites furcata during the day enhance growth
rates of the coral (Meyer and Schultz 1985a, b). Fish excre-
tions also are important in freshwater ecosystems, where
they may affect the flux of nutrients between benthic and
pelagic habitats (Vanni 2002; Glaholt and Vanni 2005).

About ten species of giant sea anemones serve as symbi-
otic hosts to >25 species of obligate anemonefishes, and
also harbor zooxanthellae within their tissues, forming a
three-way mutualism (Fautin and Allen 1997). Until
recently, most of the benefits in this multi-level symbiosis
were assumed to accrue to the fish, mainly in form of pro-
tection from predation (Fautin 1991; Fautin and Allen
1997). However, the anemone host and zooxanthellae also
benefit by being protected from specialized predators that
consume cnidarians (Fricke 1979; Godwin and Fautin
1992; Porat and Chadwick-Furman 2004). Protection of the
sea anemone host may be restricted to the adults of some
fish species that exhibit high levels of territorial behavior
and are large enough to aggressively drive off potential pre-
dators (Godwin and Fautin 1992; Fautin and Allen 1997,
Randall and Fautin 2002). Recent studies also have demon-
strated physiological benefits to the host, in which the ane-
monefish release ammonia and the host sea anemones
absorb it (Cleveland etal. 2003, 2006), resulting in
enhanced growth of the host when inhabited by fish (Hol-
brook and Schmidt 2005; Porat and Chadwick-Furman
2005; Roopin 2007). However, the percent contribution of
anemonefish ammonia to the inorganic nutrient budget of
host sea anemones and their zooxanthellae remains
unknown, as well as temporal and spatial variation in the
process of nutrient transfer.

Here, we use the anemonefish mutualism as a model sys-
tem to quantify patterns of nutrient transfer in a three-way
symbiosis. Specifically, we determine the extent of inor-
ganic nutrient contribution by obligate fish partners to the
nitrogen balance of sea anemone hosts and their zooxan-
thellae. This laboratory-based study complements related
research on patterns of ammonia flux in this system, and the
ecophysiological impacts on members of this mutualism
under natural conditions on coral reefs (Roopin 2007).

Methods
Study organisms and maintenance

Bulb-tip anemones Entacmaea quadricolor (Riippell and
Leuckart, 1828) were transported to Auburn University
from the Waikiki Aquarium (Hawaii, USA) where they had
been cultured and propagated via clonal replication from
individuals collected in Palau in 1985. Two-band anemone-
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fish Amphiprion bicinctus Riippell, 1828 were acquired
from Oceans Reefs and Aquariums (ORA), an aquaculture
facility at Harbor Branch Oceanographic Institution at Fort
Pierce, Florida, USA. Members of these species co-occur
on coral reefs in the Red Sea, where we have conducted
previous studies on this mutualism (Porat and Chadwick-
Furman 2004, 2005; Chadwick and Arvedlund 2005). The
cultured fish and anemones were distributed haphazardly
among 12 identical closed-system aquaria and were main-
tained under the conditions described below for at least
2 month prior to experiments.

Each aquarium system circulated ~160 L of artificial
sea water (Reef Crystals, Aquarium Systems, Inc., OH,
USA) between an upper aquarium and a lower sump that
each contained 80L of sea water and measured
71 cm x 33 cm x 35 cm. Water flowed into the upper
aquarium from the sump alternately through two pipe out-
lets using a SCWD-wave maker (3iQ Ventures LLC, Man-
hattan Beach, CA, USA). Each system contained a protein
skimmer, live rock, and macroalgal cultures in the sump as
mechanical and biological filters, and a layer of fine sand
in both sump and aquarium. All systems were maintained
at a salinity of 34-35 ppt and a temperature of 26°C on a
12 h light:12 h dark photoperiod. Over each aquarium
was suspended a 6-bulb TEK-LIGHT™TS5 high output
fluorescent light, with a combination of 3 39 W TS5
Midday 6,000 K and 3 39 W T5 Pure Actinic Giesemann
PowerChrome fluorescent bulbs, which provided a con-
stant irradiance of about 200 pumol quanta s~! m~2 of
photosynthetically-active radiation (PAR) at the bottom of
the aquarium to 800 pmol quanta s~! m~2 at the water sur-
face, as measured with a QSL-2101 Scalar PAR Sensor
(Biospherical Instruments, San Diego, CA, USA). This
level of irradiance was equivalent to that at about 10-30 m
depth on coral reefs in the Red Sea (Stambler 2005), where
these organisms naturally occur (Chadwick and Arvedlund
2005). All anemones were fed weekly to satiation with
small pieces of fish or shrimp, and the anemonefish were
fed daily to satiation with a combination of dry pellets
(Formula One, AquaPet Americas, UT, USA) and frozen
foods (Cyclop-Eeze Copepods, Argent Laboratories, Red-
mond, Washington, USA, and Mysis Shrimp and Spirulina
Brine Shrimp, Hikari Sales, Hayward, CA, USA). Feeding
behavior was monitored carefully to ensure that all ani-
mals ingested the proffered foods. Both the fish and anem-
ones grew substantially under these culture conditions
prior to experiments.

Before the start of experiments, the wet mass of each fish
was determined. The fish ranged in wet mass from 5.3 to
250g X£SE=113+1.0g, N=9 fish). The relation-
ship between wet mass and tentacle crown diameter (TCD)
of the sea anemones was determined in a separate study as
y=0.20 x*'° where y = wet mass in grams and x = tentacle

crown diameter in cm (Godinot and Chadwick unpublished
data). Thus, sea anemone sizes were determined by photo-
graphing each while fully expanded in its home aquarium,
then measuring TCD from the digital photographs using
Image Tool for Windows version 3.00 (UTHSCSA). The
TCD of the anemones ranged from 8.2 to 16.9cm
(X£SE=13.2+0.4cm), and their estimated wet mass
ranged from 16.5 to 75.3 g (47.0 £ 3.0 g, N =30 anemo-
nes).

Ammonia measurements

We determined the resting ammonia (defined as the com-
bination of NH; gas and NH," ion) flux of anemones and
anemonefish in both light and dark under controlled labo-
ratory conditions. Rates of ammonia excretion/uptake
were measured by placing each organism in a separate 1—
2 L experimental vessel (glass beaker, Fisher Scientific)
filled with 500-1,000 ml of seawater depending on ani-
mal size. Experiments were conducted in a water bath at
a constant temperature of 26°C under 400 W Radium
Metal Halide Lamps (Ocean Light 250, Aqua Medic),
which provided about 500 pmol quanta s~! m~2 of pho-
tosynthetically-active radiation (PAR), similar to that
experienced by anemones in the holding aquaria (see
above).

Ammonia in seawater can be eliminated by air bubbles
or bacterial activity, and this loss can underestimate the
final dissolved ammonia concentration in measured sam-
ples. Therefore, all experimental trials contained a control
vessel with no animals, and either just seawater or ammo-
nia-spiked seawater, depending on the experiment. All
experimental and control vessels were aerated continu-
ously using an airstone attached to a pump set at a low
level, which kept the water aerated and stirred, but did not
cause excessive evaporation. Preliminary trials were con-
ducted with incubation times of 40 min to 6 h, and an incu-
bation time of 100 min was observed to provide the most
constant, repeatable excretion rates. Thus, the total incuba-
tion time of the animals in each experiment was set at
100 min, and 5 ml water samples were withdrawn for
ammonia analysis every 20 min using a Rainin pipette
(adapted from Wilkerson and Muscatine 1984; Spotte
1996). Ammonia concentration in the experimental vessels
was determined using the indophenol blue method (Solarz-
ano 1969), scaled down ten-fold due to the small incuba-
tion volumes, on a GENESYS 5 Spectrophotometer
(Thermo Electron Spectronic, MA, USA). This modified
procedure was tested repeatedly against a standard curve of
0-25 uM NH,CI; results produced using the two proce-
dures did not differ significantly [Student’s ¢ test, g, =
—0.256, P =0.802]. Average ammonia flux (excretion or
uptake) in each incubation was computed as the difference
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between the final and initial amounts of ammonia in the
total volume of each experimental vessel. The amount of
ammonia generated or consumed per hour per gram of
animal wet mass was calculated from the ammonia concen-
tration, water volume in the experimental vessel, and the
wet mass of each fish or anemone tested (umole g’1 h™h.
Changes in the water volume due to sampling, and the
displacement of water due to animal volume, were incorpo-
rated into all calculations.

Fish excretion rates

Ammonia excretion rates were quantified for nine fish,
each examined during four time periods (2, 6, 24, and
36 h post-feeding). In order to avoid stressing the fish,
only one excretion trial was performed per day on each
fish; within 3 weeks, ammonia assessments of all fish
were completed. The above time periods were selected
because A. bicinctus anemonefish are diurnal zooplankti-
vores (Fautin and Allen 1997), so in the field, the shortest
time periods (2 and 6 h post-feeding) reflected excretion
rates during the day. In contrast, ~8-20 h post-feeding
occurs at night in these fish, when the sea anemone hosts
decrease their uptake rates significantly (see Results), so
this time period was not examined. The time periods of 24
and 36 h post-feeding revealed basal excretion rates when
the fish were starved. Anemonefish were placed in experi-
mental vessels and were allowed to acclimate for 20 min
prior to performing two complete changes of water, to
ensure that initial ammonia levels were close to zero when
measurements began. Thus, the 20-min acclimation
period was prior to and separate from the 100 min of incu-
bation time for excretion rates. The fish appeared calm
and swam normally while excretion rates were monitored,
and did not appear to be stressed or breathing rapidly
(according to opercular opening rates).

Changes in the concentration of ammonia also were
measured in a separate experiment in vessels that each con-
tained an anemonefish and a sea anemone (N=9 pairs
total), and these were compared with changes in ammonia
levels produced by the same anemonefish in the absence of
an anemone. Fish and anemones were paired at random
with respect to body size. It was predicted that ammonia
levels would be lower in this separate experiment with both
fish and sea anemone together than in those with fish alone,
because the anemones were expected to absorb the dis-
solved ammonia (after Porat and Chadwick-Furman 2005).
Food was withheld from fish 24 h prior to this experiment,
to bring the fish close to their basal excretion rate. In each
trial, an anemonefish was placed with its host anemone in a
2 L experimental vessel containing 1 L of seawater, and the
ammonia level was quantified following the procedures
described above.
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Sea anemone uptake rates

Rates of ammonia uptake were quantified for a total of 30
anemones: ten during the daytime in seawater with no
ammonia added, ten during the daytime in seawater enriched
with each of two concentrations of NH,CI (10 and 20 pM),
and ten during the night at each of two times after the onset
of darkness in seawater enriched with 10 pM of NH,CIL.
Between the daytime tests at each of the two enriched
ammonia concentrations, the anemones were maintained
under their normal feeding regime (see above) in their origi-
nal tanks for at least 3 weeks to ensure no effects of the pre-
vious testing concentration. Uptake was measured as the
reduction in ammonia concentration in the water in the
experimental vessels. At the end of each experimental trial,
the anemones were removed from the experimental vessels
and returned to their original aquaria. This procedure did not
appear to greatly affect the anemones: some contracted their
tissues when transferred to the experimental vessels, but all
re-expanded and attached their basal disks to the glass
within the first 5-10 min of the experiment. Because the
anemones were maintained under constant irradiance
throughout the light period (12 h) each day, it was assumed
that any “time of day” effect would be minor, and thus all
daytime experiments were conducted at midday.

Statistical analyses

All statistical analyses were conducted using SPSS 15.0 for
Windows. Normality and homogeneity of variances were
tested using the Shapiro—Wilk statistical test for N < 50.
Variation in fish ammonia excretion rate versus time after
feeding was examined using a one-way repeated-measures
analyses of variance (ANOVA) with time as the repeated
variable, followed by post hoc pairwise comparisons
among groups. Differences were considered significant at
P <0.05. The ammonia uptake rates of sea anemones were
examined in stages, with different groups of individual
anemones available for testing during each stage. Thus, one
group of anemones was tested repeatedly during the day-
time at two levels of ammonia enrichment (10 and 20 uM),
one group was repeatedly tested at two times during the
night at a single level of ammonia enrichment (10 uM), and
one group was tested in zero ammonia (negative control).
Due to our use in stages of different groups of anemones, a
combination of paired and independent sample ¢ tests was
used to compare ammonia flux among the treatments. Vari-
ation in the level of ammonia buildup in vessels with ane-
monefish in the presence versus absence of anemones was
determined using a paired ¢ test. The Bonferroni correction
was applied to the significance level when more than 1 # test
was used. All results are presented as mean £ 1 SE unless
otherwise indicated.
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Results
Fish excretion rates

The ammonia concentrations within control vessels that
contained no animals (N = 5) remained at their initially-set
values of 0-20 uM, depending on the type of experiment
being performed (see Methods). The ammonia concentra-
tions in these control vessels varied by <0.5% throughout
each experiment, and did not differ significantly between
the start and end of each experiment [paired ¢ test,
t5y=0.37, P =0.71]. Thus, changes in ammonia concentra-
tion due to uptake by microbes or other causes were consid-
ered to be negligible throughout each experiment, and
adjustments were not made to the data. Similar results were
obtained by Haines and Wheeler (1978) and Bray et al.
(1986).

Large fish produced more ammonia than did small ones,
but the mass-specific excretion rate did not vary signifi-
cantly with fish size (> =0.379, P =0.78, N=9). The
rate of ammonia excretion was highest immediately after
feeding (1.84 & 0.1 pmole g~'h™! at 2 h post-feeding)
and decreased significantly thereafter [repeated measures
ANOVA, F 3,4 =66.9, P <0.001, Eta* = 0.893, Fig. 1].
By 6h after feeding, the rate had dropped to
1.07 + 0.08 pmole g ' h™!, and by 24h the ammonia
excretion rate appeared to have reached a baseline value of
0.60 & 0.08 pmole g~'h~!. By 24 h post-feeding, starva-
tion had caused a reduction in excretion to approximately
one-third of the maximal, fed rate. After 36 h, excretion
rate decreased again to 0.42 & 0.04 pmole g~' h™!, but was
not significantly different from that at 24 h (multiple com-
parisons test, P=0.31). An exponential fit of the data
yielded a release rate coefficient (1) of 0.0399 h~!
(% = 0.94). The mean of excretion rate at 24 and 36 h after
feeding was determined as the basal excretion rate
(0.50 umole g~' h™!), and accounted for 27.6% of the max-
imum excretion rate measured.

Sea anemone uptake rates

The resting ammonia flux of sea anemones during the day
in non-spiked seawater (negative control) was essentially
zero (—0.003 4 0.001 umole g~'h~!, N =10), indicating
that ammonia uptake by endosymbiotic zooxanthellae
appeared to mask ammonia excretion by host anemones
during the daytime. The rate of ammonia uptake by sea
anemones during the daytime in seawater spiked with
20uM ammonia [0.103 £ 0.012 pmole g~ ' h™')  was
significantly faster than that in 10uM (0.045 £
0.006 pmole g~ h™!, paired 1 test, 1,9, = —7.166, P < 0.001,
Fig. 2]. As expected, anemones did not show net excretion
in unspiked seawater, and their rate of ammonia uptake was
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concentration by giant sea anemones Entacmaea quadricolor during
the daytime. Photosynthetically active radiation (PAR) was supplied at
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the coral reef. Values are shown as mean £ SE (N = 10). Uptake rates
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text for details

significantly slower than that of anemones incubated in
either 10 UM ammonia [7 test, lag) = —7.503, P <0.001] or
20 pM ammonia [ test, fag) = —8.527, P < 0.001, Fig. 2].

The sea anemones absorbed ammonia at a significantly
slower rate in the dark (nighttime conditions) than when
exposed to light [daytime conditions, 7 test, f;g, = —3.654,
P < 0.002]. During the night, uptake rates remained con-
sistently low and did not differ significantly between 1
and 4 h after the onset of darkness [0.015 £ 0.008 vs.
0.008 =+ 0.007 pmole g~' h™!, respectively, paired 7 test,
loy = 0.719, P =0.49, Fig. 3]. However, the mean uptake
rate at 4 h after darkness was about half that at 1 h, indicat-
ing that rates may have continued to decline, but this
decrease was not detectable here due to the variability
among individuals.
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Ammoniauptake rate (umoleg *h™*)

1h after dark 4 h after dark
Light conditions

Daytime

Fig. 3 Variation in ammonia uptake rate with light conditions in giant
sea anemones Entacmaea quadricolor incubated in 10 pM NH,CI-
spiked seawater. For daytime measurements, photosynthetically active
radiation (PAR) was supplied at ~500 uE m~2s~, similar to that at
15 m depth at noon on the coral reef. Values are shown as mean £+ SE
(N = 10). Uptake rates with different letter values were significantly
different at P < 0.05. See text for details

Ammonia load versus clearance

The net ammonia buildup in vessels containing fish alone
(40.86 £ 7.12 uM) was about 5x higher than in vessels
containing fish-anemone pairs [8.05 & 0.77 uM, paired ¢
test, 75, = —4.855, P<0.001, Fig.4]. In all cases, the
ammonia load created by the anemonefish built up more
rapidly than the clearance rate of the sea anemones, leading
to an ever-increasing enrichment of ammonia in the experi-
mental vessels. The anemones absorbed most (>80%) of
the ammonia released by the fish, at an average rate of
about 5.3 pmole h™".

Discussion

We demonstrate here that substantial nutrient transfer
occurs in this three-way symbiosis, and that the rate at
which ammonia is generated by anemonefish appears to
greatly exceed the rate at which it is cleared by host sea
anemones and their zooxanthellae, thereby providing a
major source of nitrogen to the microalgae in this associa-
tion. The adult anemonefish examined here generated large
amounts of ammonia during the day when they consumed
zooplankton, and host sea anemones and their zooxanthel-
lae rapidly absorbed it. In contrast, during the night, the fish
did not feed and the host zooxanthellae did not photosyn-
thesize, resulting in minimal rates of dissolved nutrient
transfer. Thus, the daily peak of metabolic activity coin-
cides in all three members of this symbiosis, allowing max-
imal absorption of nutrients by host anemones when fish
excretions also are at their highest.
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Fig. 4 Ammonia buildup in experimental vessels with anemonefish
Amphiprion bicinctus alone versus when incubated together with giant
sea anemones Entacmaea quadricolor. The same fish were measured
with and without their host anemones (paired replicates). Values are
shown as mean £ SE (N =9). Error bars for the open circles were
smaller than the symbols

Our laboratory measurements here allow us to estimate
the amount of ammonia generated by anemonefish in the
field. The mean length of the anemonefish A. bicinctus
inhabiting the host anemone E. quadricolor in the Red Sea
is about 5-9 cm depending on location, and maximum
length varies from 11 to 13 cm (Chadwick and Arvedlund
2005). Thus, mean fish mass in the field is about 3-20 g,
and maximal adult mass ranges from 38 to 64 g, based on
the exponential relationship between length and wet mass
in this species (see Methods). Because a mated pair of ane-
monefish usually inhabits each host anemone (Fautin and
Allen 1997; Chadwick and Arvedlund 2005), each fish pair
produces a potential mean ammonia load of 10-
74 pumole h™', with a maximal load of 140-236 pmole h™',
based on their daytime rates of ammonia excretion quanti-
fied here. Sea anemones in the wild also may be occupied
by 2—4 smaller anemonefishes in addition to the mated
adult pair (Fautin and Allen 1997). This group occupancy
of hosts can increase further the ammonia load produced by
the fish associated with each anemone. Many factors will
alter how much of this excreted ammonia becomes avail-
able to sea anemone hosts under field conditions, including
dilution by water currents and the shapes of coral reef cre-
vices occupied by the anemones. In addition, the amount of
time that fish spend separated from their anemone hosts
while they feed in the water column may vary among
anemonefish species, and will affect the rate of nutrient
transfer.

In contrast to the potentially rapid ammonia production
rate of anemonefishes, the ammonia clearance rate of host
sea anemones appears to be relatively slow. The mean body
size of the host anemone E. quadricolor on coral reefs in
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the northern Red Sea ranges from 17 to 30 cm tentacle
crown diameter depending on location, and maximum size
reaches 40-48 cm diameter (Chadwick and Arvedlund
2005). Thus, the mean wet mass of these sea anemones in
the field is approximately 77-253 g, and maximum wet
mass may reach 463-679 g, based on the relationship
between anemone diameter and wet mass (see Methods).
Given the body sizes of these organisms on coral reefs,
individuals of this sea anemone potentally can absorb
ammonia from seawater at mean clearance rates of about 8—
25 umole h™!, and maximum rates of 46—68 pmole h™! for
the largest observed individuals during the daytime.
Because, we obtained these clearance rates from anemones
incubated in a relatively high concentration of 20 uM exter-
nal ammonia, we over-estimate here the actual clearance
rates of sea anemones under field conditions. Another fac-
tor that can affect this estimate is the unknown relationship
between anemone body size and clearance rate. We con-
clude based on the available data that the ammonia load
produced by resident anemonefish likely outstrips the clear-
ance rate of host sea anemones, unless the anemone is
much larger than average and the associated fish are less
abundant and smaller than average. Both the abundance and
size of resident anemonefishes correlate positively with the
size of host anemones E. quadricolor in the field (Hattori
2005; Kobayashi and Hattori 2006; Chadwick unpublished
data). This pattern narrows the supply/demand relationship
for ammonia transfer in this system, and indicates that sup-
ply may keep up with demand in many cases.

Anemonefish may excrete ammonia at a slower rate in
the field than under laboratory conditions, due to variation
in the abundance of their zooplankton prey and other
factors. After a full day of feeding on coral reefs at Eilat,
the ammonia load produced by anemonefish weighing
7.4-36.8 g wet mass (X £ SE=20.1 4.8, N=5) was
about 12.6 pmole h™' per fish (mass-specific rate of
0.63 umole g~' h™"), thus a pair of fish could produce
>25 pmole h™! (Roopin 2007). As such, even with naturally
lower rates of ammonia load under field than laboratory con-
ditions, these fish appear to supply a large proportion of the
ammonia needs of host anemones in their natural habitat.
This ammonia contribution may enrich the host anemone’s
immediate environment above low background ammonia
levels in the Red Sea of 0.05-0.5 uM (Israel National Moni-
toring Program, May 2006, http://www.iui-eilat.ac.il/NMP/
indexE.htm). Porat and Chadwick-Furman (2005) reported a
mean excretion rate of 0.61 umole g~' h™! by large adult
A. bicinctus anemonefish in the field, similar to the field rate
shown above, and also to that of 24-h starved fish in our lab-
oratory measurements reported here. Variation in rates of
feeding and metabolism by the anemonefish likely contrib-
uted to differences in excretion rates observed between these
field and laboratory measurements.

Our observation that mass-specific excretion rate did not
vary significantly with fish body size contrasts with past
studies on larger fishes, in which mass-specific excretion
rates decreased with body size (Jobting 1981; Meyer and
Schultz 1985a; Schaus et al. 1997; Hall et al. 2007). This
difference may be due in part to the small number of indi-
viduals and narrow mass range of the fish examined here,
which may have prevented our detection of a trend in mass-
specific excretion rate. However, we also did not observe
this trend in our field measurements on anemonefish (Porat
and Chadwick-Furman 2005; Roopin 2007). Thus, anemo-
nefishes and other damselfishes that inhabit cnidarians may
be too small to detect variation with body size in their
mass-specific excretion rates, a pattern also known for fish
metabolic rates (Enders et al. 2006).

Rates of ammonia excretion by A. bicinctus here are
within the range of those known for other marine fishes and
invertebrates (Table 1), and are very similar to those of
other reef fish that contribute nutrients to the growth and
survival of benthic organisms (Meyer and Schultz 1985a;
Bray et al. 1986). Thus, the rapid rates of fish excretion
reported here may be used as a model to infer the impor-
tance and impacts of symbiont excretions on the growth
and productivity of other benthic host organisms.

The temporal pattern of ammonia excretion exhibited
here by A. bicinctus is characteristic of diurnal fishes (Brett
and Zala 1975; Jobling 1981; Meyer and Schultz 1985a;
Bray et al. 1986). Although excretion rates of the anemone-
fish A. bicinctus fall within the range reported by Meyer
and Schultz (1985a, b) for schools of resting grunts (Haem-
ulon spp.), their actual contribution to benthic productivity
may be different because anemonefish and grunts differ in
their behavior. Anemonefish are obligate, close associates
with their hosts, unlike juvenile grunts, which migrate to
and from the reef. Anemonefish directly contact the tissues
of host anemones for many hours during the day and all
hours at night, while grunts rest near coral colonies only
during the day. Also, in contrast to the corals that grunt
schools rest over, some host sea anemones occur in cre-
vices or holes on the reef (Fautin and Allen 1997; M.
Roopin personal observation) that potentially reduce the
dilution rate of ammonia supplements (see Bray et al. 1986)
and make them more readily available to the anemones.
Finally, ammonia excretion rates for grunts were calculated
on a dry weight basis, while in the present study A. bicinc-
fus ammonia excretion rates were calculated using wet
weight, essentially underestimating the actual excretion rate
of anemonefish compared to grunts. Conversion of ane-
monefish ammonia excretion rates to a dry weight basis
[Ywet weighty = 3-04 X(ary weighy» Godinot and Chadwick
unpublished data] ndicates that they excrete ammonia at a
more rapid mass-specific rate than do the much larger
grunts.
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Table 1 Variation in ammonia excretion rates among marine and brackish water fishes and invertebrates after feeding

Species System Method Ammonia excretion Source

rate (pmole g_1 hh
Two-band anemonefish (Amphiprion bicinctus) Marine Laboratory 1.84 Present study
French grunt (Haemulon flavolineatum) Marine Field 1.7* Meyer and Schultz (1985a)
White grunt (Haemulon plumieri) Marine Field 2.5% Meyer and Schultz (1985a)
Blacksmith (Chromis punctipinnis) Marine Field 2.13-3.26* Bray et al. (1986)
Five species of demersal fishes Marine Field 2.1-10.64* Whitledge (1982)
Five species of reef fishes Marine Field 3-7% Bray et al. (1988)
Various marine fishes Marine Field/laboratory 0.17-12.5* Meyer and Schultz (1985a)
Various brackish water fishes Brackish Field 1.29-4.9 Haertel-Borer et al. (2004)
Blue shark (Prionace glauca) Marine Field 1.02%* Whitledge (1982)
Mytilid bivalve (Lithophaga simplex) Marine Laboratory 0.36-0.81 Mokady et al. (1998)
Common octopus (Octopus vulgaris) Marine Field 1.8* Whitledge (1982)
Eleven species of macroinvertebrates Marine Field 0.54* Bray et al. (1988)
Three species of echinoderms Marine Laboratory 0.36-1.45% Danilo and Yap (2000)
Spotted anemone shrimp (Periclimenes yucatanicus) Marine Field 2.36 Spotte (1996)

Studies with unfed organisms were excluded. Excretion rates are shown per wet mass except those indicated by an asterisk, which are per dry mass

Mobile invertebrate associates such as the the spotted
anemone shrimp (Periclimenes yucatanicus), which is a
common ectosymbiont of giant sea anemones in the
Caribbean Sea, also supply their hosts with supplemental
nitrogen through ammonia excretions (Spotte 1996).
These organisms excrete ammonia at a higher rate
(2.36 umole g’1 h™") than do anemonefish, but their aver-
age mass (0.14 £ 0.02 g wet weight, Spotte 1996) is about
100-fold lower, so their total daily contribution of ammonia
to their host is much smaller. Also, some anemoneshrimps
may consume the tentacles of host anemones as food (Fau-
tin etal. 1995), so their nitrogen contribution may be at
least partly recycled from the host itself. Anemonefish, in
contrast, are net importers of nitrogen from the water col-
umn because they forage for zooplankton during the day,
ranging up to several meter from their sea anemone host
(Fricke 1979; Fautin and Allen 1997; Meroz and Fishelson
1997; Porat and Chadwick-Furman 2004). In this way, ane-
monefish serve as a link in nutrient transport between
planktonic and benthic ecosystems. This cross-ecosystem
nutrient transfer extends the ecological importance of ane-
monefish from benefactors in a specific symbiotic interac-
tion to mediators that affect nutrient cycling at a higher
level, a pattern that also may apply to many damselfish
residing in branching stony corals.

The capacity of the sea anemones examined here to
absorb ammonia was directly related to exposure to light,
suggesting that this process is driven by the symbiotic algal
partner, as known for other zooxanthellate cnidarians
(reviewed by Miller and Yellowlees 1989). Our results also
indicate that in E. quadricolor, ammonia uptake increases
with external ammonia concentration. Supply of inorganic
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nutrients by anemonefish may be sufficient to create advan-
tageous nutritional conditions under which sea anemones
can sustain high zooxanthella densities. In this way, ane-
monefish may indirectly enhance the ammonia uptake
dynamics of their hosts by augmenting zooxanthella densi-
ties, resulting in higher levels of energy translocated to the
host from the zooxanthellae and increased growth rates of
the host tissues (Meyer and Schultz 1985b; Spotte 1996;
Mokady et al. 1998; Porat and Chadwick-Furman 2005).
The connection among algal densities in host tissues,
ammonia uptake dynamics, and retention capabilities has
not been examined in detail, and may be a potentially
important factor in elucidating the dynamics of cnidarian—
algal-ectosymbiont interactions.

Inhibition of ammonia uptake rates by darkness also has
been reported for other cnidarian species, but in contrast to
our results here, an extended period of dark incubation
often is required to hinder absorption (Muscatine and
D’Elia 1978; Wilkerson and Muscatine 1984). In free-liv-
ing algae, a high rate of nutrient uptake in the dark is an
indicator of nutrient deficiency (Syrett 1981). Thus, the
immediate decrease of ammonia uptake in response to dark
by the anemones examined here may indicate a sufficient
nutrient supply in anemones that contain resident fish
(Roopin 2007). During the night, anemonefish continue to
supply a smaller but considerable amount of ammonia that
is more available to the host than during the day, because
the fish sleep among the host tentacles. So, although in this
study anemones absorbed ammonia at a very slow rate in
the dark, ammonia-starved anemones likely increase their
dark ammonia uptake rate, and can absorb fish-excreted
ammonia throughout the night.
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Our results show that anemonefish can rapidly enrich an
area the size of a typical anemone hole (about 1L, see
Methods) with >10 times the ambient ammonia concentra-
tion in the Red Sea. In response, the sea anemones can clear
80% of this enrichment at a rate of 5.3 pmole h'. These
results join a growing body of evidence that fish and inver-
tebrates living in symbiotic associations with zooxanthel-
late cnidarians provide substantial nutritional benefits to the
host holobiont. We conclude that the contributions of
anemonefishes to the nutritional budget of host sea anemo-
nes and their zooxanthellae, and by inference, those of
other zooplanktonic ectosymbionts on cnidarian hosts, are
ecologically important as a corridor connecting trophic lev-
els within the reef, and between the reef and the surround-
ing oceanic ecosystem. This nutrient transfer between
ecosystems via mutualistic association may be a major con-
tributor to the high productivity observed on coral reefs.
Recent studies with labeled nitrogen suggest that nutrient
transfer may be a two-way process, in that ectosymbiotic
fish may assimilate nutrients produced by host anemone
metabolism (Cleveland et al. 2003, 2006). Further studies
are needed to quantify how these processes vary spatially
and temporally, especially the potentially large-scale effects
on coral reef productivity of the copious nutrients contrib-
uted by zooplanktivorous fishes to host sea anemones and
stony corals.
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