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TABLE 2

FREE AMINO AcCID CONTENT OF ZOOXANTHELLAE FRESHLY ISOLATED FROM Pocillopora damicornis AND FROM
Anemonia viridis

Pocillopora Anemonia
(n=25) (n=24)
FREE AMINO
ACID FMOL PER CELL % TOTAL FMOL PER CELL % TOTAL
asp 3.72 + 0.60 6.93 0.77 + 0.06 3.30
glu 10.45 + 0.99 19.45 3.02 4+ 0.39 12.87
asn 1.03 +0.14 1.92 0.20 + 0.01 0.85
ser 5.53 +1.50 10.29 1.55 +0.10 6.60
gln 2.74 + 0.48 5.10 4.36 + 0.29 18.53
gly 4.12 + 0.58 7.66 4.79 + 1.67 20.39
thr 1.20 4+ 0.08 2.23 0.64 + 0.19 2.73
arg 3.56 + 0.47 6.62 0.30 + 0.06 1.29
tau 3.92 +0.98 7.29 4.05 + 1.16 17.23
ala 5.15+0.82 9.59 1.25+0.15 5.33
tyr 1.77 + 0.20 3.29 0.45 + 0.04 1.90
met 0.36 + 0.19 0.68 0.37 £ 0.02 1.56
val 3.154+0.71 5.86 0.76 + 0.13 3.22
phe 1.69 + 0.28 3.15 0.46 + 0.07 1.96
iso 1.23 +0.35 2.30 0.23 4+ 0.01 0.99
leu 3.10 + 0.58 5.77 0.29 + 0.01 1.24
Total 52.72 £ 7.00 100.00 23.50 + 3.72 100.00

Note: Aliquots of cells were extracted in 80% ethanol, resuspended in distilled water containing 12.5 yM AABA as internal
standard, and stored at —40°C for HPLC. Figures are means + SE; number of determinations are given in parentheses.

tained higher levels of glutamine. The gin:
glu ratio in Anemonia symbionts was also
high: 1.44 compared with 0.26 in zooxanthel-
lae isolated from coral heads incubated in un-
treated seawater and 0.48 in zooxanthellae
from coral heads incubated in 20 xM ammo-
nium. This did not appear to be a result of
recent host feeding, because levels remained
unchanged during 2 weeks starvation of hosts
(unpubl. data).

DISCUSSION

Incubation of colonies of the coral Pocillo-
pora damicornis in seawater containing ele-
vated levels of ammonium did not alter total
amino acid content of the symbiotic zoo-
xanthellae. This is consistent with the findings
of Achituv et al. (1994), who found that
protein content of zooxanthellae showed no
consistent trend related to ammonium sup-
plementation. However, ammonium supple-

mentation of the seawater in which colonies
were incubated did increase the glutamine :
glutamate ratio of zooxanthellae. This sug-
gests that the nitrogen metabolism of the
zooxanthellae was directly affected by in-
creased levels of ammonium in the seawater,
because if it is assumed that assimilation of
ammonium proceeds via GS, then elevated
levels of ammonium would lead to elevated
levels of glutamine. This conclusion is sup-
ported by the findings of Muller-Parker et al.
(1994a), who measured an increase in ele-
mental N content and C: N ratios of zoo-
xanthellae, but not animal tissue of P. dami-
cornis incubated in 20 M ammonium.
Zooxanthellae also responded to ammonium
supplementation by increased chlorophyll
contents (Muller-Parker et al. 1994a) and
mitotic indices (Hoegh-Guldberg 1994).
Although zooxanthellae respond directly
to ammonium supplementation in a number
of ways, it is not yet clear if they are normally
nitrogen limited in the symbiosis. Flynn
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There is, however, at least for some time, on-
going production of carbon skeletons. This
process, as a result of nitrogen shortage,
shifts toward synthesis of storage lipids and
carbohydrates rather than of amino acids
and nucleotides, both prerequisites for cell
doubling. Heegh-Guldberg (1994) conveys
another reason for the increasing growth
rates of symbiotic algae under N-enriched
conditions: the toxic effect of ammonium on
the host with concomitant lower transloca-
tion and higher availability of nutrients to the
zooxanthellae.

The addition of ammonium to the sea-
water growth medium of corals has been re-
ported to cause a small increase in chloro-
phyll per zooxanthella cell in some studies
(Hoegh-Guldberg and Smith 1989, Musca-
tine et al. 1989, Dubinsky et al. 1990) or to
have no effect in other studies (Heoegh-
Guldberg and Smith 1989, Stambler et al.
1991).

Studies on ultrastructure of zooxanthellae
and of free-living microalgae under various
light regimes showed that the volume frac-
tion of chloroplasts and the surface density
of thylakoid lamellae increase with cellular
chlorophyll content (Berner et al. 1987,
Lesser and Shick 1990).

However, very little data exist on the influ-
ence of nitrogen concentrations on the ultra-
structure of algal cells of both phytoplankton
and symbiotic algae. Morphometric analysis
has been conducted on Isochrysis galbana
Parke (Haptophyceae) cultured under high
and low nitrogen concentrations (A. Sukenik
and T.B., unpubl. data) and on the zoo-
xanthellae from S. pistillata (Stambler 1992),
comparing the effects of ambient and ele-
vated nitrogen levels on cell ultratructure.
The relative volume of chloroplast and thyla-
koid surface density increased slightly with
nitrogen rise in I. galbana. Zooxanthellae did
not show any change in dimensions of chlor-
oplast and thylakoids as a result of elevated
nitrogen concentrations in the seawater sur-
rounding their coral host. However, neither
study examined the possible effects of nitro-
gen levels on the volume fraction of accumu-
lation bodies. Ultrastructural information can
contribute to our understanding of the ways
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by which N limitation regulates the popula-
tions of symbiotic algae. Chloroplast volume
and surface density of thylakoids, as well as
the different amounts of storage products, can
serve as indicators of photosynthetic poten-
tial and the fate of photosynthate.

The aim of this study was to determine if
there were any specific changes in the charac-
teristics of the ultrastructure of the zooxan-
thellae of the hermatypic coral Pocillopora
damicornis (Linnaeus), resulting from expo-
sure of the host to four nitrogen levels, for
various lengths of time.

MATERIALS AND METHODS

Colonies of P. damicornis were exposed
for 2, 4, 6, and 8 weeks to the following ni-
trogen levels in flowing seawater: <1 uM,
(nutrient-stripped), about 2 uM (ambient) as
a control, and enriched to 20 uM or 50 uM
(Stambler et al. 1994). Freshly isolated zoo-
xanthellae from branches taken from four
single corals, each of which was exposed to a
treatment, were mixed together and fixed for
transmission electron microscopy (TEM) in
2.5% glutaraldehyde. Samples were then
concentrated using the bovine serum albumin
(BSA) technique (Oliveira et al. 1989). After
postfixation in OsO,, samples were dehy-
drated by serial transfers through progressive
aqueous-ethanol series and finally embedded
in Spurr’s resin (Spurr 1969). Sections were
cut and subsequently stained with uranyl ace-
tate (Stempak and Ward 1964), followed by
lead citrate (Reynolds 1963), and were ob-
served with a TEM (JEOL 1200x) operating
at 80 kV.

From each treatment the diameter of 40
cells was measured under a light microscope.
Morphometric analysis of the relative vol-
ume of chloroplasts, nuclei, pyrenoids, mito-
chondria, and starch and lipid storage bodies
to cell volume, and the surface density of thy-
lakoids was calculated by the superimposi-
tion of an array of short lines on the TEM
photographs (Weibel et al. 1966, Freere and
Weibel 1967).

Because the main effect studied was N
concentration, a one-way analysis of variance
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Population Dynamics of Symbiotic Zooxanthellae in the Coral Pocillopora
damicornis Exposed to Elevated Ammonium [(NH,),S0O,] Concentrations’

OVE HeEGH-GULDBERG?

ABSTRACT: Division synchrony and growth rate of symbiotic zooxanthellae
was investigated for populations living in colonies of the reef-building coral
Pocillopora damicornis (Linnaeus) exposed to different concentrations of am-
monium [(NH,),SO,] in seawater. Presence of low concentrations of ammo-
nium (0.2 M) did not affect (compared with corals growing in ammonium-
stripped seawater) either division synchrony or growth rate. Exposure to higher
concentrations of ammonium (20 or 50 uM), however, affected the popula-
tion dynamics of the zooxanthellae residing in P. damicornis. Zooxanthellae in
corals exposed to 20 uM ammonium had mitotic indices (percentage of total
cells dividing) that were two to three times higher than mitotic indices of
zooxanthellae in control (0.2 uM) corals. Although division of zooxanthellae
was still phased in corals exposed to 20 uM ammonium, there were many more
cells dividing out of phase compared with control corals. Division of zoo-
xanthellae in corals exposed to 50 uM was not phased. Calculated growth rates
of zooxanthellae exposed to 20 or 50 uM ammonium were higher than those
representative of zooxanthellae living in control corals, although growth rate of
both carbon and nitrogen pools was lower in 50 uM as compared with 20 uM
ammonium. These data support the conclusion that the population dynamics of
symbiotic zooxanthellae within P. damicornis are affected by concentrations of
ammonium in seawater that are equal to or higher than 20 uM and that 50 uM
ammonium concentrations may be toxic to some extent. These data taken in
isolation, however, do not constitute an effective test of the hypothesis that
zooxanthellae are limited by the supply of ammonium under ambient condi-
tions and further emphasize the importance of enrichment studies concen-
trating on growth and nitrogen incorporation rates measured for the entire
symbiotic association.

POPULATIONS OF SYMBIOTIC zooxanthellae are
characterized by low growth rates relative
to populations of cultured zooxanthellae
(Wilkerson et al. 1983, Cook and D’Elia
1987). The low growth rates exhibited by
symbiotic zooxanthellae have been cited as
evidence of the host influence over the metab-
olism of symbiotic zooxanthellae, either
passively (via restricted access to space
and nutrients [Muscatine and Pool 1979,
Cook and D’Elia 1987]) or actively (via
host-specific mitogenic or cytogenic factors

! Manuscript accepted 15 July 1993.

2Zoology Building A08, School of Biological Sci-
ences, University of Sydney, Sydney, N.S.W. 2006,
Australia.

[Muscatine and Pool 1979]). A key experi-
ment in identifying the importance of passive
“control” mechanisms is to supply an excess
of a particular nutrient and examine the
response of the growth rate of the zoo-
xanthellae. If an increase in the growth rate
occurs after the addition of a nutrient (all else
being equal), then the passive supply of the
nutrient is a significant factor in explaining
the low growth rate of zooxanthellae in hos-
pice. The relative importance of the availabil-
ity of a particular nutrient can then be deter-
mined by examining how closely the measured
growth rate under surplus matches the maxi-
mum growth rate attained by symbiotic zoo-
xanthellae under optimal growth conditions
(e.g., in culture).
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cm™2 after 4 weeks and increased to 1.38 mg
cm™2 by week 8; the animal protein content
of corals exposed to 50 uM ammonium de-
clined from 1.8 at 2 weeks to 0.68 mg cm™2 at
8 weeks (Figure 2C).

The relationship between density of zoo-
xanthellae expressed on the basis of surface
area and animal protein content was ex-
plored further by regressing these two param-
eters for the pooled coral colonies, includ-
ing colonies maintained in ambient seawater,
20 uM ammonium, 50 gM ammonium,
“N-stripped” seawater, and a field colony.
The correlation between these two measures
of algal density was significant (r = 0.391;
P = 0.048), showing that there is generally
good agreement between the two measures of
algal population density.

The increase in numbers of zooxanthellae
with 20 M ammonium enrichment was ac-
companied by a significant increase in chlo-
rophyll @ and chlorophyll ¢, of zooxanthellae
(Figure 34, B). The chlorophyll a of zooxan-
thellae from corals maintained at 50 uM am-
monium was consistently lower than that of
zooxanthellae from the corals maintained at
20 uM ammonium (Figure 34,B) and was
not significantly different from that of the
zooxanthellae in the seawater controls (Fig-
ure 34). The chlorophyll a : ¢, ratio remained
unchanged with exposure to 20 and 50 M
ammonium (Figure 3C) and averaged 3.7 for
the corals maintained at 20 M ammonium.
The chlorophyll content of zooxanthellae iso-
lated from the field colony (6.0 pg chloro-
phyll a, 1.6 pg chlorophyll c,, 3.8 chlorophyll
a : chlorophyll ¢,) was identical to the mean
values obtained for zooxanthellae from the
corals in ambient seawater.

The combined effect of increased chloro-
phyll per cell and numbers of zooxanthellae
on changes in the areal chlorophyll content
of 20 uM ammonium-enriched corals is
shown in Figure 4. The average amount of
chlorophyll (a + ¢,) per square centimeter
was three times higher at 8 weeks (Figure
4C). There was no consistent increase in the
areal distribution of chlorophyll with length
of exposure to 50 uM ammonium (Figure 4).
Because chlorophyll a per cell showed a sig-
nificant positive correlation with algal den-
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sity (P = 0.038; Figure 5), it was not possible
to separate the effect of ammonium addition
from self-shading due to increased zooxan-
thellae density.

DISCUSSION

The increase in the density of zooxanthel-
lae in P. damicornis with ammonium enrich-
ment was evident within the first 2 weeks
after the initial addition of ammonium. The
first few days after the start of ammonium
addition seem not to have received adequate
attention in coral studies; they may re-
veal significant information about nutrient-
induced zooxanthellae population dynamics.
Most studies have determined the effect of
ammonium on the population density of
zooxanthellae in corals after periods ranging
from 13 days (Stambler et al. 1991) and
14 days (Muscatine et al. 1989) to 19 days
(Heegh-Guldberg and Smith 1989). All of
those studies reported increased densities
of zooxanthellae with ammonium addition
during periods that coincide with our first
measurement of increased algal density in
P. damicornis (Figure 2A).

This is the first study to examine the effect
of time on the response of a coral to sus-
tained elevated ammonium. Although the
surface area—based density of zooxanthellae
in corals maintained in 20 yM ammonium
increased with time, it is important to distin-
guish between long-term responses (months
to years) and short-term responses (days to
weeks) to addition of ammonium. P. dami-
cornis exposed to 17 uM ammonium for 2—4
months had algal densities in the branch tips
that were three times those of branch tips in
controls (Stimson and Kinzie 1991). Because
that study was conducted during the winter
season and algal densities are provided for
tips (not whole colonies) and for one time
point only, it is not possible to compare algal
densities directly and infer that the differ-
ences in densities are related to the duration
of exposure to high concentrations of ammo-
nium. Future studies should concentrate on
changes in biomass of corals during the first
few days of exposure to nutrients, as well as
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scintillation vial upstream of the community
and timing its movement through 6 m of the
8-m test section. Control rates were measured
with no organisms in the flume on 29 August.
These rates included gas exchange for O, and
NH, and any uptake by bacterial or algal
films.

RESULTS

Over the range of O, concentrations (3—
425 uM O,), respiration rates were propor-
tional to concentration (r? = 0.996—1.000,
n = 5; Table 1). However, the first-order rate
coefficient for O, uptake, k,, was not signifi-
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cantly correlated to water velocity, indicating
that O, uptake is probably not controlled by
diffusive boundary layers. The mean kg was
5.4 day™! + 0.7, n = 8; the percentage stan-
dard deviation was only 13% over a range in
water velocities from 1.0 to 36.1 cm sec™ and
throughout 14 days. The rate constant for the
control, which was measured at the end of
the experiments, was 0.46 day ™, only 9% of
the mean value. A respiration rate for this
community can be calculated by multiplying
the mean ko, 5.4 day™, times the saturation
concentration of 200 uM O,: 5.4 day™! x
200 uM O, = 1080 mM day™'. Taking the
volume to surface area ratio of 0.62 m, the
per planar area respiration rate is 670 mmol
0, m™ 2 day ™.

TABLE 1

SUMMARY OF RESPIRATION EXPERIMENTS ON THE Porites compressa COMMUNITY IN THE FLUME

DATE TIME VELOCITY (cm sec™!) 0,; (uM) O, (kM) ko (day 7Y)
26 July 9.67-15.72 4.2 +0.26 209 31 6.6
29 July 10.00-15.67 36.1 +1.2 203 4 5.6
31 July 9.77-15.65 5.1 +0.25 200 38 6.2
1 Aug. 9.43-16.47 5.0 +0.20 200 21 5.0
2 Aug. 11.25-15.63 9.3+0.10 209 78 49
5-6 Aug. 15.07-10.97 4.8 + 0.09 425 3 5.5
6-7 Aug. 16.65-09.03 1.0 + 0.05 325 3 4.8
8-9 Aug. 17.83-09.62 1.0 + 0.06 281 3 4.8
Control
9-11 Aug. 16.34-10.50 4.0+ 0.18 188 125 0.46

Norte: The control experiment without coral, 9—11 August, lasted 2 days. “Time” is the start-end decimal time of day; O,; is the
initial O, concentration and O, is final; kq, is the first-order rate coefficient (slope of In O, versus day); r’s are all above 0.996.

TABLE 2

SUMMARY OF AMMONIUM UPTAKE EXPERIMENTS ON THE Porites compressa COMMUNITY IN THE FLUME

VELocITY  NH,*;  NH.*, ky r CaCO, r?

DATE TIME (cmsec™)  (uM) (uM)  (day™?) n=8 (mmolm=2day!) n=10
22 Aug. 10.78-15.50 47.6 + 2.1 18.30 1.70 12.7 0.99 314 0.99
23 Aug. 9.42-17.07 56+0.8 18.41 1.26 7.34 0.95 361 1.00
24 Aug. 9.50-16.00 5.6 +0.6 20.94 3.33 6.84 1.00 333 1.00
25 Aug. 9.00-16.00 285+ 1.6 18.90 0.79 12.7 0.97 430 1.00
26 Aug. 11.75-15.50  50.6 + 2.0 1.11 0.15 13.5 0.99 — —
27 Aug. 9.50-16.00 569 + 3.2 21.91 0.41 15.6 0.99 314 0.99
Control

29 Aug. 9.75-16.47 369+ 1.0 20.03 17.46 0.47 0.92 13 0.06

Note: The control experiment without coral was on 29 August. “Time” is the start-end decimal time of day. NH,*; is the initial
ammonium concentration and NH,* , is final; ky is the first-order rate coefficient (slope of In NH,* versus day). Calcification rate is
a linear rate and summarized under CaCOs; rs for NH,* uptake and CaCOj are listed after the rate.
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Calcification rates were constant through-
out-the day (> = 0.993-0.998; Table 2) and
were also not a function of water velocity.
The mean calcification rate was 350 mmol
CaCO; m~2 day™ 4 0.048, n = 5. The con-
trol rate was 13 mmol CaCO; m~2 day™
(r? = 0.063), only 3.8% of the mean rate.
Both respiration and calcification rates are
close to metabolic standards for coral
reef flats (Kinsey 1985), indicating that the
flume community represents a healthy coral
assemblage.

Rates of N uptake were proportional to
ammonium concentration from 20 to 0.15
uM N (r? = 0.972 to 0.998); an example of
an N uptake experiment is shown in Figure 1.
The first-order rate coefficient for N uptake,
ky, Was positively correlated to water veloc-

20-
15p
=
3101
=
=
=
5F
° 1 L 'S 1
10 n 13 14 15 16

12
TIME (hour)

FiGURE 1. Dashed line: ammonium concentration
versus time of day for experiment on 22 August (Table
2). Experiments began in the morning with initial con-
centrations near 20 uM N and continued until 1600 hr.
Solid line: In [NH,*] for the same experiment. The slope
of the straight line is the first-order rate constant, ky, for
this experiment. The first-order rate constants are re-
ported in Table 1 for O, and Table 2 for ammonium.

299

ity (Table 2, Figure 2): ky was 7.3 and 6.8
day!at5.6cmsec™! and 12.7day ! and 15.6
day™ at 47.6 and 56.9 cm sec™?, respectively.
The ky value for the control measurement
was 0.47 day™, only 6.9% of the minimum
observed rate and 3% of the maximum rate.
A 10-fold increase in water velocity only in-
creased N uptake 2.1-fold. At 0.15 uM am-
monium, there was no apparent net uptake of
ammonium (experiment of 26 August, Table
2), indicating that uptake rate of N equaled
the release rate of N.

P concentration in the flume experiments
decreased only slightly from initial concen-
trations of 0.15-0.21 to 0.09-0.20 uM P (Ta-
ble 3). Similarly, Si concentrations began at
7.65-9.62 and changed to 2.99-9.25 uM Si.
In all but one instance, Si decreased. In
contrast, NO; + NO, significantly increased
from initial concentrations of 0.29-0.63 to
final concentrations of 0.63-1.44 yM N.
During the experiment where no ammonium
was injected into the flume (experiment of 26
August), NO; significantly decreased from
0.50 to 0.17 uM N. These results indicate that
NO; is produced during high ammonium
concentrations, but is removed from the
water when ammonium concentrations are
low.

DISCUSSION

It is well known that hermatypic corals
retain or recycle N relative to C (Rahav et al.
1989). The relative turnover of N and C can
be estimated for the corals in these experi-
ments. A release rate of ammonium from the
coral community can be calculated by assum-
ing that uptake of ammonium equals release
of ammonium at 0.15 uM N (experiment of
26 August, Table 2). Uptake rate (and release
rate) is therefore equal to ky x (0.15 uM N).
Taking the largest rate coefficient in Table 2,
15.6 day ™' at 56.9 cm sec”!, the maximum
release rate of ammonium from the experi-
mental coral community in the flume was 1.4
mmol N m~2 day~'. The calculated respira-
tion rate of these corals at 200 uM O, was
670 mmol m~2 day~!. Assuming a respira-
tory quotient (C/O,) of 1.0, the C: N ratio
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TABLE 3
INITIAL AND FINAL CONCENTRATIONS, C, and C,, RESPECTIVELY, OF NUTRIENTS IN THE AMMONIUM UPTAKE
EXPERIMENTS
PO, NO; + NO, Si

DATE HOUR VELOCITY (cm sec™!) C, G, C, C C, C
22 Aug. 4.72 47.6 0.20 0.09 0.54 1.05 7.80 6.25
23 Aug. 7.65 5.6 0.17 0.14 0.56 1.25 8.14 5.30
24 Aug. 6.50 5.6 0.15 0.20 0.43 1.44 8.96 7.65
25 Aug. 7.0 28.5 0.20 0.17 0.63 0.96 7.65 4.48
26 Aug. 3.75 50.6 0.20 0.13 0.50 0.17 9.14 2.99
27 Aug. 6.5 56.9 0.21 0.20 0.29 0.63 8.96 4.10
Control

29 Aug. 6.72 36.9 0.19 0.13 0.63 0.83 9.62 9.25

of release from the corals was 478 (670/1.4).
C : N ratios of host tissue for control corals
from this workshop (Muller-Parker et al.
1994) were from 5 to 7; zooxanthellae C: N
ratios varied from 7 to 20 depending on the
ammonium concentration of the incubation
water. If organic substrates of catabolism
have C: N ratios of 7, then 98% of N flux is
retained within the coral; similarly, if C: N
ratios are 20, then 94% of N flux is retained.
This calculation was based on the fastest up-
take rate constant, assuming ambient con-
centrations of 0.15 uM. There was only a
2.4-fold change in the uptake rate constant
with water velocity, so water velocity had lit-
tle effect on these conclusions. At least 10-
fold changes in N uptake would be required
to support the flux of ammonium without
large changes in N retention within corals.
Rahav et al. (1989) showed that recycled N
from host tissue accounts for >90% of the
zooxanthellae N demand in Stylophora pis-
tillata Esper. Our results corroborate those
findings.

Both calcification and respiration rates
were not significantly correlated to water
velocity. It is not surprising that calcification
is not correlated to water velocity. It is diffi-
cult to imagine concentration-depleted diffu-
sive boundary layers of Ca, considering that
seawater is ca. 10 mM Ca. Furthermore, the
production of COj is controlled within corals
and is probably not directly related to the pH
of the overlying water. Previous observations

that community calcification is correlated to
water velocity (Kinsey 1985) are probably a
result of changes in community structure or
some other indirect effect of water velocity,
such as increased nutrient uptake.

Respiration did not appear to be affected
by water velocity in this community. Appar-
ently in this study the rates of O, uptake were
not fast enough. to develop diffusive bound-
ary layers around the coral (Newton and
Atkinson 1991). Note that the first-order rate
constants for O, uptake (Table 1, Figure 2)
are almost three-fold lower than the rate
constants for ammonium uptake (Table 2,
Figure 1).

N uptake is limited by diffusion through
diffusive boundary layers. N uptake is first
order and positively correlated to the bulk
water velocity. The increase in ky with water
velocity, however, was less than expected.
Normally for turbulent flow, the increase
would be 0.7-0.8 root, or log £k = 0.8 log U,
(Bilger and Atkinson 1992). A 10-fold change
in water velocity would increase k 6.3-fold,
not just 2.1-fold as in these experiments.
Given our data, the slope between log ky and
log U, is only about 0.3. This value is too low
to conclude definitely that N uptake is mass-
transfer limited.

Figure 2 shows our results compared with
some previously published results. The solid
line is the best line representing P uptake ver-
sus water velocity from Atkinson and Bilger
(1992)..The dashed line connects values of ky
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for the low-velocity experiments of our study
with values for the high-velocity experiments.
Note that ky is two to three times above kp at
the lower velocities. This result is to be ex-
pected for mass-transfer limited rates, be-
cause diffusion of ammonium through water
(hence the boundary layers) is three times
faster than that of P (Li and Gregory 1974).
However, at the higher velocities, N uptake
into this coral community is about the same
as P uptake into the mixed coral-algal com-
munity. There are two plausible explanations
for this result. The first is that the concentra-
tion of ammonium at the surface of the or-
ganisms is a substantial percentage of the
concentration in the bulk flow. This would
result in a decreased effect of velocity on N
uptake. The other explanation is that coral
branches force water into more interstitial
spaces than would otherwise occur, giving
enhanced uptake at lower velocities. This ex-
planation is unlikely, because a two- to three-
fold uptake rate above P uptake is expected.
It is apparent that these explanations need
further research to verify whether coral
morphology in a mixed community alters
the relative uptake of nutrients at different
velocities.

An interesting pattern in metabolic rates
is illustrated in Figure 2; O, uptake is near
mass-transfer limited rates but shows no sig-
nificant effects with changes in velocity; in
contrast, N and P uptake have larger rate
coefficients and are therefore closer to the
mass-transfer limit. We suggest that respira-
tion probably cannot be maintained at a
mass-transfer limited rate because low water
velocities would then stress or kill micro-
organisms living in the boundary layer. The
reduced flux of O, would continually limit
the activity of these organisms. Thus the
observed community respiration rate is sus-
tained at the highest level without becoming
strongly water velocity—dependent. Organ-
isms probably shunt intracellular energy to
nutrient-uptake mechanisms that allow the
fastest nutrient uptake under all conditions;
thus they take advantage of the high water
velocity by increasing nutrient uptake. We
believe further experimentation will show
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that other coral or coral-algal communities
have similar metabolic patterns.
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Resource Partitioning by Reef Corals as Determined from Stable Isotope
Composition II. 6!°N of Zooxanthellae and Animal Tissue versus Depth’

L. MuscaTINE? AND I. R. KAPLAN?

ABSTRACT: The pattern of resource partitioning versus depth for corals col-
lected in February, 1983, from Jamaica was investigated by analyzing their
stable nitrogen isotope composition. Observations were made on isolated zoo-
xanthellae and corresponding algae-free animal tissue from nine species of sym-
biotic corals at four depths over a 50-m bathymetric range, and from a nonsym-
biotic coral at 1 m. 6*°N values versus depth ranged from +3.54 to —2.15 %o
for zooxanthellae and from +4.71 to +0.23 %o for animal tissue. In those
species that occurred over a 30- to 50-m depth range, both animal tissue and
zooxanthellae tended to be depleted in 5N as depth increased to 30 m. In a few
species animal tissue was enriched in >N from 30 to 50 m. Depletion of **N in
zooxanthellae with increasing depth may be the result of depth-dependent dif-
ferences in their nitrogen-specific growth rates. Animal tissue was consistently
more depleted in 13N than for the nonsymbiotic coral Tubastrea coccinea (Ellis)
at the same depth, but it was still slightly more enriched in !*N than corre-
sponding zooxanthellae in 16 of 25 paired samples. The latter trend was not
correlated with depth. A comparison of §'3C and §!°N for zooxanthellae and
animal tissue over 50 m revealed a tendency toward depletion of heavy isotopes
as depth increases. Increased carbon fixation appears to be accompanied by

decreased nitrogen fractionation.

RESOURCE UTILIZATION by scleractinian reef
corals is profoundly affected by endosymbio-
tic dinoflagellates (zooxanthellae). Although
coral polyps feed on particulate organic car-
bon and nitrogen (Lewis and Price 1975,
Lewis 1976, 1977, Clayton and Lasker 1982),
their phototrophic endosymbionts take up
and assimilate inorganic carbon (Muscatine
and Cernichiari 1969, Schmitz and Kremer
1977, Crossland et al. 1980, Black and Burris
1983) and nitrogen (Franzisket 1974, Cross-
land and Barnes 1977, D’Elia and Webb
1977, Muscatine and D’Elia 1978, Webb and
Wiebe 1978, Muscatine et al. 1979, Musca-
tine 1980a, Burris 1983, D’Elia et al. 1983,

! Research was supported by grants from the Na-
tional Science Foundation (OCE-8510518) to L.M. and
the Department of Energy (EY-763-03-0034) to I.LR.K.
Manuscript accepted 15 August 1993.
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Wafar et al. 1985, Summons et al. 1986, An-
derson and Burris 1987, Rahav et al. 1989)
from the environment and from host catabo-
lism. Organic carbon and nitrogen is translo-
cated from algae to host (Muscatine 19805,
Falkowski et al. 1984) and possibly from host
to algae (e.g., see Cook 1983, Steen 1986).
The symbiotic algae also enable the retention
and recycling of carbon and nitrogen atoms
within the coral. These features confer an ap-
parent selective advantage on coral animals
in oligotrophic environments. There is little
information, however, on how depth and
light attenuation might influence these poten-
tial fluxes and consequently the selective ad-
vantage of the symbiosis to the partners.

In previous studies, Davies (1984), Mc-
Closkey and Muscatine (1984), and Musca-
tine et al. (1984) noted that photosynthetic
rates by zooxanthellae in shallow-water cor-
als are high and that carbon translocated
from algae could meet the daily carbon
demand of the animal for respiration and
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growth. In contrast, in deep-water corals,
photosynthetic rates are low and much less
photosynthetically fixed and translocated
carbon is available for animal respiration and
growth. McCloskey and Muscatine (1984)
predicted that in deep water, reduced input of
photosynthetically fixed and translocated
carbon may be supplemented by input of car-
bon from allochthonous sources. Muscatine
et al. (1989) attempted to evaluate this pre-
diction by analyzing the stable carbon iso-
topes of coral animal tissue and zooxan-
thellae as a function of depth. Their data
revealed that §!3C of zooxanthellae was rel-
atively high in shallow water. These high
values were interpreted as the result of
diffusion-depletion of internal CO, at high
rates of photosynthesis and consequent mini-
mal stable isotope discrimination (see also
Goreau 1977). Zooxanthellae 6'3*C became
lower as depth increased and as light for pho-
tosynthesis diminished. Animal tissue 6'*C
was slightly lower than zooxanthellae §'3C in
shallow water, probably as a result of trans-
location of photosynthetically fixed carbon
from zooxanthellae to animal. As depth in-
creased, the animal tissue exhibited a dis-
proportionately lower 6'3C, suggesting that
more particulate organic carbon (POC) is
taken up in deep water or that at the lower
rates of photosynthesis CO, was no longer
limiting.

To gain further insight into resource utili-
zation by reef corals, we examined the §!°N
of zooxanthellae and animal tissue versus
depth in the same coral samples as those ana-
lyzed by Muscatine et al. (1989). 6'°N values
for marine organisms generally range from
about —3 %o to about +20 %0 (Owens 1987),
but some organisms from hydrothermal
vents or hydrocarbon seeps, or possessing en-
dosymbiotic bacteria, exhibit values as low
as —12.9 %o (Rau 1981, Paull et al. 1985,
Brooks et al. 1987, Conway et al. 1989). §!°N
values reflect the nature of the source nitro-
gen, which may undergo only minimal frac-
tionation when it is limiting (Wada and Hat-
tori 1976, Owens 1987) or when atmospheric
nitrogen is fixed by marine cyanobacteria (see
references in Macko et al. 1984). Alterna-
tively, source nitrogen may undergo maximal
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fractionation during assimilation (Wada and
Hattori 1978, Minegawa and Wada 1980,
Wada 1980, Macko et al. 1986, 1987). 6N
values are also useful as indicators of trophic
level (Van Dover and Fry 1989).

The data presented here show that both
the zooxanthellae and the animal tissues in
Jamaican scleractinian corals tend to be de-
pleted in °N, particularly as depth increases.
Depth-dependent variables that may contrib-
ute to 1N depletion are discussed.

MATERIALS AND METHODS

Methods for sampling corals, separation
of zooxanthellae and animal tissue, and ana-
lytical techniques were described by Musca-
tine et al. (1989). Briefly, 10 species of corals
(nine symbiotic, one nonsymbiotic) were col-
lected from 1 and 10 m depth from the back
reef and from 10, 30, and 50 m depth from
the fore-reef at Discovery Bay, Jamaica, in
February 1983. Tissue was removed from
whole colonies or from large pieces of mas-
sive corals to minimize sample heterogeneity
within colonies. Algae and animal tissues
were separated by a series of careful centrifu-
gations and washings. Algae were recovered
as pellets, and animal tissue was deposited on
precombusted glass fiber filters (Reeve An-
gel). Both fractions were dried at 50°C. Sam-
ples were combusted as described by Mine-
gawa et al. (1984). Mass spectrometry was
performed on a Varian MAT 250 instrument.
The N/!N of the samples is reported as
85N, in units per mil (%o), where:

515N (%0) =v [(Rsample/Rslandard) - 1] X 1000
and
R = ISN/14N

Atmospheric nitrogen was the standard. The
analytical precision of these measurements
was 0.2 %o.

RESULTS

The values of 65N for each species versus
depth ranged from +3.54 to —2.15 %o for
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TABLE 1

615N FOR ALGAE AND ANIMAL TISSUE FROM JAMAICAN CORALS OVER A 50-m BATHYMETRIC RANGE

DEPTH
CORALS Im 10m 30m 50 m
Symbiotic corals

Madracis mirabilis (Duchassaing & Michelotti)

Algae +3.54 +3.26 +2.64 *

Animal +3.90 +3.05 +1.84 *
Acropora cervicornis (Lamarck)

Algae +1.76 +1.68 +0.16 .

Animal +4.11 +1.86 +1.56 *
Agaricia agaricities (Linnaeus)

Algae +1.64 +1.85 +1.86 +0.30

Animal +3.02 b +1.48 +1.54
Acropora palmata (Lamarck)

Algae +1.76 +1.48 * *

Animal b +2.13 * *
Porites astreoides Lamarck

Algae +2.99 +2.30 +1.74 *

Animal +2.79 +2.10 +2.04 *
Montastrea annularis (Ellis & Solander)

Algae +3.00 +1.83 +2.21 —0.16

Animal +3.32 +2.41 +0.23 +1.87
Montastrea cavernosa (Linnaeus)

Algae +0.95 +0.35 —2.15 —-1.73

Animal +2.96 +1.11 +1.16 +343
Eusmilia fastigiata (Pallas)

Algae +3.45 +2.18 +0.94 *

Animal +3.45 +2.52 +2.76 *
Dendrogyra cylindrus Ehrenberg

Algae * +2.43 ¥

Animal * +2.23 *

Nonsymbiotic coral

Tubastrea coccinea (Ellis) +4.74 * * ¥

*, not found at depth; **, samples lost.

algae and from +4.11 to +0.23 %o for ani-
mal tissue (Table 1). In those species that oc-
curred over a 30- to 50-m depth range, both
zooxanthellae and animal tissue tended to be
depleted in *>N as depth increased, although
in Montastrea annularis (Ellis & Solander)
and M. cavernosa (Linnaeus) at 50 m, animal
tissue was again enriched in 1°N.

There were differences between 6'5N, ;a1
and 6'°N,,,,. in each species. Animal tissue
was more enriched in !N than algae in 16 of
the 25 paired samples (mean + SD = 1.51 +
1.3 %o; range, 0.30—5.16 %o). In the remaining
nine, the 6!°N animal values were equal to
or lower than those of corresponding algae
(mean + SD = 0.46 1 0.61 %o; range, 0.18—
1.98 %o).

The 6'5N value for Tubastrea coccinea
(Ellis) is +4.74 %o and is taken as representa-
tive of coral animal tissue at 1 m that has
acquired particulate and/or dissolved organic
nitrogen in the absence of a photosynthetic
endosymbiont.

DISCUSSION

65N of Zooxanthellae

65N values for zooxanthellae in Jamaican
corals range from —2.15 to +3.54 %.. The
data cluster at the low end of the range of
values representative of marine organisms.
Interpretation of the absolute values of §!°N
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for the algae and animal must await data
on the §!°N values of the source nitrogen,
which, at present, are unknown. The most
important sources of dissolved inorganic ni-
trogen (DIN) for symbiotic dinoflagellates
seem to be nitrate and ammonium from sea-
water and ammonium from coral animal ca-
tabolism (D’Elia 1988, Rahav et al. 1989).
Other potential sources include nitrate and
ammonium from local sources such as
groundwater (D’Elia et al. 1981), nitrification
associated with bacteria in sponges (Corre-
dor et al. 1988) and coral skeletons (Szmant-
Froelich and Pilson 1977, Wafar et al. 1985),
coral head porewater (Risk and Muller
1983), and migrating fishes (see, for example,
Meyer and Schultz 1985a,b).

An interpretation of the trend in depletion
of zooxanthellae >N with depth is suggested
by observations of Wada and Hattori (1978;
see also Minegawa and Wada 1980) on cul-
tured marine diatoms. They demonstrated
that isotope fractionation of nitrate and am-
monium was negligible during uptake, but
substantial during assimilation, and that
fractionation was inversely proportional to
growth rate. The highest fractionation oc-
curred when growth was light-limited and N-
sufficient. Because the specific growth rate of
zooxanthellae in at least one coral species
tends to be higher in high-light habitats than
in shade (Muscatine et al. 1989), the depth
profile for zooxanthellae 6'°N could be
interpreted on the basis of relative specific
growth rates of light-sufficient, nutrient-
limited zooxanthellae in shallow water and
light-limited, nutrient-sufficient zooxanthel-
lae in deep water. A few observations support
this scenario.

Zooxanthellae in corals are very effective
scavengers of nitrogen, often taking up ambi-
ent DIN at or below concentrations of 1 uM
and effectively retaining host catabolic am-
monium so that, under normal conditions,
little host catabolic ammonium is released
to the environment (Muscatine and D’Elia
1978, Cook and D’Elia 1987, Cook et al.
1988, Rahav et al. 1989, Stambler et al. 1991).
However, there is a growing body of evidence
that suggests that growth rate or biomass
increase of zooxanthellae in shallow-water
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corals and other symbiotic cnidarians may
be nitrogen-limited (Cook and D’Elia 1987,
Cook et al. 1988, Dubinsky et al. 1989,
Heegh-Guldberg and Smith 1989, Muscatine
et al. 1989). N-limited cells in shallow water
might assimilate most of the available DIN
and consequently might exhibit minimal sta-
ble isotope fractionation (Wada and Hattori
1976). In contrast, zooxanthellae in light-lim-
ited deep-water corals may grow more slowly
and consequently exhibit greater isotope dis-
crimination. Wilkerson et al. (1988) esti-
mated generation times for zooxanthellae
from the same set of corals as analyzed in
this study. When our 65N data are plotted
against their growth rate data (as generation
times) for zooxanthellae from all species at
all depths, no significant correlation emerges
(6*5N = 1.38 + 0.02 (generation time) (n =
26; r = 0.01). This appears to argue against
a “growth rate fractionation” hypothesis.
However, generation time is derived from
zooxanthellae mitotic index and is a function
of the standing stock of cells. It does not take
into account the translocated nitrogen that
does not appear in the standing stock of
cell nitrogen. Consequently, the parameter of
interest is the nitrogen-specific growth rate
(uy), manifested by the uptake and assimila-
tion of DIN by zooxanthellae and the trans-
location of dissolved organic nitrogen (DON)
to the host. That is, in symbiotic algae, and
perhaps even in some free-living algae (see
Zehr et al. 1988), nutrient uptake and assimi-
lation is uncoupled from cell growth at the
low specific growth rates exhibited by zoo-
xanthellae in hospice. For example, from data
on uptake rates of >N (as ammonium) by
the shallow-water Red Sea coral Stylophora
pistillata Esper, Muscatine et al. (1984) esti-
mated that uy was 0.31 day™' for light-
adapted cells and 0.25 day™ for shade-
adapted cells, a 20% decrease. This trend is
consistent with our conjecture that uy for
coral zooxanthellae may decrease with de-
creasing irradiance at greater depths, so that
rates of uptake, assimilation, and transloca-
tion are lower and the scope for fractionation
is higher.

Alternatively, the lower &'°N values
(< 1.00 %o), especially as depth increases, are
























































