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ABSTRACT: The movement of nitrogen from zooplankton prey into the temperate scleractinian coral
Oculina arbuscula and the anemone Aiptasia pallida was measured using 15N-labeled brine shrimp.
The efficiency with which prey nitrogen was incorporated into cnidarian tissues was species-specific.
O. arbuscula with a full complement of zooxanthellae had an assimilation efficiency of nearly 100%,
compared to only 46% for corals containing few zooxanthellae. In A. pallida, symbiont density had no
effect, and nitrogen assimilation was 23 to 29%. In both species, the host retained the bulk of the
ingested label. Complete digestion was rapid (< 4 h), as was the partitioning of the label between host
amino acids and macromolecules. The label was primarily in the low-molecular weight-amino acid
pool in O. arbuscula, where it remained for 30 h. A maximum of ca. 20% of the 15N appeared in the
zooxanthellae, where it was rapidly converted into macromolecules. Individual amino acids in A. pallida tissues were highly labeled with 15N within 4 h and showed no subsequent enrichment with time;
however, zooxanthellae amino acids became increasingly enriched over 30 h. Differences in 15N
enrichment among amino acids were consistent with known synthesis and transformation pathways,
but it was not possible to discriminate between host feeding and de novo synthesis.
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Corals can ingest a wide variety of particles, including zooplankton (Coles 1969, Johannes et al. 1970,
Johannes & Tepley 1974, Porter 1974), bacteria
(Sorokin 1973, Bak et al. 1998), ciliates (Ferrier-Pages
et al. 1998), and suspended particulate matter (Lewis
1977, Mills & Sebens 1997, Anthony 1999, 2000,
Anthony & Fabricius 2000). Prey items are captured
using nematocysts on the tentacles, cilia and mucus
nets, or a combination of these mechanisms (Boschma
1925, Goreau et al. 1971, Lewis & Price 1975). Digestion initially takes place in the coelenteron, followed
by intracellular digestion mediated by host mesenterial
filaments (Boschma 1925). In anemones, digestion takes

from 1 h (Clayton 1986) to 24 h (Nicol 1959); in corals,
crustaceans ‘disappear’ within 3 h (Porter 1974).
In the field, prey are often in low abundance or
patchily distributed (Johannes et al. 1970) and, instead
of relying on heterotrophic inputs, corals in shallow
tropical waters derive most of their energy from photosynthetic products of symbiotic zooxanthellae (e.g.
Muscatine 1990). For example, Edmunds & Davies
(1986, 1989) so rarely observed zooplankton within
Porites porites polyps that heterotrophic input for an
energy budget was assumed to be zero. Nevertheless,
prey capture may provide a rare but rich source of
nutrients needed for growth, such as nitrogen, phosphorus, or essential amino acids (Johannes et al. 1970).
However, measurements of the assimilation of prey
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nitrogen by cnidarians are lacking, and nutrient budgets often remain unbalanced (Roberts et al. 1999a) or
assume that zooplanktivory balances any demand that
inorganic uptake cannot meet (Bythell 1988, Rahav
et al. 1989). Bythell (1988) calculated that particulate
feeding is required to satisfy 70% of the nitrogen
demand in the Acropora palmata symbiosis, and Rahav
et al. (1989) estimated that 90% of the nitrogen used by
zooxanthellae in Stylophora pistillata is recycled from
the host (i.e. not new inputs). Few nutrient budgets
have actually measured heterotrophic inputs, and
none have directly measured the incorporation of prey
nitrogen into cnidarian tissue. For example, Anthony
(1999) estimated stoichiometrically from carbon assimilation that suspended particulate matter could
provide up to 33% of the nitrogen required for growth
in Pocillopora damicornis.
An additional serious shortcoming of nutrient budgets is that no quantitative data exist for the flux of
nitrogen between the animal host and symbiotic algae;
this problem is a major criticism of the nitrogen
recycling hypothesis (Wang & Douglas 1998). While
researchers have for years assumed that zooxanthellae
obtain waste products from host feeding (Boschma
1925, Yonge & Nicholls 1931), the use of host nitrogen
by zooxanthellae is largely inferred from excretion
studies (e.g. Szmant-Froelich & Pilson 1977, Muscatine
& D’Elia 1978). The only direct evidence for transfer of
prey nitrogen to zooxanthellae is unpublished data
cited by Wilkerson & Kremer (1992) for the scyphozoan
Linuche unguiculata. However, several radio-labeled
prey experiments indicate that zooxanthellae obtain
sulphur, phosphorus, and carbon from host feeding
(Cook 1971, 1972, Szmant-Froelich 1981, Thorington &
Margulis 1981, Steen 1986).
Internal amino acid pools have been used as an
index of nutrient limitation in cnidarians (e.g. Ferrier
1992, McAuley 1994), but recently amino acid synthesis has drawn considerable interest. The traditional
view is that animals satisfy essential amino acid
requirements through the diet; however, in the case
of cnidarians, symbiotic algae may be an alternative
source. Based on 14C evidence, the host can receive
small amounts of amino acids from the zooxanthellae
(Muscatine & Cernichiari 1969, Lewis & Smith 1971,
Sutton & Hoegh-Guldberg 1990, Markell & Trench
1993), including several essential amino acids (Wang &
Douglas 1999). Recent 14C tracer studies have demonstrated the synthesis of essential amino acids in
anemones (Swanson & Hoegh-Guldberg 1998, Roberts
et al. 1999b, Wang & Douglas 1999) and corals
(FitzGerald & Szmant 1997). Host synthesis of essential
amino acids implies that cnidarians may have a
reduced essential amino acid requirement compared
to other metazoans (FitzGerald & Szmant 1997).

This research used isotope ratio mass spectrometry
(IRMS) and a stable isotope tracer (15N) to measure the
assimilation and partitioning of ingested prey nitrogen
by symbiotic corals and anemones. These experiments
tested the following hypotheses: (1) that zooxanthellae
acquire nitrogen from prey ingested by the host;
(2) that the assimilation efficiency of prey nitrogen is
species-specific, and decreases in the absence of zooxanthellae; (3) that prey capture provides the host with
essential amino acids.

MATERIALS AND METHODS
Assimilation efficiency in Oculina arbuscula. Small
colonies of the facultatively symbiotic temperate coral
Oculina arbuscula were collected from the wreck of
the Liberty ship ‘Parker’, an artificial reef (AR315) at
34° 41’ 10’’ N, 76° 43’ 30’’ W, approximately 3.9 nautical
miles from Beaufort Inlet, NC. Colonies collected from
the top of the wreck at 10 m depth were dark brown
and contained high densities of zooxanthellae (HD),
while colonies obtained from the interior and the sides
of the wreck at 17 m were white and contained few
zooxanthellae (LD; ca. 1% of HD zooxanthellae). The
colonies were returned to the Duke University Marine
Laboratory and converted into nubbins (Davies 1995)
by cutting individual branches from the colonies and
mounting them in plastic tubing (Tygon R3603). For
3 wk prior to the experiment, nubbins were kept in
aerated, filtered (polypropylene filter bag, mesh size
5 µm) seawater (salinity 33 to 35 ppt, 0.3 µM ambient
NH4+) in an incubator at 25°C. LD nubbins were maintained in black plastic chambers within the incubator,
while HD branches were kept in clear plastic boxes
covered with a diffuser. The incubator was kept on a
12:12 h light:dark cycle with light provided by two
40 W, 50:50 actinic blue:natural daylight bulbs (41.5 µE
m–2 s–1). All corals were fed to repletion twice weekly
with freshly hatched brine shrimp nauplii; the water in
the chamber was changed the day after each feeding
bout (i.e. twice weekly).
The night before the experiment, the coral nubbins
were removed from their Tygon tubing and individually placed in clear film canisters within the plastic
incubator boxes. At 4 h before the light portion of the
cycle, each coral was fed a ration of live Artemia franciscana that had been reared for 1 mo on 15N-enriched
Dunaliella tertiolecta (99% 15N f/2 media). A ration
was 74.6 ± 14.6 µg N (mean ± SD), and had an atom
percentage enrichment (APE) of 17.4 ± 0.7. Samples
(n = 3 nubbins) of each coral type were collected 4, 16,
28, and 52 h after feeding, so that sample collection
coincided with a new phase of the incubator’s
light:dark cycle. The water in the film canisters was
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collected for NH4+ analysis every 12 h after the initial
feeding period (Parsons et al. 1984), and replaced with
new filtered seawater.
Coral tissue was removed from the skeleton by sonication with a Fisher model 60 sonic dismembrator
(short bursts at 22.5 kHz, total sonication time < 30 s) in
a known volume of GF/F filtered seawater. The skeleton was retained for surface area measurements using
the wax weight method (Stimson & Kinzie 1991). The
tissue slurry was centrifuged at 4700 × g for 5 min to
separate the host and zooxanthellae. The zooxanthellae pellet was resuspended and washed 3 times with
GF/F seawater; the final wash was resuspended to
2 ml, and passed through a double layer of 20 µm Nitex
mesh to remove nematocysts and other animal contamination. Subsamples of the zooxanthellae suspension
were taken for microscopic determination of cell density with a Fuchs-Rosenthal hemacytometer. Aliquots
of the homogenate, host, and zooxanthellae were
spotted onto precombusted 25 mm GF/A filters for isotopic analysis. The host and zooxanthellae tissue were
further separated into biochemical components by
sequential extractions in room-temperature ethanol for
45 min (1:1 ethanol:tissue) and 5% trichloroacetic acid
at 4°C for 24 h (modified from Lenhoff & Roffman
1971). Following each extraction, samples were centrifuged for 5 min at 13 600 × g. Aliquots of the ethanolsoluble (amino acids, low-molecular-weight compounds), TCA-insoluble (proteins, nucleic acids), and
TCA-soluble (short amino acid chains, oligonucleotides) components were spotted onto precombusted
25 mm GF/A filters for isotopic analysis.
Assimilation efficiency and amino acid pools in
Aiptasia pallida. We collected 2 types of the anemone
Aiptasia pallida (Verrill) from the rock jetty at Shackleford Banks, NC: HD pigmented individuals, and LD
white anemones. Anemones were returned to the
laboratory and kept in plastic chambers in an incubator as described above for Oculina arbuscula. Anemones were maintained on a 12:12 h light:dark cycle
(41.5 µE m–2 s–1), fed to repletion twice weekly with
freshly hatched brine shrimp, and given new filtered
(5 µm mesh) seawater (25°C, 33 to 35 ppt, 0.3 µM NH4+)
twice weekly. On the day of the experiment, anemones
were squirted vigorously with a pipet to remove mucus
tunics and surface bacteria (FitzGerald 1991). The wet
weight of each individual anemone was measured, and
each animal placed in a sterilized 50 ml polypropylene
centrifuge tube. The tubes were filled with 0.2 µm
filtered autoclaved seawater (ASW), and treated with
antibiotics (10 000 U Penicillin G/ml, 10 mg streptomycin/ml, working concentration 10 ml antibiotics l–1
ASW; modified from Wang & Douglas 1999). After 2 h
in the antibiotic dip, the water in the tubes was replaced with fresh ASW. Anemones were fed a ration
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(8.0 + 2.1 µg N, 13.9 + 0.5 APE) of live brine shrimp that
had been reared for 2 wk on unlabeled Dunaliella tertiolecta and 1 wk on 15N-enriched algae (f/2 media,
25% 15N).
Following collection, each anemone was individually
sonicated in ASW (22.5 kHz for < 5 s). The homogenate
was centrifuged at 4700 × g for 10 min to separate the
host and zooxanthellae. Zooxanthellae were washed
and counted in the same way as the coral samples
described above. Aliquots of homogenate, host, and
zooxanthellae tissue (n = 5 per treatment) were spotted
onto precombusted 25 mm GF/A filters for isotopic
analysis. For each time point, the remaining host or
zooxanthellae samples were aggregated and dried at
60°C and then hydrolyzed, purified and derivatized,
according to the methods of Metges et al. (1996), in
preparation for 15N analysis of individual amino acids.
Isotopic measurements. 15N enrichment of the coral
and anemone tissue samples was measured with a
Europa 20/20 isotope ratio mass spectrometer, using
urea and bovine serum albumin as standards. Mass
spectrometry data were collected as atom percentage
abundance 15N (APA = [15N/14N + 15N] × 100) and converted to atom percentage excess (APE = APA – 0.366).
Nitrogen masses and isotopic ratios were used to
calculate the assimilation efficiency (AE) at each time
point, defined as: AE = 100 × (µg homogenate 15N – 0 h
µg homogenate 15N)/µg Artemia ration 15N. The AE
were uncorrected for recycling of the tracer or excretory losses. The 15N content of derivatized amino acids
from host and zooxanthellae samples was measured
by gas chromatography/combustion/isotope ratio mass
spectrometry (GC/C/IRMS) as described by McClelland & Montoya (2002). Amino acid data were reported
as δ15N = 1000 × (Rsample – Rstandard)/Rstandard, where R =
(15N/14N).
Statistical analysis. This was conducted using Systat 9. Data were tested for homoscedasticity using
Scheffe-Box tests, and normality assumptions were
tested using the Kolmogorov-Smirnov test for goodness of fit (Sokal & Rohlf 1995). Data were arcsin- or
square root-transformed as necessary prior to ANOVA.
For physical data not expected to change substantially
over the course of the experiment (size, zooxanthellae
counts), samples for all time points were pooled for statistical analysis. For bulk measurements (APE, AE,
excretion), data were tested with 2-way ANOVAs
(factors = symbiotic status, time); pre-feeding baseline
data (where assimilation and enrichment were zero)
were not included in the analysis. The biochemical
nitrogen pools were analyzed with 1-way ANOVAs to
compare pools within a single tissue type, to examine
differences in a single pool over time, or to compare a
single pool across tissue types. Tukey’s test was used
for post-hoc comparisons for all ANOVAs.
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Fig. 1. Oculina arbuscula. Atom percentage excess 15N in
coral tissue. Data are mean homogenate enrichment (n = 3)
for corals with high-density (––f–) and low-density (–s–) zooxanthellae. Error bars are standard deviations

RESULTS
Oculina arbuscula

was pooled over time, the amino acid pool contained
the highest proportion of 15N, while the TCA-soluble
oligonucleotides formed the smallest pool (HD host
F 2, 42 = 149.753, p < 0.001; LD host F2, 42 = 172.039, p <
0.001). The time course had no effect on the amino acid
pool in LD hosts (F4,10 = 1.480, p = 0.279) but there was a
significant effect of time on the HD host amino acid pool
(F4,10 = 37.271, p < 0.001), which decreased in enrichment over time as the 15N was incorporated into insoluble protein. Regardless of time, host amino acid pools
contained significantly more 15N than did zooxanthellae amino acids (F3, 56 = 35.560, p < 0.001; LD host = HD
host > LD zooxanthellae > HD zooxanthellae). Although
HD zooxanthellae contained the most highly enriched
oligonucleotides of any tissue type (F 3, 56 = 61.597, p <
0.001), more 15N was found in the protein pool than in
any other HD zooxanthellae pool (F2, 42 = 167.446, p <
0.001). The biochemical distribution of 15N in LD zooxanthellae was intermediate compared to host and HD
zooxanthellae patterns; LD zooxanthellae contained
equal proportions of 15N in the amino acid and protein
pools, and both pools were significantly more enriched
than the oligonucleotides (F2, 42 = 155.328, p < 0.001).

The abundance of zooxanthellae had a significant
effect on homogenate APE (Fig. 1, Table 1), with the
15
N enrichment of HD Oculina arbuscula colonies
Aiptasia pallida
being twice as high as that of LD specimens. Both HD
and LD corals reached maximum enrichment within
HD Aiptasia pallida used in this experiment tended
4 h, and APE was relatively constant for 2 d following
to be slightly, but not significantly, larger than LD
feeding. HD corals had a mean AE of nearly 100%,
anemones (Table 2). LD A. pallida tissue had higher
while LD animals had a mean AE of only 46% (Fig. 2,
APE 15N than HD anemones (Fig. 6A, Table 3), but the
+
Table 1). These differences were reflected in the NH4
difference was significant only for the zooxanthellae
(Fig. 6B, Table 3). HD animals had zooxanthellae denexcretion rates. Excretion was significantly higher in
LD corals; rates were highest just after feeding and
sities 2 orders of magnitude greater than their LD
declined to a baseline within 16 h (Fig. 3, Table 1).
counterparts (Table 2). There was no significant differThe partitioning of the label between the host and the algal symbiont
Table 1. Results of 2-way ANOVA results for Oculina arbuscula parameters.
differed in HD and LD Oculina arbusAPE = atom percentage excess 15N
cula. LD specimens of O. arbuscula did
contain zooxanthellae, but at 1.4 ×
Parameter
Factor
df
F
p
104 cells cm–2 zooxanthellae were 2
Homogenate APE
Symbiotic status
1,16
17.930
0.001
orders of magnitude less abundant
Time
3,16
1.258
0.322
6
–2
than in HD corals (1.2 × 10 cells cm ;
Interaction
3,16
0.504
0.685
F 1, 28 = 79.936, p < 0.001). HD hosts had
Assimilation efficiency Symbiotic status
1,16
66.119
< 0.001<
a higher APE than LD hosts (Fig. 4A,
Time
3,16
3.119
0.055
Table 1), but there was no difference
Interaction
3,16
1.259
0.322
in the 15N-enrichment of the zooxanNH4+ excretion
Symbiotic status
1, 20
1204.11500 < 0.001<
Time
4, 20
397.5630 < 0.001<
thellae (Fig. 4B, Table 1). Based on
Interaction
4, 20
12.497
< 0.001<
mass, the majority of the label was
Host APE
Symbiotic status
1,16
6.992
0.018
found in the host; zooxanthellae conTime
3,16
0.262
0.852
tained 18% of the 15N in HD corals.
Interaction
3,16
0.433
0.732
15
The biochemical distribution of N
Zooxanthellae APE
Symbiotic status
1,16
0.575
0.459
differed between the host, zooxanthelTime
3,16
1.089
0.382
lae in HD animals, and zooxanthellae
Interaction
3,16
0.230
0.874
in LD corals (Fig. 5). When host tissue
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Fig. 2. Oculina arbuscula. Assimilation efficiency of prey 15N
for corals with high-density (––f–) and low-density (–s–) zooxanthellae (n = 3). Error bars are standard deviations
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Fig. 4. Oculina arbuscula. Atom percentage excess 15N in highdensity (––f–) and low-density (–s–) tissue (n = 3) of (A) host and
(B) zooxanthellae. Error bars are standard deviations

Fig. 3. Oculina arbuscula. Post-feeding NH4+ excretion rates
for corals with high-density (––f–) and low-density (–s–) zooxanthellae. Error bars are standard deviations. Light and dark
bars at the bottom of the graph indicate the stage of the
photoperiod during the experiment

ence in AE between the 2 types of anemones (Table 2);
zooxanthellae accounted for 21% of the 15N incorporated into HD anemones.
Amino acids in LD and HD hosts had similar isotopic
signatures prior to feeding, although the essential
amino acids were slightly higher in δ15N in HD
anemones (Fig. 7A), which ranged from –2 to 24 ‰.
Both histidine and hydroxyproline were undetectable
in the pre-fed host samples, while zooxanthellae contained all amino acids measurable by the analytical
technique used (Fig. 7A). δ15N values ranged from –4
to 7 ‰, and were generally lower than those of host
amino acids. Following ingestion of the 15N tracer,
the amino acid pools became highly labeled. In host
tissue, the enrichment reached a plateau within 4 h
(Fig. 7B,C) and remained relatively constant thereafter. HD anemones contained enriched histidine,

which was undetectable in LD hosts. The amino acids
of LD hosts also tended to be slightly more enriched
than their HD counterparts. Although the overall isotopic signatures were lower than in the host, the
enrichment of all zoo-xanthellae amino acids continued to increase over the duration of the experiment
(Fig. 7D). The zooxanthellae actively produced hydroxyproline, which did not appear in either HD or LD
host tissue. Histidine was highly enriched within 4 h,
but was not measurable by 30 h.

DISCUSSION
The ability of anemones and corals to take up dissolved inorganic nitrogen has been described many
times (e.g. D’Elia & Webb 1977, Muscatine & D’Elia
1978, Burris 1983). However, other aspects of cnidarian
nitrogen use are less well known: (1) dissolved organic
nitrogen uptake has been rarely studied, (2) heterotrophic inputs and their relative importance can be
difficult to quantify, (3) data on nitrogen assimilation
efficiencies are lacking, and (4) fluxes of nitrogen between the cnidarian host and symbiotic zooxanthellae
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Fig. 5. Oculina arbuscula. Biochemical distribution of N within host and zooxanthellae tissue of coral with high-density (HD)
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Table 2. Biomass and assimilation efficiency (AE) for anemone with high-density (HD) and low-density (LD) zooxanthellae.
Assimilation data are averaged over time since there were no significant time (F1,16 = 0.597, p = 0.451) or interaction (F1,16 = 0.337,
p = 0.570) effects (means ± SD)
Parameter

n

Anemones
HD

Wet mass (g)
Zooxanthellae [no. (mg tissue N)–1]
AE (%)

15
15
10

LD

0.73 ± 0.23
0.59 ± 0.18
8.12 ± 3.40 × 107 3.46 ± 1.88 × 105
23.0 ± 9.4
28.9 ± 13.7

have not been adequately described. This lack of information requires either that cnidarian nitrogen budgets
are left open and unbalanced (Roberts et al. 1999a), or
the assumption that heterotrophy fulfills any demand
that inorganic uptake cannot meet (Bythell 1988,
Rahav et al. 1989). The present study describes the
assimilation of prey nitrogen by cnidarians and the
partitioning of that nitrogen between the host and its
symbiotic zooxanthellae.

Assimilation of prey nitrogen and the effects
of zooxanthellae
Because prolonged darkness or a lack of symbionts
leads to increased rates of ammonium excretion
(Szmant-Froelich & Pilson 1977, Muscatine & D’Elia
1978, Muscatine et al. 1979), symbiotic cnidarians

df

ANOVA
F

p

1, 28
1, 28
1,16

3.523
104.434
1.194

0.071
< 0.001
0.291

should have higher AEs than those that lack zooxanthellae. In the present study, HD Oculina arbuscula
assimilated more 15N (Fig. 2) and excreted less ammonium (Fig. 3) than LD colonies; this increased nitrogen
retention would confer a growth advantage on HD
corals. This is consistent with a positive correlation
between chlorophyll a concentrations and O. arbuscula growth rate, although the effects of light and heterotrophy are approximately additive for this species
(Miller 1995). Any growth of algal populations could
also increase nitrogen demand and therefore assimilation efficiency; however, we did not measure mitotic
rates of the zooxanthellae, and the effect is likely small
compared to the difference in the overall size of the
algal populations.
The AEs in Oculina arbuscula (HD 100%, LD 46%)
are similar to nitrogen retention calculated from
ammonium excretion rates in the coral Astrangia
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Anemones are often used as model
coral polyps, and zooxanthellae are
thought to function in the same way
p
in the anthozoan hosts studied here.
However, neither assumption may hold
0.265
for the assimilation of prey nitrogen.
0.883
In the anemone Aiptasia pallida, nitro0.380
gen assimilation was very low (23 to
0.008
29%) compared to that in (1) the coral
0.416
0.443
Oculina arbuscula (present study), (2)
other anemones (75 to 94% for symbiotic
Anthopleura
elegantissima,
Zamer 1986). Symbiotic state affected nitrogen assimilation in O. arbuscula but not in A. pallida, even
though the range of ration sizes (1 to 10% of body
mass) and relative abundance of zooxanthellae (LD
specimens 1% that of HD specimens) were the same
for both species. LD A. pallida had higher nitrogen
assimilation than HD anemones but the difference was
not significant. Other studies have also found that
zooxanthellae do not necessarily enhance AE in anemones; for example, aposymbiotic Aiptasia pulchella
incubated in darkness had an AE of 42% for 35S,
i.e. twice as high as symbiotic anemones (20 to 25%)
(Steen 1986).
Care should be taken when applying an AE to an
energy or nutrient budget. Assimilation may depend
on symbiotic state (Szmant-Froelich & Pilson 1977,
Steen 1986, present study), the amount of material
ingested (Anthony 1999, but see Clayton 1986), feeding history (Szmant-Froelich & Pilson 1984) or other
factors such as temperature. Corals ingest a wide variety of zooplankton (Sebens et al. 1996, 1998), but it is
unlikely that all prey are assimilated with equal efficiency. Despite this fact, most studies that measure
assimilation rates simply use brine shrimp (SzmantFroelich 1981, Hunter 1984, Clayton 1986, Steen 1986,
Zamer 1986, Lesser et al. 1994, present study), which
are not natural prey items for cnidarians and may not
adequately represent the assimilation of prey items in
the field because of differences in nutritional content
or body wall composition, for example. In addition,
AEs measured in static laboratory conditions (such as
the film canisters used in the present study) may overestimate assimilation, as cnidarians could uptake previously excreted material that would otherwise be
advected away under field conditions.

Table 3. Results of 2-way ANOVA results for Aiptasia pallida parameters.
APE = atom percentage excess 15N
Parameter

Factor

df

F

Host APE

Symbiotic status
Time
Interaction
Symbiotic status
Time
Interaction

1,16
1,16
1,16
1,16
1,16
1,16

1.334
0.022
0.817
9.247
0.696
0.619

Zooxanthellae APE

danae (symbiotic 60 to 92%, nonsymbiotic 42 to
76%; Szmant-Froelich & Pilson 1977). However,
Szmant-Froelich & Pilson (1984) found no effect of
symbiotic status on the nitrogen AE of A. danae, as
symbiotic colonies excreted less ammonium but more
organic nitrogen than nonsymbiotic corals, resulting
in similar AEs. These patterns may be less pronounced for other elements; symbiotic A. danae
assimilated 66% of ingested brine shrimp 14C, only
10% more than nonsymbiotic colonies (SzmantFroelich 1981).
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Fig. 6. Aiptasia pallida. Atom percentage excess 15N in highdensity (–f–) and low-density (–s–) tissue (n = 5) of (A) host
and (B) zooxanthellae. Error bars are standard deviations

In our study, zooxanthellae rapidly acquired 15N
from live brine shrimp prey ingested by their anthozoan hosts (Aiptasia pallida, Oculina arbuscula). The
rations used were small in relation to host biomass
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(typically 1 to 10%), which should facilitate digestion
and assimilation; although complete digestion is unlikely, egesta or fecal pellets were rarely observed.
Therefore, our functional definition of assimilation is
the breakdown of the basic structure of Artemia so that
expulsion of egesta has no effect on the isotopic composition of the host. The tissue processing techniques
cannot distinguish between cnidarian tissue and prey
material not egested, so partially digested prey entangled in mesenterial filaments or prey items being
digested in vacuoles would be considered assimilated
based on our approach. By this definition, prey use
occurs very rapidly, as both host and zooxanthellae
reached maximum enrichment within 4 h (Figs. 4 & 6).
This appears to be a general response, as the same patterns have been observed in temperate anemones,
temperate corals, and tropical corals (Piniak 2001), and
the 4 h time frame is consistent with visual assessments
of the coelenteron in anemones and corals (Nicol 1959,
Porter 1974, Clayton 1986). Preliminary experiments
indicated zooxanthellae can acquire nitrogen even

more rapidly, as zooxanthellae obtain as much as half
of the final amount of 15N within 30 min of ingestion
(G. A. Piniak & F. Lipschultz unpubl. data).
The mechanism by which the zooxanthellae obtained 15N from the prey is unclear. Captured prey
items are processed in the coelenteron, where extracellular digestion takes place. Digestion is mediated by
the mesenterial filaments; food particles become incorporated into the filaments within 1 h after feeding and
can persist in the filaments for several days (Boschma
1925). The traditional recycling view is that ingested
nitrogen is phagocytosed and broken down by the
host; the digested products are then incorporated into
host tissue and/or immediately catabolized, with waste
nitrogen excreted or recycled by the zooxanthellae.
Complete passage through host anabolic and catabolic
pathways is inconsistent with the rapid appearance of
label in the zooxanthellae found in this study; however,
immediate host catabolism of prey nitrogen and subsequent uptake by zooxanthellae could account for the
results. An alternative pathway is the direct use of

Piniak et al.: Nitrogen assimilation and partitioning

digested material, e.g. ammonium or small molecules
such as amino acids, via uptake from the coelenteron.
Zooxanthellae can readily take up amino acids (Bester
1997), so complete reduction of prey items to dissolved
inorganic nitrogen is not a necessary precondition for
nitrogen uptake by the symbiotic algae. Any nitrogen
digested within the coelenteron itself could therefore
form a common pool resource for which both the host
and zooxanthellae compete. This mechanism would
also permit access to prey nitrogen by zooxanthellae,
the bulk of which are located in the tentacles, far from
the mesenteries where digestion occurs. Another possibility is utilization of nitrogen from the small volumes
of incubation water in which the feeding experiments
were carried out. Excretion from the animals resulted
in constant rates of ammonium release into the water,
even during darkness (Fig. 3), but the mass of nitrogen
released in this way was far too small to account for the
results. Zooxanthellae could also have taken up 15N
excreted from the brine shrimp during the feeding
period. However, the amount of label potentially
gained by this means is likely small compared to the
amount ingested by the coral or anemone.
Zooxanthellae acquired 10 to 20% of the ingested
prey 15N mass. Incomplete homogenization of host tissue by sonication is a potential experimental artifact
that could have biased this calculation. However, the
proportion of 15N in zooxanthellae was the same for
both anthozoan hosts despite the longer sonication
required to remove tissue from the coral skeleton in
Oculina arbuscula, and visual analysis during zooxanthellae counts indicated that the pellets for both species were relatively free of excess animal debris. In
addition, the partitioning observed in this study compares well with previous labeled-prey studies that
used other isotopic tracers and a wide variety of symbiotic partners, experimental conditions, and processing
techniques. Zoochlorellae obtained 22 to 26% of prey
14
C ingested by hydra in the light, and 25 to 34% in
darkness (Cook 1972). In the coral Astrangia danae,
10 to 20% of the ingested 14C was found in zooxanthellae (Szmant-Froelich 1981). In Aiptasia pulchella
fed 35S-labeled brine shrimp, zooxanthellae retained
10 to 12% of the label after 3 d (Steen 1986) and 15 to
20% for 5 d (Cook 1971).
The distribution of the 15N label among the biochemical pools of the temperate coral Oculina arbuscula
indicates that the host and the zooxanthellae use
ingested nitrogen differently (Fig. 5). The distribution
of label within the HD zooxanthellae remained constant; even 4 h after feeding, the majority of the label
was in the protein fraction. By rapidly utilizing newly
available nitrogen, zooxanthellae would contain small
internal pools of dissolved nitrogen. This would maintain a concentration gradient for NH4+ or amino acid
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precursors and enhance the ability of the zooxanthellae to take advantage of an infrequent but rich
nitrogen source, such as prey items ingested by the
host. In contrast, 15N in both HD and LD host tissues
was primarily in the free amino acid pool, where
enrichment remained constant in LD hosts but
decreased in HD hosts as the label moved to the protein pool. This difference could be linked to the proportion of symbionts present, as more zooxanthellae
implies a greater amount of carbon translocated to the
host. Carbon from algal photosynthesis plays a key
role in host assimilation of inorganic nitrogen (Lipschultz & Cook 2002) and phosphorus (Kelty 2001);
similarly photosynthate may provide carbon skeletons
for protein synthesis. Alternatively, the increase in HD
protein pool 15N could reflect preferential catabolism
of photosynthetic carbon for energy (Szmant et al.
1990), thus allowing HD hosts to build larger protein
reserves than LD hosts with a lower carbon supply.
Do zooxanthellae translocate nitrogenous compounds
to Oculina arbuscula host tissue? If so, the proportion
of 15N in the ethanol-soluble pool should increase
rather than decrease. Sampling over longer time intervals may be required to answer this question; in one
study, sampling over 245 h was necessary to demonstrate nitrogen translocation in symbiotic clams
(Hawkins & Klumpp 1995). Additional studies examining the composition of amino acid pools or utilizing
inorganic 15N over long time courses may shed further
light on whether O. arbuscula hosts receive any
nitrogenous benefit from their zooxanthellae.

Heterotrophy and amino acids
At the beginning of the experiment, amino acids in
the host Aiptasia pallida contained considerably more
15
N than those in zooxanthellae (Fig. 7A). Higher host
tissue enrichment could reflect translocation from
zooxanthellae, or a combination of protein catabolism
and excretion of isotopically light ammonium (Muscatine & Kaplan 1994). Translocation is doubtful, as
amino acid transport should have no fractionation
effect; amination and deamination reactions are a
more likely mechanism. The large isotopic difference
between host and zooxanthellae is greater than the
increase in bulk δ15N values of 3 ‰ typically seen
between trophic levels (Minagawa & Wada 1984); the
differences for individual amino acids can be higher or
lower (McClelland & Montoya 2002). The difference
between glutamine/glutamate and phenylalanine
(∆δ15Nglu-phe) can be used as an indicator of trophic
position: ∆δ15Nglu-phe is ca. 4 ‰ for phytoplankton,
ca. 11 ‰ for herbivores, and ca. 18 ‰ for primary carnivores (McClelland & Montoya 2002). LD hosts had a
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∆δ15Nglu-phe of 19 ‰, while the 15 ‰ of HD hosts could
reflect enhanced host uptake of NH4+ driven by photosynthetic carbon. Zooxanthellae obtain enough host
nitrogen to appear mixotrophic, as their ∆δ15Nglu-phe of
7 ‰ falls between primary producers and herbivores.
After feeding, all host amino acids increased dramatically in δ15N, with little variability between essential
and non-essential amino acids, regardless of symbiotic
state (Fig. 7B,C). Tyrosine and glutamine/glutamate
enrichment increased in HD host tissue, which is consistent with host synthesis (via glutamine synthetase;
Wang & Douglas 1998). However, enrichment in these
amino acids did not increase in LD hosts from 4 to 30 h.
Translocation from the zooxanthellae (Muscatine &
Cernichiari 1969, Sutton & Hoegh-Guldberg 1990) is
not supported by the data, since glutamine/glutamate
in the zooxanthellae (Fig. 7D) always had a lower isotopic signature and could therefore not be the source
for the host pool. Roberts et al. (1999b) also attempted
to document translocation of amino acids to the host
by providing 15N-ammonium to Anemonia viridis. The
nitrogen label did appear in host tissues, but because
of difficulties in sample derivatization they were
unable to discern whether the 15N was translocated
from the zooxanthellae or directly assimilated by the
host.
The δ15N values of every zooxanthellae amino acid
increased over the duration of the experiment
(Fig. 7D). This may reflect de novo synthesis by the
zooxanthellae, or the transfer of amino acids from the
host in exchange for photosynthetic carbon (i.e. ‘host
factor’; Gates et al. 1995). However, transfer from the
host must be limited, since the bulk zooxanthellae
enrichment (Fig. 6B) did not change over time. Glutamine/glutamate was the most highly enriched zooxanthellae amino acid, which is not surprising because
ammonium uptake in zooxanthellae is primarily via the
glutamine synthetase pathway (Summons & Osmond
1981, Anderson & Burris 1987). Glutamine was also
among the most commonly synthesized amino acids in
Aiptasia pulchella zooxanthellae (Swanson & HoeghGuldberg 1998).
Analysis of individual amino acids was insufficient to
identify transfer pathways between the host and zooxanthellae, and could not discriminate between bulk
transfer and de novo synthesis. As noted by Roberts
et al. (1999b), such discrimination requires measurements much sooner than the 4 h used in this study, but
the presence of undigested prey would hinder such an
assessment. Use of 15NH4+ would also be complicated,
since considerable ammonium is assimilated by the
host (Lipschultz & Cook 2002). Experiments with 15NO3
could permit tracing nitrogen that can only be assimilated by zooxanthellae and so enable quantification of
amino acid transport from the algal symbionts.

Conclusions
The present study described the assimilation of prey
nitrogen by symbiotic cnidarians, and the partitioning of
that nitrogen between the host and its symbiotic zooxanthellae. The results have implications for nutrient budgets in general, and nitrogen budgets in particular. This
study is the first to demonstrate direct incorporation of
prey nitrogen into anthozoan host and algal tissues,
though the mechanisms by which zooxanthellae obtain
ingested prey nitrogen remain unclear. Approximately
10 to ~20% of assimilated 15N was found in the zooxanthellae. Because this result is similar to the findings of
other anthozoan/zooxanthellae labeled-prey studies using sulfur and carbon (Cook 1971, Szmant-Froelich 1981,
Steen 1986), nutrient budgets could generally assume a
similar figure for the flux of nutrients from the host to the
algae. However, AEs in this and other studies vary so
much with species and environmental conditions that
they should be determined for each unique nutrient budget. Because this study emphasized the processing of ingested prey nitrogen, the biochemical distribution of 15N
in Oculina arbuscula and amino acid enrichments in Aiptasia pallida described here are insufficient to demonstrate nitrogen fluxes from the algal symbiont to the animal host, and quantification of such nutrient transfer
awaits further study.
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