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PREFACE

This thesis is composed of two separate but related 

papers. Both works deal with the general subject area of coral- 

nutrient relationships, however, individually they address specific 

questions which are sufficiently different as to justify presentation 

in distinct manuscripts.
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ABSTRACT

Atlantic and Pacific hermatypic corals remove exogenous urea 
from ambient seawater and incorporate urea-derived carbon into the 
organic pools of the zooxanthellae and coelenteratetissue. Urea 
uptake kinetics for the majority of species studied indicate a photo­
synthesis independent carrier assisted transport mechanism that can 
be modeled by the Michaelis-Menten hyperbolic equation. Urea release 
was not observed in symbiotic corals but was shown in a non-symbiotic 
coral. Following an initial lag period, urea-l^C incorporation in the 
light proceeds at a similar rate and into the same pools i.e. amino 
acids, lipids, nucleic acids and proteins as sodium bicarbonate-l^C. 
Incorporation in the dark was approximately 10% of that in the light, 
indicating that assimilation is dependent on photosynthesis. Estimates 
of the percentage of fixed carbon translocated from zooxanthellae to 
coelenterate tissue were made. A hypothetical model of urea uptake 
and incorporation in reef corals is proposed.



UPTAKE OF EXOGENOUS UREA BY HERMATYPIC CORALS, WITH AN 
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INTRODUCTION

Symbiotic relationships between algae and invertebrates are 

ubiquitous in the highly diverse shallow water coral reef ecosystems 

of sub-tropical and tropical oceans (Geddes, 1882; Droop, 1963;

Young, 1968; Taylor, 19 73). Of these associations, that between 

hermatypic (reef-building) corals and endosymbiotic dinoflagellate 

algae (zooxanthellae) (Brandt, 1881, from Muscatine, 1974; Kawaguti, 

1964; McLaughlin and Zahl, 1966; Taylor, 1973; Muscatine, 1974), is 

singularly the most important in the reef system. Since the tropical 

seas in which they thrive are comparatively unproductive and deficient 

in inorganic nutrients as well as dissolved and particulate organic 

material, the ecological success and high productivity (Odum and Odum, 

1955) of this group of organisms, and the system as a whole, remains 

a paradox to researchers.

The explanation may lie, in part, in the capability of 

symbiotic corals to obtain carbon (C), nitrogen (N) and phosphorus 

(P) from several trophic levels (Johannes, 1974; Porter, 19 74;

Muscatine and Porter, 1977) . They acquire these essential elements 

through carnivorous heterotrophy i.e. grazing of zooplankton, phyto­

plankton, detritus, etc. and alternatively, they can photosynthetically 

fix carbon via the resident zooxanthellae. The uptake of inorganic 

N and P (Kawaguti, 1953; Franzisket, 1973, 1974; D'Elia, 1977; D'Elia 

and Webb, 1977; Muscatine and D TElia, 1978; Webb and Wiebe, 1978; 

Muscatine _et a l . 1978; Taylor et al. 1978) and free amino acids-DOC
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(Stephens, 1960; Goreau et al. 1971) has also been reported. The 

quantitative significance of each source to the total coral nutrition 

is currently being studied by several investigators.

To complement this multi-trophic capacity, C, N and P are 

apparently tightly recycled and translocated within the symbiosis.

It is well established that zooxanthellae release photosynthate which 

is utilized by the host (Muscatine and Hand, 1958; Goreau and Goreau,

1960; Von Holt and Von Holt, 1968; Muscatine and Cemichiari, 1969;

Smith et al. 1969; Trench, 1971; Lewis and Smith, 1971; Muscatine,

1973; Patton eh: _al. 1977) . In return the algal cells may fix host 

waste products e.g. nitrogenous waste, phosphorus and respired CO2 , 

into organic compounds used for growth and division and/or trans­

location back to the coelenterate cells (reviewed in Muscatine, 1973).

Several of the aforementioned studies deal with the acquisition 

(uptake kinetics), retention and release of dissolved inorganic nitrogen, 

primarily ammonia, nitrate and nitrite. However, few research efforts 

(see below) address the potential significance of dissolved organic 

nitrogen, specifically exogenous urea (H2NCONH 2 ) » to the coral-algal 

symbiosis. This is unexpected considering the significance of urea 

as a nitrogen source for marine phytoplankters (Hattori, 1960; Hodson 

and Thompson, 1969; Eppley et al. 1971; Remsen et al. 1974; Carpenter

e_t aJL. 1972a; Carpenter e_t ad.. 1972b; McCarthy, 1972; Mitamura and

Saijo, 19 75; Webb and Haas, 19 76) and its important role in marine 

nitrogen cycles (Webb and Haas, 1976; Webb, 1978). The incorporation 

of urea--^C into metabolic pools of phytoplankton has also been 

documented (Hattori, 1960; Hodson and Thompson, 1969; Mitamura and 

Saijo, 1975). An informative and comprehensive review of the role
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of urea in microbial systems can be found in Remsen e t ^  _al. (1974) .

The following is a chronology of the relevant observations 

pertaining to the possible role of urea in the metabolic processes of 

symbiotic corals: 1) in vitro cultures of zooxanthellae utilize urea

as well as inorganic nitrogen (McLaughlin and Zahl, 1966); 2) carbon 

derived from labeled urea is incorporated into coral skeletal 

carbonate and urea stimulates calcification (Crossland and Barnes,

19 74); 3) urease activity is shown to be associated with both the 

coelenterate tissue and zooxanthellae (Barnes and Crossland, 1976);

4) preliminary evidence indicates that net amounts of exogenous urea 

are removed from seawater at environmental concentrations by symbiotic 

corals, and that urea“l^C enters metabolic pathways (Webb, unpublished 

data 1975, 1976); 5) urea stimulates photosynthesis and photosynthate 

release in corals, but not in isolated zooxanthellae and CaC0 3  deposition 

is stimulated by urea (Taylor, 1978); 6) the ornithine cycle has not 

been shown to be involved in urea production in corals, although high 

levels of urea and urease as well as arginine decarboxylase are found 

(Streamer, 1979). Rates of urea uptake and the occurrence of urea 

nitrogen and carbon in specific organic metabolic pools have not been 

investigated.

Reported in this paper are studies of exogenous urea uptake 

by Atlantic and Pacific hermatypic corals. As in previous studies 

of nutrient fluxes in corals (D'Elia and Webb, 19 77; Muscatine and 

D'Elia, 1978; Webb and Wiebe, 1978) uptake was modeled using Michaelis- 

Menten enzyme kinetics (Neame and Richards, 19 72; Caperon and Meyer,

19 72). Kinetic parameters and Vmax were determined and compared 

with those obtained for other forms of nitrogen e.g. ammonia and
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nitrate, and other coral species. The fate of urea derived carbon 

within the symbiosis was determined using urea-^C. Labeled pools 

were compared with those labeled using sodium bicarbonate--^C.

The objective of the investigation was to provide data 

relating to the flux of urea from the external medium into the organism 

and between the zooxanthellae and coelenterate tissue. This information 

could potentially be used in models of nitrogen (and carbon) dynamics 

of reef corals, and might also be considered in a nitrogen budget 

for the reef ecosystem.



MATERIALS AND METHODS

Study Sites and Experimental Organisms

This investigation was conducted at the Mid-Pacific Marine 

Laboratory, Enewetak (Enewetak Atoll) , Marshall Islands in January 

and February 1979, and at the Discovery Bay Marine Laboratory,

Discovery Bay, Jamaica in August 19 79.

Organisms utilized in laboratory experiments included the 

Indo-Pacific symbiotic reef corals Acropora disticha, A. tubicinaria 

and an unidentified Porites spp., as well as Caribbean specimens of 

A. cervicornis, Montastrea annularis and Porites porites. The Atlantic 

non-symbiotic coral Tubastrea tubastrea was also studied.

Most colonies were collected from 2 to 6 m depths. The 

epi-fauna and epi-flora free corals were liberated from the substratum 

with a hammer and chisel. Tissue damage was prevented by removing 

the coral at the base, below the live tissue covered corallum.

Corals were held on the reef near the laboratory (Enewetak) or in 

the laboratory running seawater system for not more than 2 hours 

before experimentation.

Urea Uptake Experiments

Laboratory incubations of selected corals in freshly collected 

unfiltered seawater were performed in a 6.5 liter cylindrical plexi­

glass chamber (D’Elia and Webb, 1977). Rapid complete mixing (checked 

with dye studies) of incubation medium was achieved by continuous

6
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circulation of water through a submersible pump. Temperature was 

regulated to within +  2.0°C of ambient reef temperature by immersing 

the pump in a controlled water bath. Light experiments were performed 

in mid-morning or mid-afternoon with light levels in the chamber 

ranging from 200-250 ]iE m ”^s” -̂. Dark uptake experiments were per­

formed at night with the chamber enveloped in a thick photographic 

bag so that light was 100% attenuated.

Corals were placed in the chamber and allowed a period of 

adjustment to experimental conditions. Experiments commenced at such 

time as coral polyps were fully expanded and there were no signs of 

mucous secretion. A 0.5 m length of sample tubing was inserted 

through the top of the chamber into the medium and connected to an 

adjacent AutoAnalyzer system for urea analysis. In some cases the 

organisms were permitted to deplete the medium of the ambient urea 

concentrations, but in most experiments the chamber water was 

artificially elevated to anywhere from 1 to 10 yg-at urea-N l-^ above the 

initial concentration. Uptake was determined as a time history of 

urea depletion from the medium by the coral. This was taken from a 

continuous chart recorder print out of chamber urea concentrations 

(see below). Experiments were terminated when urea was not detectable 

or when it was apparent from the depletion curve that saturation 

kinetics had occurred. The duration of uptake incubations was no 

more than 5.5 hours.

The non-symbiotic coral Tubas trea tubas trea was incubated 

in seawater for a period of 140 mins to determine if urea was released. 

Discrete samples (2 ml) were withdrawn from the medium during the 

experiment and analyzed for urea concentrations on the AutoAnalyzer.



Urea Analysis

Urea was determined colorimetrically by an automated 

adaptation of the diacetyl monoxime(DAM)-urea reaction (Newell e_t al. 

1967) to the Technicon AutoAnalyzer (DeManche et al. 1973). This 

method is sensitive enough to detect urea at the 0.05 yg-at urea-N 1“^ 

(25 nM) level. Although not specific for urea, naturally occurring 

compounds in seawater that might interfere with this assay are 

generally present at sufficiently low levels not to be a problem 

(Remsen, 19 71).

The advantages of the automated closed wet chemistry system 

used for this study are 1) that continuous flow sampling can be 

employed in uptake experiments without risk of sampling error and/or 

contamination and 2) that there is immediate sample processing and 

data print out on the chart recorder.

The analysis of discrete samples of ambient reef seawater 

as well as the running of standard curves was facilitated by inter­

facing a Technicon Sampler II unit with the system described above. 

Samples of surface reef water were collected and analyzed to determine 

environmental urea concentration.

Kinetic Model of Uptake

Exogenous urea uptake was plotted as a time history of urea 

depletion from the medium and a curve was visually fitted to data 

points, i.e. substrate concentration-S vs time-t. Preliminary data 

revealed uptake was linear at high substrate concentrations indicating 

the Michaelis-Menten model without a diffusion correction was 

appropriate. Accordingly, the kinetic parameters (the substrate 

concentration when uptake rate is half maximal) and Vmax (the maximum
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velocity of uptake) were determined for four experiments using a 

computer program designed to accept time history data (S vs t) as 

the input (Caperon and Meyer, 19 72). Rectangular hyperbolae were 

plotted i.e. uptake rate-V vs S, for three experiments where the urea 

concentration in the medium went to zero or near zero within the 

incubation period. Hyperbolic curves, with the intercept through 

the origin, were generated using the modified Michaelis-Menten equation

V • S maxV = ---------  + (Kd * S)
Km + S

where V is uptake velocity in yg-at urea-N mg Chi min-^, is

a diffusion constant which is negligible in this case and the other 

variables defined as above.

Urea--*-^C Incorporation Experiment

Branches of Acropora cervicornis from a 5 m depth on the

forereef at Discovery Bay were utilized for the experiment. Specimens

were 10-15 cm in length and appeared to have similar algal pigmentation.

Corals were incubated in the light and dark in 0.2 ym Millipore

filtered seawater with 0.1 yCi ml“ -̂ -^C-labeled urea (New England

Nuclear Co.); and in the light with 0.1 yCi m l -'*' Na2H-*-^C0^ (New

England Nuclear Co.). In urea--*-^C incubations the medium was arti-

ficially elevated to a final concentration of 2 yM u r e a - ^ C  above

ambient, since the concentration of labeled urea was minute. Temperature

in the incubation chambers was maintained at 28.0 + 1.0°C. Light 
—2 —1at 200 yE m  s was provided by overhead banks of fluorescent
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lights. In the dark control incubation ( u r e a - ^ C  only) the chamber 

was enveloped in thick heavy duty aluminum foil.

The organisms were processed according to procedures described 

by Muscatine and Cemichiari (1969). At times 10, 30, 60, 120, 240 

and 480 minutes, three replicate specimens were sacrificed from each 

of the experimental chambers. The corals were rinsed thoroughly with 

filtered seawater and the bases exposed during the incubation were 

removed to prevent error due to isotopic exchange (Barnes and Crossland,

19 77). Modification of the tissue-corallum separation involved using 

a mortar and pestle for crushing in lieu of a hammer. The algal- 

animal tissue slurry was decanted from the crushed skeleton for further 

processing (see below), however, since it was not within the scope 

of this on site investigation to study Ca-^CO^ deposition, the 

residual skeletal material was rinsed several times with filtered 

seawater and frozen for analysis at a later date. The rinse water 

was added to the algal-animal slurry.

After removing an aliquot for chlorophyll analysis the 

slurry was separated into zooxanthellae and animal tissue fractions 

by centrifugation. Supernatant animal tissue was decanted into a 

vial. The algal pellet was washed twice by resuspending in filtered 

seawater and centrifuging. The supernatant from these wahsings was 

added to the animal fraction and adjusted to a known volume. The 

algal pellet was removed to a vial. Both fractions were frozen until 

they could be chemically fractionated in the laboratory at the 

University of Georgia.

The separation procedure from crushing to freezing took 

approximately 5 minutes as prescribed by Muscatine (1967). Although
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the residual algal-animal tissue associated with the skeleton was not 

assayed, visual inspection of the skeletal powder revealed little 

evidence of an organic residue. It should also be pointed out that 

Muscatine and Cernichiari (1969) using ^ S - l abeled mouse liver as a 

tracer, determined that separation of the algae and animal fractions 

was about 95% efficient and that mutual contamination was not signif­

icant.

The animal and algal tissue were chemically fractionated by 

differing solubilities using Method II from Lenhoff and Roffman (1971).

The technique is a refinement of earlier efforts (Lenhoff, 1961;

Muscatine and Cernichiari, 19 69), and like the others is based on 

original work by Roberts et_ aT. (1955) . With this method the following 

fractions are obtained: A) TCA-soluble, ethanol-soluble (amino acids),

B) TCA-soluble, ethanol-insoluble (oligosaccharides and oligonucleo­

tides), C) TCA-insoluble, ethanol-soluble (lipids; small proteins),

D) TCA- and ethanol-insoluble, hot TCA soluble (nucleic acids) and

E) TCA- ethanol-, and hot TCA-insoluble (protein). The radioactivity 

in these fractions as well as the radioactivity in the algae and 

animal tissue prior to fractionation was counted in a Beckman liquid 

scintillation counter using ScintiVerse™ fluor (Fisher Scientific) .

Since three corals were processed for each experimental condition and 

time interval, the mean (+ 1 SD) counts per minute (CPM) of the 

replicate values was used for quantitative estimates of the fate of 

carbon derived from urea and -HCO^ in the algae and coelenterate 

tissue.



Chlorophyll Determination

All data were normalized to chlorophyll <1, a commonly used

measure of biomass in coral physiology studies. Chlorophyll a. from

corals used in urea uptake experiments was extracted either from the

whole coral (Acropora spp.) or from an aliquot of coral "blastate"

(Johannes and Wiebe, 1970). The "blastate" consisted of a coral-
Ralgal-seawater slurry resulting from Water Pik blasting of coral 

tissue from the corallum with a known volume of seawater, followed by 

homogenation in a Waring blender. In the u r e a - ^ C  experiment, an 

aliquot of the algal-coral tissue slurry for each branch was extracted.

The pigment was extracted for 24 hours in darkness at 5°C 

with a known volume of either 100% acetone or 90% aqueous acetone 

(Strickland and Parsons, 1972). One hundred percent acetone extracts 

were centrifuged and assayed spectrophotometrically with a Bausch 

and Lomb Spectronic mini 20 spectrophotometer using the equations of 

Jeffery and Humphrey (1975). Acetone:water (90:10 v/v) extracts were 

analyzed fluorometrically using a Turner model 111B fluorometer with 

Corning CS 5-60 and 2-64 filters (Holm-Hansen et a l . 1965). All 

samples were read against appropriate acetone blanks.



RESULTS AND DISCUSSION

In Situ Urea Concentrations and Possible Sources

Environmental sampling of surface waters on the reef flats 

at Enewetak and in a transect from near shore in Discovery Bay out 

across the forereef, yielded urea concentrations ranging from 0.25-0.75 

yM (x = 0 . 3 6 + 0 . 2 0 ;  n = 7) and 0.54-6.30 yM (x = 1.76 + 1.35; n = 30), 

respectively.

Webb (19 78) using a manual version of the DAM-urea method 

found concentrations ranging from 0.20-1.00 yM for Enewetak and 

Kaneohe Bay, Hawaii. Other relevant literature values of average 

urea concentrations for Pacific and Atlantic surface waters are, 0.92 

and 1.73 yM for Peruvian coastal nonupwelling and upwelling waters 

respectively (Remsen, 1971), 0.65 yM for continental shelf water off 

the northeast coast of the U.S. (Carpenter e_t aJ.. 1972), 0.55-0.80 

yM for Chesapeake Bay (Webb and Haas, 1976), 5.60 yM for the Hudson 

River mouth (Remsen ejt al. 19 74) and 0.20 yM for the coast of the 

Azores and the Sargasso Sea (Remsen _et al. 1974). The values obtained 

in this investigation compare well with the data from related studies.

Anthropogenic inputs of urea to reef waters at Enewetak are 

negligible since the human population is minimal and the seaward reefs 

are constantly flushed with oligotrophic Pacific Ocean water. Possible 

natural sources will be discussed below. Conversely, the waters of 

Discovery Bay, where the human population in adjacent terrestrial 

areas is high, are probably artificially enriched with urea. The

13
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observed value of 6.30 yM was obtained from a sample of nearshore 

bay water and is greater than concentrations found in the polluted 

Hudson River mouth (Remsen e_t _al. 19 74) . Average forereef urea 

levels were in the 0.60 yM range.

The levels of urea found in the two coral reef areas are 

for the most part comparable to levels found in other biologically 

productive environments i.e. estuaries, coastal upwelling areas, 

continental shelves. Furthermore, urea derived nitrogen concentrations 

are in excess of ammonia and nitrate nitrogen values reported by 

Webb et al . (1975) for Enewetak, and those reported by Remsen et a l . 

(1974) for productive Atlantic inshore areas. It is also higher than 

ammonia levels reported by Muscatine et al. (1979) for Discovery Bay, 

Jamaica. The standing concentration of urea is not an indication 

of significance in coral reef nitrogen cycles since it is the turnover 

rate which is the measurement of utilization. These data still need 

to be collected, however, the present study indicates its relative 

availability as a source of dissolved nitrogen for corals.

Urea, an end product of nitrogen metabolism, is excreted 

by representatives of several Phyla of marine organisms. Notably, 

marine mammals excrete large quantities; and shrimp and copepods release 

up to 15% of their total excretory nitrogen as urea ( C o m e r  and Newell, 

1967). Teleostean as well as elasmobranchs fishes excrete 5-10% and 

80% as urea nitrogen, respectively. The last-named is of particular 

significance on Pacific reefs where shark and ray populations are 

quite large.

Finally, the degradation of larger molecular weight organic 

nitrogen compounds e.g. amino acids, provides an important source of
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urea for the system. Webb and Johannes (1969) showed that marine 

crustaceans excreted amino acids and marine plankton have been shown 

to excrete arginine (Smith and Young, 1955). Through microbial 

activity, amino acids such as arginine and citrulline for example, 

can be converted to other compounds releasing urea as a by-product 

(Remsen et al. 1974). Regarding this particular pathway, a extremely 

important observation from this investigation was that urea is stable 

for at least a period of hours (and probably longer) in unfiltered 

biologically active coral reef seawater (controls; Figures 1 and 4).

This indicates that organisms capable of utilizing urea do have access 

to this nitrogen species. It also suggests that bacteria and phyto­

plankton are not significant vectors for urea decomposition in 

tropical reef water. The possible significance of tissue associated 

bacterial flora will be discussed.

The contribution of each source to the total environmental 

urea pool has not been elucidated for any marine system. It seems 

likely that the quantitative significance of individual inputs will 

vary considerably from ecosystem to ecosystem. This study confirms 

the presence of significant urea concentrations in coral reef waters.

Exogenous Urea Uptake and Kinetic Model

The results of the depletion experiments indicate that both 

Pacific and Atlantic hermatypic corals (Figures 1, 2, 3, 4 and 5) 

remove urea from seawater and that uptake rates in the light and dark 

are in most cases similar (see below). The absence of depletion in 

the unfiltered seawater and coral skeletal controls indicates that 

the disappearance of urea from the medium must have been due to the
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corals (zooxanthellae and/or coelenterate tissue) and not microbial 

decomposition in seawater, adsorption onto chamber walls or absorption 

by the exposed corallum. Uptake was observed at ambient reef water 

concentrations as well as at concentrations twenty times that level.

Similar nutrient uptake curves were reported for ammonia 

(Muscatine and D TElia, 1978; Muscatine ej: ad. 1979) and nitrate (Webb 

and Wiebe, 19 78) in symbiotic corals, however, this is the first 

report of urea removal from seawater by corals. Stephens (I960) 

reported the removal from seawater of dissolved organic N in the 

form of amino acids by a Pacific coral.

It may be argued that observed depletion of urea was not 

in fact the result of coral uptake, but rather decomposition by 

bacterial flora associated with the external coral tissue. Although 

no antibiotic controls or gram stains of corals were performed, a 

previous investigation using a Pacific Acroporid coral revealed 

little bacterial contamination of separated animal and zooxanthellae 

fractions (Streamer, 19 79). In this study the involvement of surface 

associated urea decomposing bacteria is deemed unlikely, however, 

recently reported data on bacterial associations with coral mucus 

(Ducklow and Mitchell, 1979) would seem to justify a closer look at 

the question.

In addition to documenting uptake at artificially elevated 

urea concentrations, this experimental approach distinguishes between 

active uptake and free diffusion (Neame and Richards, 19 72; Dyson,

1978). If saturation of uptake occurs at high substrate concentrations 

a carrier assisted entry is the probable uptake mechanism. Experi­

mentally this will be observed as linearity in the high substrate
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concentration region of the depletion—time courses. Conversion of 

the time versus concentration data to uptake velocities yields data 

which plots as a rectangular hyperbola of the Michaelis-Menten type. 

Conversely, if diffusion is the primary entry mechanism, the depletion 

curve would appear curvilinear from the outset and the conversion to 

velocity would yield a straight line for uptake velocity versus 

concentration.

Saturation is evident in all hut one uptake experiment 

(Figures 1, 2, 4 and 5) and occurs at urea concentrations from one to 

several yM. Only A. tubicinaria (Figure 3) exhibits a possible 

diffusion component in the uptake mechanism. The significance of 

this observation will be discussed below. Five of the experiments 

were continued until the medium concentration of urea approached or 

reached zero (Figures la, b; 2), while the remainder were terminated 

once saturation kinetics were observed. It is assumed that given 

sufficient time all experimental concentrations would go to zero.

The depletion-time courses of urea were used to determine

uptake kinetics parameters (Caperon and Meyer, 19 72) for A. disticha

in the light and dark, and A. tubicinaria and a Porites spp. in the

light. These data are presented in Table 1. Values of K andm. iiici a
derived for urea uptake compare well with those determined for ammonia 

and nitrate uptake for several species of the genus Pocillopora used 

in previous investigations. The high values obtained for A. 

tubicinaria and the curvilinear fit of the line to the medium depletion 

data, indicates that both carrier mediated transport and diffusion 

occur in this species. Muscatine and D ’Elia (1978) found diffusion 

to be significant in ammonia uptake for all corals studied. The actual
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Km and Vmax values from their study were determined after subtracting 

out the diffusion component (see Neame and Richards, 19 72). The incon­

sistency in values from A. tubicinaria may be related to interspecific 

variations in uptake mechanism, differing nutritional histories (Szmant- 

Froelich and Pilson, 19 77) of the organisms studied and/or experimental 

variations. Further investigation is required to determine causes of 

observed variations.

The relative closeness of kinetic parameters for urea, ammonia 

and nitrate uptake, is further evidence that reef corals are opportunistic 

as regards nitrogen (Webb and Wiebe, 1978). However, it is premature 

to state definitively whether there is preferential uptake of the 

three nitrogen species, as in phytoplankton, or to determine the 

quantitative significant of these potential nitrogen sources to the 

total nitrogen requirements of corals.

Rectangular hyperbolae were generated for A. disticha in the 

light (Fig. 6 ) and dark (Fig. 7), and Porites spp. in the light (Fig.

8 ). This was done by substituting the derived and Vmax values into 

the Michaelis-Menten equation (Materials and Methods) and plotting 

uptake velocity vs urea concentration. Theoretical curves were 

determined for those experiments in which urea concentration in the 

medium approached zero. This is reflected in the plots by the intercept 

at the origin rather than at some positive value on the abscissa.

A  positive intercept would indicate either efflux from the coral or 

a threshold concentration below which uptake does not occur. In 

those uptake experiments where sufficient time was permitted positive 

intercepts were not observed, however, a threshold concentration was 

found for nitrate uptake in reef corals (Webb and Wiebe, 1978).
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The characteristics of the hyperbolic curves plotted for 

A. disticha light and dark (Figs. 6 and 7) are somewhat different, as 

are the kinetic parameters in Table 1. The and Vmax values in the 

dark are approximately 20 and 50 percent respectively of those in 

the light experiment. Although kinetic parameters were not determined 

for light-dark experiments presented in Fig. 4, it is obvious from 

the depletion-time courses that uptake is occurring at near identical 

rates. The reason for the difference in the A., dis ticha experiments 

may be related to the nutritional state of the organism. In other 

studies (Franzisket, 1974; Muscatine and D'Elia, 1978) nitrogen (NO3 ,

NH 4 ) uptake did not vary d i u m a l l y  indicating that the zooxanthellae 

were nitrogen depleted (Szmant-Froelich and Pilson, 19 77). This is 

analogous to the ability of nutrient starved phytoplankton to take 

up nutrients in the light and dark. In the dark uptake experiment the 

A. disticha specimen utilized had previously been incubated in the 

light with high concentrations of urea. It is probable then that 

this coral was nitrogen sufficient and not capable of maintaining the 

same rate of uptake observed in the light.

In no instance did symbiotic corals release urea to the 

incubation medium. During the 1-1.5 hr pre-incubation period, in the 

light and dark, and prior to artificial elevation with urea, the urea 

concentrations in chambers with corals were continuously monitored.

Figure 2 illustrates the depletion of natural urea (Q.55 pM) by a 

Porites spp. during pre-incubation. This is generally typical of all 

experiments. Subsequent to this observation the medium was monitored 

for 1.5 hr, however, concentrations remained below the level of 

detectability, indicating no measurable release had occurred.
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Contrastingly, in a preliminary experiment with the non- 

symbiotic coral Tubastrea tubastrea the concentration of urea in the 

medium increased significantly with time (Figure 9) indicating urea 

release. Urea uptake by T_. tubas trea was not examined. Muscatine 

and D ’Elia (1978) report the release of ammonium by the Pacific 

non-symbiotic Tubas trea aurea and its inability to remove ammonium 

from seawater was also noted.

Muscatine et al. (19 79) point out that the interpretation 

of data such as these must be ’’provisional" since non-symbiotic corals 

of a different species than experimental corals are not completely 

acceptable controls. However, it is worthwhile to formulate testable 

hypotheses based on these observations. In symbiotic corals the 

endogenously produced nitrogen i.e. urea and ammonium, is utilized 

(recycled) by the zooxanthellae and not lost from the coral through 

release. Furthermore, since non-symbiotic corals apparently do not 

take up exogenous nitrogen (Muscatine and D'Elia, 1978), uptake in 

symbiotic corals is due principally to the zooxanthellae. The latter 

point is supported by recent studies with symbiotic and aposymbiotic 

specimens of the same species of coral (Szmant-Froelich and Pilson,

1977; Muscatine et al. 1979).

Incorporation and Fate of Urea-Derived Carbon-14

The results of the u r e a - ^ C  incorporation experiment, with A. 

c e r v i c o m i s , are not entirely consistent with those data from u r e a - ^ c  

uptake experiments. For example, urea uptake by A. cervicornis is 

immediate and proceeds at the same rate in the light and dark (Fig. 4). 

Contrastingly, urea--^C incorporation in the light (Fig. 10) exhibits
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a lag period of approximately 2 hr relative to sodium bicarbonate-1^  

light incorporation (Fig. 11). Furthermore, dark incorporation was 

considerably less than that in the light (7.3% and 14.3% of that in 

the light for zooxanthellae and coelenterate tissue respectively).

Possible explanations for these differences will be discussed in the 

concluding section.

Despite the initial lag in incorporation exhibited for urea,

at the termination of the experiment (8 hr) , urea-l^C and N a H ^ C C ^

incorporation was essentially identical for the zooxanthellae tissue

and for the coelenterate tissue i.e. 34,166 and 9,333 CPM yg Chi a- 1

for urea light, algal and coelenterate tissue respectively; and 34,000
—  1and 11,000 CPM yg Chi a. for bicarbonate light algal and coelenterate 

tissue respectively. This is evidence for internal hydrolysis of 

urea (see below) and its contribution to the endogenous inorganic 

carbon pool (Webster et aT. 1955) . If this is the pathway, it is 

likely that both ammonia and CO2 from urea are fixed (incorporated) 

concomitantly. This might be further tested with isotopes of nitrogen.

Table 2 shows the distribution of -^C label from urea and 

sodium bicarbonate in the five differentially soluble pools extracted 

from algal and coelenterate tissue. Data for each pool are given as 

both CPM yg Chi a- 1  and as percentages of the total recovered radio­

activity for each sample time. A graphic presentation of ^ C  incor­

poration with time for each pool is shown in Figure 12 (A, B, C, D 

and E) .

Aside from the 2 hr lag period of urea, the incorporation of 

label from u r e a - ^ C  and N a H ^ C C ^  into the five organic pools follows 

similar patterns in both zooxanthellae and animal tissue. This is
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further evidence for internal hydrolysis of urea. Crossland and 

Barnes (19 74) presented preliminary evidence that from urea is

incorporated into skeletal carbonate at half the rate of that from 

HCO^- . In contrast to this study, they postulated an alternative 

pathway to immediate hydrolysis. Although skeletal material from 

this experiment was not examined, it seems unlikely that differences 

in the incorporation of urea and bicarbonate carbon would be observed 

in skeletal deposition and not in the organic pools.

Light Incubation

By far the heaviest labeling in the zooxanthellae occurred 

in the amino acid (Fig. 12A) and lipid (Fig. 12C) pools. The eight 

hour urea light amino acid pool is labeled about twice as much as that 

of NaH-^CO^, while the converse is true of the eight hour lipid pool. 

Since the replicate sample variation is extremely high (Table 2) for 

these data, and since u r e a - ^ C  and NaH-^CO^ data points for preceeding 

time periods are more nearly identical, it is suggested that this 

difference is the result of error and that the amount of urea and 

bicarbonate derived label in the two pools at eight hours, is not 

different. The nucleic acid (Fig. 12D) and protein (Fig. 12E) pools 

of the algal cells are labeled at about the same level for urea and 

bicarbonate with slightly more -^C in the nucleic acid pool. Interest­

ingly, the oligosaccharide and oligonucleotide (Fig. 12B) pool was 

labeled from urea-^^C but not from bicarbonate-^-^C. The reason for 

this is not clear and it may be a product of experimental error.

In the coelenterate tissue the amino acid pool contained 

most of the -^C. The lipids and proteins were approximately equally



23

labeled at about 50% of the amino acids. Traces of -^C occur in the 

oligosaccharide and oligonucleotide pool and no label was recovered 

from the nucleic acid pool (Fig. 12d ) . Again urea-^^C and bicarbonate- 

exhibited nearly the same distributions.

The pattern of labeling in the zooxanthellae fraction for the 

light incubation, is as expected. That is, carbon is photosynthetically 

fixed into small molecular weight compounds such as amino acids and 

lipids, and then (following a lag period) is recovered in the large 

structural compounds. The observations related to the label recovered 

in the coelenterate fraction from the light incubation, indicate that 

at least in the early stages, fixed carbon in the form of amino acids 

and lipids may be translocated there from the zooxanthellae (this is 

discussed in detail below). Previous workers have found translocation 

of alanine and glycerol to be of significance (Muscatine and Cernichiari, 

1969; reviewed in Muscatine, 1973). As expected, the larger molecular 

weight pools of the animal tissue, with the exception of protein which 

was labeled significantly (only after a 4 kr lag period), are labeled 

slightly or not at all. Given a longer experimental duration, it is 

expected that the large compounds e.g. oligonucleotides, nucleic acids, 

etc., would be significantly labeled.

Dark Incubation

Dark urea-^^C incorporation into the amino acid pool was 

approximately the same for both the animal and algal tissues (Fig. 12A). 

Coelenterate tissue was not significantly labeled in any of the other 

pools, however, the zooxanthellae lipid and nucleic acid pools were 

labeled to the same degree as the amino acid pool (Fig. 12C,D). Despite
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the quantitative insignificance of dark fixation, relative to fixation 

in the light, it should be noted that most of the dark fixation was 

associated with pools in the zooxanthellae fraction. Data from dark 

incubations (Table 2) show that dark CC>2 fixation is about 10% of that 

in the light. Therefore, assuming photosynthesis does not affect rates 

of "dark fixation", nearly 90% of the fixed CO2 in the light is the 

product of zooxanthellar photosynthesis. This suggests that the majority 

of the label recovered in the coelenterate tissue in light incubations, 

is translocated there from the algal cells. Using the formula in 

Table 3, the percent translocation can be estimated (Muscatine and 

Cernichiari, 1969). After eight hours in the light with urea— ^ C ,

21.5% of the label was recovered in the animal tissue. Under similar 

experimental conditions, but with N a H ^ C O ^ ,  24.4% was associated with 

the coelenterate. Literature values for other algal-coelenterate 

symbloses labeled with NaH-^CO^ range from 25% for a 3 hr incubation 

(Muscatine and Cernichiari, 1969) to 35% for a 6 hr incubation (Von Holt 

and Von Holt, 1968). The small difference between urea and NaH^^CO^ 

translocation in this study was probably due to the initial lag period 

in urea incorporation.

In Table 3 the dark incubation has a high percent trans­

location but a small amount of activity per yg chlorophyll a.. This 

further indicates that in the animal tissue of corals incubated in the 

light, only a small percentage of its fixed carbon is due to "dark 

fixation" and most is due indirectly to photosynthesis through 

translocation (Muscatine and Cernichiari, 1969). It appears that in 

the dark the fixation associated with the coelenterate is 50% of that 

in the algae. This would indicate that the zooxanthellae fix carbon
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in the dark and/or that translocation of this source of fixed carbon 

is occurring between the two symbionts.

Table 4 gives the percent recovery of radioactivity following 

fractionation of zooxanthellae and animal tissue. The mean, 96.2+5.8%, 

shows the procedure to be a highly efficient and accurate separation 

of organic pools. Percent recoveries over 100 are possibly due to 

small amounts of cross contamination in sample or errors in counting.

Hypothetical Model and Significance of Urea Uptake and Incorporation

Based on the results of this investigation, the following 

hypothetical model of urea uptake and incorporation is proposed.

Dissolved nitrogen uptake is facilitated by a photosynthesis independent 

carrier mediated transport system in the short term i.e. <1.5 hr. 

Experimental evidence suggests that diffusion is a minor component of 

the total uptake. This makes good ecological sense, in that, to be 

truely opportunistic with respect to nitrogen (Webb and Wiebe, 19 78) 

corals should retain the capability to acquire dissolved inorganic 

(DIN) and organic (DON) nitrogen whenever it becomes available in their 

N-deficient environment. Once internal to the coral membrane much of 

the urea is hydrolyzed to CO2 and NH^, and added to the already existing 

inorganic N and C pools. Presumably, these are then available to the 

zooxanthellae and ancillary metabolic pathways of utilization. The 

observed lag period in u r e a - ^ C  incorporation suggests that the enzyme 

system(s) responsible for hydrolysis, possibly urease associated with 

the zooxanthellae and/or coelenterate tissue (Barnes and Crossland, 1976), 

is inducible and requires a threshold concentration of endogenous urea 

before catalyzing the reaction. The A. cervicornis specimens utilized
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in the incorporation experiment may have had a nutritional history 

which required induction of the appropriate enzyme system before 

hydrolysis and subsequent assimilation could proceed. The nutritional 

history of experimental organisms has been shown to affect rates of 

dissolved nitrogen uptake (Szmant-Froelich and Pilson, 1977). Taylor 

(1978) using in vitro and in vivo zooxanthellae cells found circum­

stantial evidence for an inducible enzyme system for urea utilization.

It is assumed then, that urea-^^C added to the internal urea pool and 

not yet hydrolyzed, is not recovered by the extraction technique employed 

in this study i.e. possibly in a water soluble pool that is lost into 

the medium. In the light about 90% of the resulting from

hydrolysis is photosynthetically fixed by the zooxanthellae at about 

the same rate (disregarding the lag period), and into the same pools, 

as is ^-^002 from NaH-^CO^. Substantial quantities of this fixed 

carbon (photosynthate), probably in the form of amino acids and lipids 

is translocated to the coelenterate tissue. In the dark about 10% of 

the -^C0 2  is fixed via "dark fixation" pathways while the remainder is 

exchanged, with respired CO 2 , back into the medium. This would account 

for the recovered urea-^^C from dark incubated corals. Muscatine and 

Cernichiari (1969) found "dark fixation" of NaH^^CO^ in a Pocillopora 

spp. to be 10-12% of light (photosynthesis) fixation. Although the 

present model is speculative and in some instances supported by circum­

stantial evidence, it provides a framework for the further investigation 

of biochemical pathways that allow interchange of carbon and nitrogen 

within the symbiosis and between the coral and its environment.

This study confirms the influx and incorporation of exogenous 

urea, however, the quantitative significance of urea to the total coral
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N-nutrition remains unknown. D'Elia and Webb (1977) have shown that 

dissolved inorganic N uptake was nearly equivalent to the efflux of 

dissolved organic N in a Pacific reef coral. Taking into consideration 

urea and potentially amino acid uptake, this may indicate a net gain 

of nitrogen for the coral. In any case DIN and DON undoubtedly act to 

supplement that nitrogen acquired through particulate sources. It is 

important that the fluxes of DON, especially urea, and particulate-N 

be quantified before definitive estimates of the contributions of 

various components of the exogenous nitrogen pool be made. The apparent 

multi-trophic capacity of this already complex symbiotic relationship 

acts to further obscure the true mechanisms and pathways of nutrient 

cycling.



Figure 1. Time history of urea concentration in the incubation 
medium during uptake experiments with Acropora 
disticha in the light (a) and dark (b). Closed 
triangles represent a seawater and coral skeletal 
control experiment.
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Figure 2. Time history of urea concentration in the incubation 
medium during uptake experiments with a Porites spp. 
in the light. Lower starting concentration 
experiment was run without artificial urea additions 
using naturally occurring concentrations of urea.
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Figure 3 Time history of urea concentration in the medium 
during an uptake experiment with Acropora 
tubicinaria in the light.
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Figure 4. Time history of urea concentration in the medium 
during uptake experiments with Acropora 
cervicornis in the light ( □ )  and dark ( ■ )  and 
Montastrea annularis in the light (o) and dark 
(•). Closed triangles represent a seawater 
control experiment.
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Figure 5 Time history of urea concentration in the medium 
during an uptake experiment with Porites porites 
in the light.
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Figure 9 Urea release experiment with the non-symbiotic 
Atlantic coral Tubastrea tubastrea.
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Table 4. The percent recovery of total radioactivity after 
fractionation of whole coral homogenate.

% Recovery*

Incubation 
Time (min)

Urea
Light

NaHC0 3
Light

Urea
Dark

1 0 n.a. 98.6 n.a.

30 n.a. 96.1 n.a.

60 8 6 . 0 91.1 n.a.

1 2 0 93.3 94.0 90.0

240 1 0 1 . 0 96.0 107.0

480 1 0 2 . 0 99.0 97.9

Combined Mean , x +  S.D. = 96.:I ±  5.8 %

14c label in all fractions (algal + coral fractions) 
Total 14c label Recovered (algal + coral) -xlOO

n.a. Data not available.
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ABSTRACT

Reef corals of the species Acropora cervicornis, possessing 
either a single apical polyp per colony or two to three apical polyps 
per colony, were incubated for ten days in flowing seawater trays with 
elevated concentrations of either ammonia, urea or phosphate. When 
compared to control colonies under similar conditions but without 
nutrient enrichment, these corals exhibited no statistically signifi­
cant variation in skeletal growth, as measured by the buoyant weight 
method. However, the multiple apical polyp corals from all incubations 
including controls, had a rate of skeletal deposition that was signifi­
cantly higher than that of the single apical polyp corals. Skeletal 
deposition was expressed as the percent increase in skeletal weight 
per unit time. Over the relatively small size range (2-25 g) of 
experimental corals, this unit of growth was independent of colony 
surface area, initial weight and chlorophyll a. and _c content cm-^ 
of coral surface. These results are consistent with earlier findings 
that the highest rates of calcification in the colony are found in the 
proximity of the apical or branch tip polyps of A. cervicornis.

The buoyant weight technique was demonstrated to be a 
consistent, accurate and sensitive procedure for repeated measurements 
of aragonite (skeletal) mass increases in live hermatypic corals. 
Estimates of natural growth rates of juvenile A. cervicornis colonies 
from a 10 m  depth on the forereef at Discovery Bay, Jamaica are
0.58 + 0.16 g CaCX^ cm-^ coral surface yr-^ or 7.9 cm yr~^ (linear 
extension) for single apical polyp colonies and 0.77 + 0.16 g CaCO^ 
cm- 2 coral surface yr “l for colonies with two to three apical polyps.
By determining the percent difference between the dry coral skeletal 
weight predicted by the buoyant weight model and the actual dry weight, 
the organic material associated with the aragonite skeleton of A. 
cervicornis was estimated at 3.46% of the dry skeletal weight.
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INTRODUCTION

Hermatypic or reef-building corals contain intracellular 

symbionts that have been identified as the palmella stage (non-motile) 

of a dinoflagellate alga (zooxanthellae) (Freudenthal, 1962; Droop, 

1963; Kawaguti, 1964; McLaughlin and Zahl, 1966; Young, 1973; Barnes, 

1974). In these organisms skeletal calcium carbonate deposition is 

coupled to zooxanthellar photosynthesis, but the exact mechanisms of 

interaction have not been elucidated (Kawaguti and Sakumoto, 1948; 

Goreau and Goreau, 1959; Goreau, 1961; Vandermeulen et al. 1972;

Vandermeulen and Muscatine, 1974; Chalker and Taylor, 1975).

Recent investigations have shown that dissolved nitrogen 

in the form of ammonia, nitrate, nitrite and urea, and dissolved 

reactive phosphate are all actively taken up from ambient seawater by 

symbiotic corals (Franzisket, 1973, 1974; D'Elia, 1977; D TElia and 

Webb, 19 77; Muscatine and D'Elia, 19 78; Webb and Wiebe, 19 78; Muscatine 

et al. 1978; Pastor and Webb, 1980 in prep.). These observations and 

others have led to the formation of new hypotheses and the reinvesti­

gation of older ones which attempt to explain the role of dissolved 

inorganic N and P in coral calcification. The following are three of 

the most widely recognized hypotheses: 1 ) that inorganic nitrogen

(exogenous) stimulates algal photosynthesis, which through the release 

and translocation of "pho tosynthate" enhances the deposition of CaCO^ 

at remote locations (Pearse and Muscatine, 1971; Taylor, 1978); 2) that
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ammonia and urea (endogenous and possibly exogenous) are directly 

involved, as biochemical intermediates, in the transport of Ca^-*" to 

calcification sites and in the regulation of CaCO^ precipitation 

(Crossland and Barnes, 1974); and 3) that the zooxanthellae enhance 

calcification through the removal of phosphates, which have been shown 

to inhibit aragonite crystal formation (Simkiss, 1964a, b ) . These 

hypotheses are still the subject of debate and a final analysis 

awaits further research.

Studies which yielded the first hypothesis (Goreau and 

Goreau, 1959; Goreau, 1961; Pearse and Muscatine, 1971) provided 

evidence that calcification rates in the tips of Acropora cervicornis 

branches exceed those in the lateral sections of the colony (Figure 

1A, B ) . That is, the apical polyps, containing few if any algal cells, 

are sites of the most rapid deposition of skeletal material; while 

the lateral polyps and the basal end of the colony, with a plethora 

of zooxanthellae, lag in growth. The absence of zooxanthellae in the 

apical polyps can be observed as the bleached white appearance of the 

coral tips contrasted against the algal pigmentation of the remainder 

of the colony (Figures 1 and 2). If previous interpretations are 

correct, it would be logical then to hypothesize that regardless of 

initial size and weight colonies possessing more than one apical polyp 

would exhibit greater rates of skeletal deposition for the whole colony 

than those corals with only a single apical polyp.

To detect relatively minute increases in the skeletal mass 

of live corals it is necessary to utilize a technique which embodies 

simplicity, sensitivity, precision and accuracy, while minimizing
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impact on the organism. One such procedure, the buoyant weight method 

(Jokiel et al . 19 78), appears to be superior for short term laboratory 

studies that demand frequent mensuration. This technique has received 

limited consideration in coral growth investigations and would seem to 

require further experimental validation before being accepted and 

incorporated in these types of studies. The research proposed in this 

investigation (see below) will provide the basis for further empirical 

verification of the buoyant weight technique.

The objectives of this study were, 1) to determine whether 

short term elevations in ambient concentrations of exogenous ammonia, 

urea and phosphate enhance or suppress the skeletal deposition rates 

in the hermatyptic coral A. cervicornis; 2) to reexamine findings which 

indicate that the calcification rate is highest in the apical polyp 

region of A. cervicornis; 3) to estimate natural coral growth rates, 

as increases in skeletal mass per unit time, using rates determined 

in the laboratory; and 4) to assess the accuracy of the buoyant weight 

technique and its feasibility in coral calcification studies.



MATERIALS AND METHODS

Collection

Juvenile colonies of the hermatypic coral Acropora cervicornis 

were collected at a depth of 1 0  m on the forereef section of a fringing 

reef near Discovery Bay, Jamaica. Collection was facilitated through 

the use of SCUBA. To avoid tissue damage, colonies were cut below 

the live corallum so as to leave a 1 cm base of dead skeletal material 

(Figure 1A, B ) . Specimens were approximately 5 to 10 cm in length and 

1 to 1.5 cm in width. Half of the 56 colonies gathered were single 

apical polyp non-branched corals (Figure 1A), and the remaining half 

were corals possessing two or three apical polyps (multiple apical 

polyps) and one or two branches (Figure IB). Care was taken to select 

colonies with similar shades of algal pigmentation.

Once freed from the substratum, corals were placed in plastic 

bags filled with seawater. During transport to the wet laboratory 

individuals were shaded from bright surface light. Introduction to 

lab water temperature was gradually achieved by setting the bags in 

running seawater trays.

Experimental Design

Corals were divided into four groups of fourteen individuals. 

Each group was approximately representative in size range, and consisted
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of half single apical polyp colonies and half multiple apical polyp 

colonies. The groups were submerged in 10 liter plastic trays. To 

simulate the natural growth patterns of A. cervicornis, the coral 

assemblages were maintained in an upright position supported by plasti 

tubing with fourteen 1.5 cm diameter holes (Figure 2). The 1 cm of 

dead skeletal material at the base of the corals was scraped clean of 

algal growth before inserting into the h o les. The 14 colonies were 

randomly arranged in each tray. As seen in Figure 3 the four groups 

were situated side by side in a running seawater table.

Fresh seawater was pumped into a holding tray positioned 

above the experimental trays. This arrangement allowed for a constant 

head to supply a rapid, consistent flow of water. A 63 ym nylon mesh 

was used to remove large particles of organic and inorganic matter 

from the inflowing water. By establishing a flow rate of 0.5 liters 

min- ^ the experimental trays were assured of adequate aeration and a 

turnover time of 2 0  min.

A 12 hour light-dark cycle was imposed on the corals. Light 

at levels of 150-200 yE m~^ sec--*-, was provided by the combination of 

a single cool white fluorescent bulb suspended above the trays and 

natural sunlight entering via large windows. A thick black plastic 

sheet draped over the opening of the wet table attenuated room light 

during the 1 2  hour dark period.

The experimental temperature of 28.0°C was approximately 

2.0°C less than ambient reef temperatures. Likewise, the laboratory 

seawater salinity of 30.0 o/oo was diluted so that it was about 

4 o/oo less than on the reef. Following two days of conditioning
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corals to the photoperiod as well as laboratory temperature and 

salinity, the addition of urea, ammonium sulfate, and sodium phosphate 

to Trays I, II, and III respectively, was initiated. Tray IV acted 

as a control with no nutrient additions. Concentrated stock solutions 

of the three nutrients were pumped at a constant rate, via peristaltic 

pumps, so that levels in the trays were maintained at approximately 

10 yg-at urea-N 1“^, 10 yg-at ammonia-N l-^, and 5 yg-at phosphate-P 

I-"*- for the duration of the experiment (Figure 3) .

The experiment was conducted over a ten day period. On the 

fifth day a power outage caused a 24 hour shutdown of the seawater 

system. During this time the trays were manually flushed and aerated 

on a frequent basis. The possible effect of this stress on growth 

rates will be discussed. However, the corals exhibited no obvious 

negative responses and their behavior i.e. polyp contraction and 

expansion, appeared normal throughout the final five days of the 

experiment.

Nutrient Analysis

Water samples from the trays were analyzed regularly for 

ammonia, urea, phosphate, and nitrate. Assays were performed using 

a Technicon Automated Chemistry system and methodologies adapted for 

the same (Atlas et al. 1971; DeManche et al. 1973).

Coral Growth Measurements

Coral growth, as the increase in skeletal weight, was 

measured by the buoyant weight technique (Havinga, 1928; Andrews,



1961; Bak, 1973; Buddemeir and Kinzie, 1976; Jokiel and Coles, 1977; 

Coles and Jokiel, 1978; Jokiel et al. 1978). A comprehensive discus­

sion of this technique can be found in Jokiel et al. (1978). However, 

it is helpful here to summarize the method, the assumptions involved 

in using it, and a theoretical description of the relationship between 

buoyant and dry weight.

This method consists of weighing a live coral totally sub­

merged in a buoyant medium of known density. In this case the medium 

is seawater and the density is determined from the measurement of 

temperature and salinity during the weighing procedure. Once the 

buoyant weight and the medium density are known, the predicted dry 

weight of the skeleton can be estimated.

The measurement of coral growth with this method requires 

that these assumptions be true:

1. The CaCO^ skeleton of the Scleractinian corals is 
precipitated as aragonite. Several mineralogical 
studies have substantiated this contention (Wain- 
wright, 19 63; Thompson and Livingston, 19 70; Mil- 
liman, 1974). Since the density of aragonite is 
almost three times that of seawater, this technique 
is extremely sensitive to increases in skeletal 
weight.

2. Coral tissue and mucus have densities that approach 
the density of seawater, that is, they are neutrally 
buoyant. Therefore, this technique is insensitive 
to this fraction of coral biomass. This would in­
clude the organic material within the coral skeleton.

3. Spaces within the porous skeleton contain water of 
the same density of the buoyant medium.

The following is a derivation of the conversion factor used 

to relate buoyant weight to dry weight in this experiment (based on

Jokiel et al. 1978):
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W.
w a =

1 -

w

<Dw • V 1*
(i)

where D = 2.93 g cm the density of aragonite (Milliman, 1974).d *
D = the density of seawater, W = dry weight of the skeleton, andcl

= buoyant weight of the individual colony. The equation is derived 

directly from Archimedies Principle where the volume of the displaced 

liquid ( V )  is equal to the volume of the object being weighed,a
therefore,

V = W  x D 1 a a a

In equation (1) D was determined to be 1.01896 g cm“^ from the hydro- 

graphic tables. This was based on a consistent water temperature of 

28.0°C and a refractometrically determined salinity of 30.0 o/oo during 

all weighing periods.

Substituting the known values into equation (1) and rearranging

yields,

W = W [1 - (1.01896/2.93)] w a
W = 0.6522 W w a
W = 1.5332 W (2)a w

Equation (2) was used to ascertain the predicted dry weights in 

Table 1.

Buoyant weight measurements were performed at 1, 4, 7, and 

10 days using a Mettler PL 200 top loading balance with beneath the 

scale weighing capabilities. Precision was + 0.0005 and readability
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was 0.001 g with automatic fourth decimal place rounding. Corals 

were weighed 2 or 3 times depending on the stability of the reading.

Chlorophyll Determination

Estimates of relative zooxanthellar chlorophyll a. and j2 

were made from spectrophotometric analysis of the pigment extracts 

(Richards and Thompson, 1952). To extract chlorophyll, whole corals

were immersed in 40 ml of 90% aqueous acetone and stored in the dark

at 5°C for 24 h r s . Acetone extracts were centrifuged and absorption 

measurements of the supernatant were performed with a Bausch and 

Lomb Spectronic mini 20 spectrophotometer. Optical density readings 

for chlorophyll a. and _c were taken at 665 nm and 630 nm respectively 

(Richards and Thompson, 1952; Jeffery and Humphrey, 19 75; Strickland 

and Parsons, 1974). All samples were read against a blank of 90% 

acetone.

Relative values for both chlorophyll a. and ĉ were determined 

as follows:

Optical Density ,in3\
Relative Chlorophyll = Surface Area of U U  }

(RC) Coral (cm^)

The factor of 10 was used to convert fractions to integers.

Dry Weight Measurement

Corals were thoroughly cleaned of all surface tissue by 

soaking in a 70% solution of commercial sodium hypochlorite bleach



77

and water for 1 hour and dryed at 90°C for two days. Dry weight was 

determined using the Met tier PL 200 top loading balance.

Surface Area Determination

Following chlorophyll extraction and tissue removal, the

surface areas of the dried coral skeletons were estimated using the

aluminum foil method of Johannes (1974). Foil of a known weight 
_ocm was fitted tightly over the corallum so that all area once covered 

with tissue was completely enveloped. This procedure was repeated 

three times for each coral. The foil was weighed and these weights 

converted to surface areas in cm^ + S.D.

Although the precision of the aluminum foil technique is 

good (Appendix, Table A l ) , it must be acknowledged that there exists 

some error in accuracy when applying it to corals possessing calyces 

which project from the main basal structure. A. cervicornis, one of 

this type, has extensive surface relief making it difficult to cover 

the entire corallum with foil (Figure 1A, B ) . This results in the 

underestimation of the surface area. However, since in this study an 

exact surface area is not as crucial as a relative estimate of area, 

and since the error is constant throughout the experimental population, 

this method is acceptable.



RESULTS

General

When investigating skeletal weight increases within a 

unispeeific "experimental population" possessing a narrow size range, 

it is appropriate to express such gain as the percent increase over 

initial weight. This is particularly pertinent when growth rates of 

two different forms of the same species are to be compared. An 

expression of total weight gain per unit time is not acceptable since 

it is highly dependent on the initial weight and surface area of the 

individual colony. These contentions are substantiated by plotting 

percent increase data for single and multiple apical polyp corals 

versus initial buoyant weight (Figure 4) and coral surface area 

(Figure 6 ). From these graphs it is apparent that over the size range 

of corals selected for this experiment, the relationship between size 

and percent increase in skeletal weight is not as tight as previously 

thought (Jokiel et al. 1978). However, Figures 5 and 7 illustrate 

the dependence of total buoyant weight gain on both the colony initial 

buoyant weight and surface area. The correlation coefficients are 

.82 and .91, respectively. These correlations are strong and highly 

significant (P<.01). Since size variability among individuals or 

between single and multiple polyp corals is not clearly reflected in 

percent increase data, it would not account for differences in rates 

of skeleton deposition as determined by variations in percent increase
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in skeletal weight.

Although the data in Figures 4, 5, 6 , and 7 are plotted by 

nutrient regime, there are no apparent trends regarding this parameter. 

Likewise, nothing is evident in these results concerning differences 

between colonies with one apical polyp and those with more than one.

Influence of Nutrient Regime on Skeletal Weight Increase

Samples of the non-enriched laboratory seawater contained 

urea nitrogen at levels ranging from 0.1 to 0.5 yg-at l- ^, ammonia 

nitrogen from 0.1 to 0.3 yg-at l- ^, phosphate from 0.05 to 0.1 yg-at 

1“^, and uncommonly high nitrate levels usually over 15 yg-at NO^-N 

1"1 (see discussion). Nutrient analysis of the experimental trays 

during the experiment, showed that urea and ammonia levels were 

maintained at 9 to 11 yg-at N 1~-*- and that phosphate ranged from 3.5 

to 7.0 yg-at 1“1. To prevent the toxic accumulation of urea and 

ammonia (Taylor, 1978) during the power outage, enrichment was 

omitted for 24 h r s .

A two-way ANOVA (Appendix, Table A2) indicates that the 

percent increases in coral skeletal weights (Table 1) over the ten 

day experiment do not differ significantly with varying nutrient 

regimes, Fg = 1.46 (F ^g) = 2.21). Furthermore, nutrient

regimes effect individuals with single and multiple apical polyps 

equally, since there is no evidence of a polyp number-nutrient regime 

interaction, Fg = 0.836 (F 2 5 ( 3  48) ~ 1*^2).

Although this aspect of the study lacks statistically 

verifiable differences, it is important here to note some relevant
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observations relating to gross variations in the data. For example, 

the mean percent increase in skeletal weight for those corals exposed 

to elevated ammonia concentrations was 2 0 % higher than the control 

corals and 15% higher than those exposed to elevated urea concentrations. 

Corals from the urea incubation showed only a 6 % larger mean percent 

increase over control corals. Unlike the ammonia and urea incubated 

corals, those corals in the phosphate incubation increased in skeletal 

weight at a rate that was 13% less than the control corals. These 

observations are weakly significant at best.

The Influence of Apical Polyps on Skeletal Weight Increase

Coral growth as skeletal weight increase, appears to be 

greater among those colonies possessing more than one apical polyp.

The difference in percent increases in skeletal weights between the 

two growth forms is highly significant, P < 0.025, Fg = 7.13 

^  025(1 48) = (Appendix, Table A2) . The Fg value of 7.13 is

just shy of the tabular F value of 7.19 for P = 0.01 with 1 and 48

degrees of freedom. Under these conditions the null hypothesis is 

rejected and a significant variation in skeletal deposition rates, 

as determined by a two-way ANOVA, is acknowledged.

Previously presented evidence indicates that this variation 

is not explained by differences in colony surface area or initial 

weight (Figures 4 and 6 ). Similarly, the variation cannot be accounted 

for by differences in the chlorophyll content of the colonies.

Relative chlorophyll _a and _c data are presented in Table Al (Appendix) .

A two-way ANOVA (Appendix, Table A3) of relative chlorophyll values
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of both growth forms in varying nutrient regimes reveals, 1 ) that 

chlorophyll content/cm^ is virtually the same in all experimental 

colonies; 2 ) chlorophyll content/cm^ does not vary with nutrient 

treatment; and 3) that there is no interaction of polyp number and 

nutrient regime to yield a variation in chlorophyll content. This 

test shows conclusively that chlorophyll _a and _c content is not 

responsible for variations in percent increase in skeletal weight 

between growth forms. Figure 8 indicates the lack of correlation 

between chlorophyll content and percent increase graphically.

A prediction of A. cervicornis skeletal deposition rates 

in nature can be made, based on data from Table 1 and Table Al 

(Appendix), by using the following equation,

((DGI/Surface Area) 365)/10^ = g CaCO^ cm~^ coral surface yr“ ^ (3)

Since there is no variation with nutrient treatments, data for each 

growth form and treatment can be combined for an arithmetic mean 

+ S.D. Estimates are for colonies from 10 m  and of approximately the
 osame size as experimental corals, and range from 0.58 g CaCO^ cm ^

coral surface yr“ -̂ for single apical polyp colonies to 0.77 g CaCO^
— 9 — 1cm coral surface yr for colonies with up to three apical polyps

(S.D. is + .16 in both cases).

Several other studies (Shinn, 1966; Lewis et al. 1968;

Gladfelter _et _al. 1977) express growth of A. cervicornis colonies in

terms of a linear extension rate. The procedure involves dye marking

a single branch and measuring growth beyond that point within a

certain unit of time. For the sake of comparison it is necessary to
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convert g CaC03 cm- 2  coral surface yr - 1  to cm yr- 1 , the units of linear 

extension. Due to the difficulty in accurately measuring the overall 

length of branched colonies (multiple apical polyp corals) and the 

fact that previous investigators determined only the growth of the 

main branch or stem, it seems appropriate to make the comparison using 

just the single apical polyp non-branched corals (n = 28).

The following equation can be used to make the conversion,

(SA/DR) i- (DSW/L) = cm yr- 1  (4)

where SA and DR are the mean surface area and the predicted skeletal 

deposition rate respectively for all single apical polyp colonies 

(Appendix, Table A l ) ; and DSW/L equals the mean weight per unit length 

of all single apical polyp colonies CTable 1). The calculation of 

(DSW/L) required the division of the actual dry weight of each coral 

by its corresponding length in cm, followed by a summing of all values 

for a determination of a mean dry skeletal weight (g) per cm. Since 

there is little disparity between the diameter of the juvenile colonies 

base and tip, the assumption of uniform weight per unit length is 

valid. Substituting the actual values into equation (4) yields,

(2 . 8 5  +  1.1 cm 2 / 0 . 5 8  +  0.16 g CaC03 cm- 2 coral surface yr- -*-

0.63 + 0.16 g CaC03 cm“^

(4.9 2 g CaC03 yr- -*- x 1.60 cm (g CaC03)~'*') = 7.9 cm yr- -*-
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Coral Growth Measurement:

Analysis of the Buoyant Weight Method

Cumulative buoyant weight gains for all corals, after 1, 4,

7 and 10 days of growth, are presented in Figure 9. The growth

increments or bars represent raw data generated by the four measure­

ments of buoyant weight and accordingly the last bar for each coral 

corresponds to the total buoyant weight gain column in Table 1. 

Buoyant weight data was used to determine the percent increase in 

skeletal weight, the predicted dry weight and the mean daily growth 

increment for the experimental colonies (Table 1).

The effect of the power outage on day 5 of the experiment 

is evident in Figure 9. The increment of growth between day 4 and

day 7 is less than the other two increments in over 75% of the corals

from all four treatments combined. It is possible that the organisms 

underwent dissolved oxygen and temperature stress to such a degree 

as to cause suppression of normal physiological activity without 

permanent damage (see Materials and Methods). Regardless of this 

aberration the growth appears to be linear over the duration of the 

experiment.

The precision, accuracy and consistency of the buoyant 

weight technique is illustrated by the near perfect linear fit Cr = 

.9999) of the actual dry skeletal weights plotted as a function of 

the final buoyant weight (Figure 10). The empirically derived line 

(actual weight) is described by the equation y = 1.5881x, where y is 

the dry weight and x the final buoyant weight. The theoretical or 

predicted relationship is described by this equation, y = 1.5332x
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(r = 1.000); the derivation of which can be found in the Materials and 

Methods section.

The difference between the regression coefficients (slopes) 

of the experimentally observed and predicted lines is 3.46%. This 

percent difference is given for each colony in Table 1. The range of

values is 2.51-4.53% with a mean of 3.58 + .38% (n=56). A comparison

of regression coefficients indicates that no overlap occurs at the 

95% confidence limits about the slopes, and the variation is highly

significant (P < 0.05; Fg = 2871, F 0 5 ^  109) = 253.1). The signif­

icance of the difference between actual and predicted dry skeletal 

weight will be discussed below.

The y-intercept values (Figure 10), as predicted from the 

theoretical equation C2 ) , are statistically indistinguishable from 

zero.



DISCUSSION

Contrary to the findings of similar investigations (Simkiss, 

1964a, b; Crossland and Barnes, 1974; Taylor, 1978; Kinsey and Davies, 

1979), artificial elevations of ammonia, urea and phosphate in a 

short term laboratory experiment, act neither to enhance or suppress 

CaCO^ deposition in the hermatypic coral Acropora cervicornis. No 

statistically significant difference in percent increase in skeletal 

weight was found between corals incubated with nutrients and those 

without. In light of these results it is important to acknowledge 

variations in experimental design and methodologies which may account 

for some inconsistencies in reported data.

Taylor (1978), working with A. cervicornis, found that the 

rate of skeletogenesis measured by following deposition was

stimulated proportionately by the elevation of ammonia and urea to 

levels ranging from 20-75 yM. Based on data gathered concomitantly 

and those of previous workers supporting light-enhanced calcification 

(Goreau and Goreau, 1959; Vandermeulen et̂  _al. 1972; Vandermeulen and 

Muscatine, 1974; Chalker and Taylor, 1975), he concluded that increases 

in CaCO^ deposition rates were attributable to the stimulation of the 

algal symbiont photosynthetic rate. Using similar methods, Crossland 

and Barnes (19 74) found stimulation of calcification in a Pacific 

Acropora s p . with additions of 100 yM of ammonia or urea. However, 

they proposed complex biochemical pathways calling for the direct

85
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participation of these compounds in metabolically regulating calci-
I- |fication as well as transporting Ca to sites of deposition. These 

mechanisms were similar to those proposed by Campbell and Speeg 

(1969). It is important here to point out that these two studies 

(Crossland and Barnes, 1974; Taylor, 1978) had no statistical 

verification of the results. The one similarity in the conclusions 

of these investigations was that ammonia enhanced the calcification 

rate more than urea. The present study offers circumstantial cor­

roboration of these results in that corals exposed to ammonia elevation 

exhibited a 2 0 % higher rate of skeletal deposition than those exposed 

to urea. However, it must be emphasized that this difference is 

only weakly significant (P = .25).

In general, the nutrient levels used in these previous 

studies far exceeded the 10 pM ammonia and 5 pM urea concentrations 

of this experiment. Although these concentrations may have been below 

the "effective range," it seemed more relevant to restrict the 

additions to realistic levels. That is, close to those levels of 

localized increases e.g. sewage, animal excretion, etc. occurring 

naturally in and around the coral reef (Pastor and Webb, 1980).
| X-Since Ca is rapidly transported from the external media 

to sites of deposition (Goreau, 1961), ^ c a++ provides a fast efficient 

method to test the effects of such variables as light, nutrients and 

temperature on calcification rates. The primary disadvantage of this 

technique is the lack of control over the significant rate of radio­

isotope exchange from the skeleton to seawater or vice versa. The 

difference between this technique and the buoyant weight method is the



degree of sensitivity. The increased sensitivity of the labelled 
| |

Ca technique might explain the discrepancies in the results between

this study and the others. If the experimental duration and the

sensitivity of the buoyant weight method were increased, it is quite
+ 4*possible that variations in the rates of Ca precipitated would be 

detected on a short term basis and even diel variations might be 

observed.

The occurrence of high nitrate concentrations in the lab­

oratory seawater system (15-20 yM) may have affected the outcome of 

this experiment. The intake for the seawater system was in the near­

shore environment where the water is diluted in salinity and enriched 

with nitrate from freshwater subterranean springs rich in nitrate 

(D'Elia ejt _al. 1980) . Although the active uptake of nitrate by a 

species of Pacific Acropora has been described (Franziskiet, 1973,

1974; Webb and Wiebe, 1978) it was found not to stimulate photosynthesis 

or calcification at the 20 yM level in A. cervicornis (Taylor, 1978).

The influence of this nutrient may have been negligible, however, it 

is possible that the algal-invertebrate system was nitrogen saturated 

and the addition of ammonia and urea were in excess of the nutritional 

requirements and therefore, of no metabolic value (Webb et a l . 1975;

Wiebe e_t a l .  19 75) . Since all corals were exposed to the same levels 

of nitrate, any advantageous or deleterious effects are impossible 

to ascertain.

The study of the effect of phosphate on coral growth by 

Kinsey and Davies (1979), indicated possible suppression of calcifi­

cation. Simkiss (1964a,b) proposed a hypothesis to explain the role 

of phosphate in coral calcification as well as describe the intrinsic



relationship between photosynthesis and CaCO^ deposition. Briefly 

stated, it is that algal symbionts remove from calcification sites, 

inorganic and organic phosphates that otherwise would act as crystal 

poisons preventing aragonite precipitation. Simkiss (1964a,b) had no 

direct experimental evidence pertaining to symbiotic corals to 

support this model.

The experimental support for this hypothesis comes from 

prolonged exposure of corals to elevated concentrations of phosphate. 

Kinsey and Davies (1979), using approximately 10 yM nitrogen (90% 

urea, 10% ammonia) and 2 yM phosphate artificially enriched a patch 

reef for 3 hrs daily over a period of 8 months. Their analysis, 

which was based on the alkalinity anomaly approach (Smith and Kinsey, 

19 78), showed a greater than 50% suppression of reef calcification. 

This observation was attributed specifically to the elevation of 

phosphate. The assumption being that the algal symbionts are not 

capable of removing the excess phosphate, allowing it to build up 

within the organism. Albeit nearly 2.5 times the phosphate level in 

the Kinsey and Davies (19 79) study was used in the present study, no 

significant suppression of skeletal mass increase was observed. This 

may have been a function of incubation time since the phosphate 

enriched corals did show a mean percent increase in skeletal weight 

that was 13% less than the control corals (Results) . This difference 

also has only weak significance (P = .25). Actual suppression may 

have been observed if the experimental duration was longer. It is 

also possible that the findings of Kinsey and Davies (1979) resulted 

from something other than phosphate suppression of calcification and
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that the Si.mk.iss hypothesis is not valid in this case. Further 

investigation is needed before a conclusion can be reached.

The results of this investigation would seem to militate 

against the contention by Jokiel eM: jal. (19 78) that initial size of 

the coral colony affects the percent increase per unit time (Figure 

4). In their Figure 4, data are present from a 30-day growth experiment 

using a large size range (1-190 g; n = 54) of the Pacific coral 

Fungia scutaria. It is clear from this curvilinear plot that over 

large size ranges the percent increase per unit time is inversely 

dependent on initial buoyant weight. Based on these data they state 

that coral growth is size dependent if measured by a percentage increase 

method. The present study indicates that, at least over a smaller 

size range i.e. 2 to 25 g, this statement is not valid (Figure 4, this 

paper). There is no evidence from this experiment that any significant 

relationship exists between the initial buoyant weight of the colony 

and its percentage increase per unit time. However, the results do 

indicate that over even small size ranges of corals, growth is size 

dependent if determined by a total weight increase per unit time method.

The results concerning accelerated skeletogenesis among 

colonies of A. cervicomis which possess more than one apical polyp, 

are consistent with the findings of previous workers (Goreau and 

Goreau, 1959; Pearse and Muscatine, 1971). Their observation was that 

the apical polyps of acroporid corals calcified at a faster rate than 

those polyps laterally positioned and nearer the basal end of the 

colony. This result was particularly interesting since the apical 

polyps contain few or no zooxanthellae (Muscatine, 1973). In view of
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evidence supporting light dependent calcification (Kawaguti and 

Sakumoto, 1948; Goreau and Goreau, 1959; Vandermeulen ejt al. 1972) 

this implies that zooxanthellae affect CaCO^ precipitation at remote 

locations by the axial translocation of photosynthate (Pearse and 

Muscatine, 19 71) or other materials. With this hypothesis as a basis 

one would expect to find greater intrinsic rates of calcification in 

those colonies possessing several apical polyps or sites of rapid 

skeletal deposition. The present study supports this hypothesis in 

that, a significantly greater rate of calcification was found in 

multiple apical polyp corals. Since the chlorophyll content per cm^

(Figure 8) and the parameters of size (Figures 4 and 6 ) of the colonies 

showed no relationship to the percent increase in skeletal weight, 

only the remaining variable, apical polyp number, can account for 

the variation. This is evidence that calcification is occurring more 

rapidly in the proximity of the branch tips or apical polyps of A. 

cervicornis; and it is circumstantially supportive of the first 

hypothesis stated in the Introduction (Pearse and Muscatine, 19 71;

Taylor, 19 78).

It is interesting to compare coral growth rates, estimated 

from the weight data in this experiment using equation (.3) , with 

the estimates derived from other investigations. Since most coral 

growth investigations to date express growth data as the linear 

extension rate (cm yr -^ ) , it was more convenient to convert the 

weight data of this experiment into those terms using equation (4).

The mean skeletal deposition rate of 0 . 5 8 + 0 . 1 6  g CaCO^ cm“ ^ coral 

surface yr -^ for single apical polyp colonies (n = 28) corresponds 

to a linear extension rate of 7.9 cm yr-^. The growth rate for
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multiple apical polyp colonies, 0.77 + 0.16 g CaCO^ cm-^ coral surface 

yr -*- (x, n = 28), was not converted for reasons stated above (Results). 

The results of previous studies in the Caribbean (Shinn, 1966; Lewis 

et a l . 1968; Gladfelter et a l . 1977) show that in situ linear

extension rates of A. cervicomis vary considerably with location and 

environmental conditions. Reported values are 10.0 cm yr--*- in Florida 

(Shinn, 1966), 14.6 and 26.6 cm yr- -*- for 10 m depths in Barbados and 

Jamaica respectively (Lewis jBt al. 1968), and 7.1 cm yr- -*- for a 10 m 

depth in the Virgin Islands (Gladfelter e_t aT. 1977). Seawater 

temperature is a critical factor in determining growth rates. It is, 

therefore, important to acknowledge differences between studies. In 

the present experiment the average temperature was 28.0°C compared to 

26.0°C for the Virgin Islands. For Lewis et a l . (1968), whose study 

was of long duration, the mean monthly sea surface temperatures for the 

coldest month of the year were 26.4°C in Barbados and 27.2°C in 

Jamaica. The temperature in the Florida study, also of long duration, 

ranges from 28.0°C to 30.0°C for July through September, the period 

of greatest growth. Other factors such as light intensity, depth, 

age of colony, salinity and food supply can also affect growth. In 

addition, Shinn (1966) showed that translocating A. cervicornis colonies, 

even to areas on the reef with identical conditions, resulted in lesser 

growth rates. Therefore, any comparison of literature values and 

extrapolation from laboratory experiments to the natural environment 

should be done cautiously.

Experimental variations aside, the value of 7.9 cm yr-*- 

compares well with all literature values barring the one reported
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for colonies at 10 m in Jamaica. Considering the relative closeness 

of the rate in this study to ones in other locations, this large 

discrepancy is unexpected and not understood. This may be in part 

due to translocation off reef (Shinn, 1966). It should be mentioned, 

however, that Lewis et a l . (1968) measured colonies in Kingston 

Harbour and Port Royal, Jamaica where environmental conditions 

including temperature are significantly different than all other 

above-mentioned studies. The conditions of this experiment more 

closely approach the study by Gladfelter er_ aĴ . (1977) since they used 

colonies at 1 0 m on the reef, a short experimental duration (one month), 

and had light intensities and temperatures that were close to the ones 

in this study. The difference between the two estimated rates is only

0 . 8  cm yr“^ .

Jokiel e_t aJ. (19 78) found in testing the various techniques 

used for the direct measurement of coral growth i.e. buoyant weight, 

displacement volume, wet weight, width and linear extension, that 

linear extension had the poorest correlation with dry skeletal weight 

(r^ = .78) while buoyant weight measurement showed th_e highest (r^ = 

1.00). Their conclusion, which is supported by the present study, was 

that the buoyant weight method is the most accurate technique for the 

direct determination of aragonite mass (skeletal) increases in live 

corals. This does not invalidate those studies which express growth 

in terms of linear extension, it simply indicates that, 1 ) there is 

a greater margin of error in the estimation of linear measurements, 

and 2 ) a method that correlates closely with the actual weight of 

deposited skeletal material is a better index of coral growth.
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This experiment has provided verification of the results 

of Jokiel et al . (1978). The nearly perfect correlation of final 

buoyant weight and dry skeletal weight (r = .9999) is an indication 

of the consistency and accuracy of the technique. In addition, the 

sensitivity to minute skeletal weight changes was emphasized by the 

stress related suppression of the day 4 to 7 weight gain increment 

(Figure 9 and Results). This type of effect, of little or no 

permanent consequence to the organism, may have been missed if another

technique were employed e.g. linear extension.

The slope of the empirically derived line (actual) in 

Figure 10, 1.5881, is within 2.40% of tlae slope that Jokiel et a l .

(1978) derived for Montipora verrucosa, a Pacific species with a

similar skeletal morphology. The empirical value in their study 

exceeded the value predicted by the model by a little more than 0 .6 %. 

They attributed this variation to the slight negative buoyancy of 

the organic material in and on the skeleton. In this study, 3.46%, 

the difference between the empirically determined line and the 

theoretical line is highly significant (P < .05) and is not just a 

result of chance variation and is too large to be accounted for by 

negative buoyancy. An alternative explanation of this variation is 

that this difference is the percent of the dry skeletal weight made 

up of organic matter, possibly matrix material (Wainwright, 1963). 

During the measurement of buoyant weight, the internal skeletal 

organics, which are for the most part neutrally buoyant (see Materials 

and Methods), are not detected. Following the cleaning of the external 

organics and drying, the dry weight of the colony will include the



aragonite mass determined by buoyant weighing plus the weight of the 

organic matter not accessible to the cleaning procedures. Therefore, 

the difference between the actual weight and the weight of the 

aragonite mass predicted by the model is the percent organic matter 

of the skeleton of A. cervicornis.

Thompson and Chow (1955) conducted a mineralogical survey 

of calcifying organism to ascertain the mineral constituents of the 

various skeletal types. They found that the aragonite skeleton of 

an Indo-Pacific Acropora sp. was composed of 3.85% organic material. 

The value of 3.46%, estimated by the buoyant weight method, compares 

well to this earlier study. Since acroporid corals possess similar 

skeletal structures, the closeness of the two estimates is not totally 

unexpected, nevertheless, this correlation is further evidence in 

support of the validity of the assumptions behind the buoyant weight 

technique.



SUMMARY

1. Artificial elevation of ammonia, urea and phosphate in a short 

term laboratory experiment ( 1 0 days) causes no significant 

enhancement or suppression of skeletal weight increase in 

Acropora cervicornis, as measured by the buoyant weight method.

2. Over a small size range of corals (1-25 gm) the percent increase 

in skeletal weight is independent of colony surface area, weight 

and chlorophyll content/cm^.

3. Colonies with more than one apical polyp exhibit a percent 

increase in skeletal weight that is significantly greater than 

colonies with one apical polyp. This indicates that the apical 

polyps are sites of the most rapid CaCO^ deposition and is con­

sistent with earlier studies.

4. Predicted skeletal deposition rates for A. cervicornis range
_ o  _  1from .58 ±,16 g CaCO^ cm ^ coral surface yr for single apical 

polyp corals to .77 + .16 g CaCO^ cm- ^ coral surface yr--*- for 

multiple apical polyp colonies. A conversion of the rate of 

skeletal deposition for single apical polyp colonies to a linear 

extension rate yields an estimate of 7.9 cm yr-'*'. This compares 

well with most previous investigations.

5. The buoyant weight method was shown to be a consistent, extremely 

accurate and sensitive technique for the measurement of skeletal 

weight increases in live corals. It allows the rapid repetitive
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measurement of an individual with no damage to the organism.

6 . Using the buoyant weight method the skeletal organic matter was 

estimated to be 3.46% of the dry skeletal weight of A. 

cervicornis.
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Figure 2. Procedure used in collecting buoyant weight measure­
ments. The apical polyps are seen clearly as the 
white tips of the colonies in contrast to the darker 
lateral polyps. Note the plastic pipe used to support 
corals in a natural growing position.
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Figure 3. Experimental array in the running seawater table.
Nutrient solution bottles and peristaltic pumps are 
located in the top left comer, and the seawater 
holding tray in the top center of the photograph.

101





d •
o /-S
M-t KV
rH
r— 1 4-1
a} rd

00
M *H
o cu
>4-1 £
T3 4-4
O d•iH cd
4̂ tn
cu o
a d

d
cd I— 1
T3 cd

•H
O 4-1
i— 1 •H

d
cd
u CU
ai d
> 4J
o

>4-1
,— s O
>> d

o
4-1 *H
d 4-J
00 O
•H d
a) d
3  >4-4
l— 1 cd
cd
4-4 CO
a> cd
i— i
cu d
M cU
co 4-1

4-4
a o
•H 1— 1

d<
cu
CO /*"S
cd vO
cu m
u
o 1!
d
•H d
4-1
d CO
cu 4->
o d
u a)
CU S
a 4-)

cdcu (U
d P4
EH 4-4

a)ud00•HPm

103



U
R

E
A

S A V Q  0 I / 1 H 9 I 3 M  1  V ± 3 “l 3 N S  N l  3 S V 3 H 0 N I  l N 3 0 U 3 d

IN
IT

IA
L

 
B

U
O

Y
A

N
T 

W
E

IG
H

T 
(g

)



1—1
cd
•H
+J
•H CO
CJ 4-1

•H P
a>

CD e p
,P 4-» o
4-J p •H

a) 4-J
M-l u P
O 4-J i—1

CL)
P 9-1 94
O P 94

•H O O
4-> M-l O
a
p iH
P rH

14-4 P tH
O

cd 4-1 •
O

CO II
cd CO

fU
T } CO
a)
4-1 i—1 4-J
4-J P P
O P P

rH P o
P i *H

P 44
z—s o •r-t
!>» *H P

v_' CO bO
CO •H

bO a) CO
e 9-1

bO
p a) T—1

•H 9-4 -P
bO

P 9-i •H
•H P js
P Cl)
bO P p

•H
4-1 r - l co
,P T3
CUD <C i—1

•i-l 0)
CD *H
£ •

y—\
4-1 X pd
r j v-> a)
P p

O rP

4-1 4-»
o  p
4-1 p

CM

•H  44 rQ O

<uJC
p*.
o
PH  ,-Q '

O 4-J 
O Pa)

y-— N *Hvjd a m  *h
M-4 

II M-l 
CD

p  o  o

LO
cu
94
p
bO•Hp4

105



1
8

0

CD

CL O

—  00

—  CD

—  CM

CMCOCD CM

( 6 uj) N1V9 1 H 9 I 3 M  I N V A O O a  1 V 1 0 1

IN
IT

IA
L

 
B

U
O

YA
N

T 
W

EI
G

H
T 

(g
)



/—*\
X

G 'w '
G
o

VH G
o

tH T—1
i—i oG a

g a)
o xi

vn p

X) <P
O O

•H
G cd
CU cu
ex G

cd
!>>
cd cu

X I a
cd

o ip
r—1 gG
cd CO

G cu
(U rG
> P
o

M-l
O

>•»Vw' G
OP •H

xi P
00 O

•H G
a) G
£  M-l

i—1 G
cdP CO
a) G

r—1
CU X

<U
CO P

PG O
•H i—1

ex
cu
CO
cd VO
cu m
go II
c

•H G
PG co
a) p
o G
G <u
cu S
ex p

G
a) CU

£ g
p

vO
a)uGto•HIp

107



2.
40

| -  00

<UJQC X a
CL

O
crh-z
oo

<1 o

U- N-

-  CD

O •

0 o -  in

<3

<3

o

<3

o • •

■ •

1 ■

■
o

■

o
• o  o

■  o <3
<fc

o

o

o
<1

<3

- 'sT

- r-o

CM

T
o
CD
o

o
CM

o00 Om o
CM

o
cr>
o

o
rO
o

SA VQ 0 I / 1 H 9 I 3 M  1 V 1 3 1 3 X S  Nl 3 S V 3 H 0 N I  l N 3 0 H 3 d

SU
R

FA
C

E 
AR

EA
 

(c
m

:



cu CDo Pcd dMM CUp 03 pCO cdcua) P drd p op *Hp Pmm 3 cdO o rHMM a)d pO iH p•H i—1 o•M cd aad Mm3 OMm i—iCOocd •H •COCO >> II3 r—tcd Pmd d wCU cd4J PP d do o cd1—1•H a3. CO •HCOcpa) •Hp dV_̂ 00 00cu •H00 P CO0 p t*.a cd H*H cud 00d •H *H•H rH rdcd00 <J cd
p CO,3 •d00 r—1•H X a>a) •H£ •>v i—ip d CTvd o vO •cd i—iu->>■> o MMo a II O3rQ cu d Pd! p dI—1p cucd d ‘Hp mm a) Oo o d •Hp •rHMmcd rd Mm(U a> e a>.d p o o
EH cd o o

<u
p300•HPm

109



U
R

E
A

o
06

< 1  h  S

o
CD

< 1

<0 <]
«  .

■  I '
0 f

<3 O  0

oin

O
O

<3 g  <3 

.0 .

* o  * 0 $ '
1 o

o  - O l

oro

- * 5  °
X  o  oZ  CL O

• < o ■

n  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r
0 0 0 0 0 0 0 0 0O O C D ^ C J O O O C D ' v f C M

(&UJ) NIV9 1 H 9 I 3 M  lNVAOfia I V 1 0 1

S
U

R
F

A
C

E
 

A
R

EA
 

(c
m

2)



4-1TO O
<1)
4J /—\4-1 X
O —̂*

H
cx CO

<1)
4̂ \ G
Pn iH

>>_' G>
nO
O O |

•H
n3

g G
cx G

G |
g

no tH
rH

O *>"■»
i—1 rG

cx
G o

u
u o
a) rH> ►G
o a

4-1 no
x gCO 4->•r*f aCJ G •& 5-iXJi—i X LOG G
4J II
a) a)i—i > c
g •rHxjco G COrH GG 0) •H•H U C

OG G iHco X OG 4-J a0) 4H iHU O GG 4-J•H G C
O G

4J •H SG H •rHa> a 5-1
a G G
5-t G CX0) <4-4 X
cx G

G0) rH
rG CO rHH G G

CO
G5-1=5
CO

•HFh

111



oCM

o o
_J -I _l -J

£ £o  O  x  x  
o  o_j _i 
X  Xo  o
UJ LxJ >  >
h- <  <  _l -J Id UJ X  X

I *
■  M

■ ■ ■

oCD

OCO

O

<1 oCD

<3

<3
<3

<3

<3

<

<3

<

<3

<3
<

< 1

<

<3 J *

<  <$3
< 1

3<3 < <3

<  <  <
< 1

<3

<3

<3

om

O

O
rO

OCM

O
CM

O00CM
Om o

CM
oCD
O

OCDo
o
ro
o

o

SAVQ 01 /  1 H 9 I 3 M  1 V 1 3 1 3 M S  N l  3 S V 3 H 0 N I  ! N 3 0 d 3 d

R
E

LA
T

IV
E

 
C

H
LO

R
O

PH
YL

L 
(O

pt
ic

al
 

De
ns

i t
y 

/ 
Su

rf 
ac

e 
Ar

ea
 

(c
m

2) 
X 

10
3)



Figure 9. Buoyant weight gain in a mg for all experimental
corals, A) Tray I-urea, B) Tray II-ammonia, C)
Tray Ill-phosphate, and D) Tray IV-control. The
four bars for each coral represent the cumulative 
growth after 1, 4, 7, and 10 days so that the last 
bar corresponds to the total buoyant weight gain 
in Table 1.
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Table A 2 . Model I two-way ANOVA with replication and fixed effects 
(Sokal and Rohlf, 1969). Percent increase in skeletal 
weight over initial buoyant weight of single and multiple 
apical polyp A. cervicomis individuals at four nutrient 
regimes. All mean squares tested over error MS.

Source of Variation df SS MS Fs
Subgroups 55 13.838

A(columns; polyp //) 1 1.5913 1.5913 7.1325*

B(rows; nutrient regime) 3 0.97849 0.32616 1.4619ns

A  x B(interaction) 3 0.55924 0.18641 0.83554ns

Within subgroups(error) 4_8 10.709 0.22311

Total 55 13.838

F = 4 04 F .05 (1,48) .025 (1,48) = 5.36 F .10 (3,48) = 2.21

* Highly significant 

ns not significant
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Table A3. Model I two-way ANOVA with replication and fixed effects.
Relative chlorophyll and _c (optical density/surface area 
x 103) values for single and multiple apical polyp A. cer- 
vicronis individuals at four nutrient regimes. All mean 
squares tested over error MS. Two separate tests were run 
on chlorophyll a. and c. and both are presented here. All 
chlorophyll _c values are coded for with the letter c.

Source of variation df SS MS Fs

Subgroups 55 15804.0
Subgroups c 55c 4581.6c

A(columns; polyp //) 1 292.57 292.57 0.99645 ns
lc 5.1607c 5.1607c 0.06061c ns

B(rows; nutrient regime) 3 800.36 266.79 0.90863 ns
3c 383.63c 127.88c 1.5018c ns

A x B(interaction) 3 618.14 206.05 0.70177 ns
3c 105.63c 35.208c 0.41349c ns

Within subgroups(error) 48 14093.0 293.61
48c 4087.1c 85.149c

Total 55 15804.0
55c 4581.6c

F .25 (1,48) = 1.36 F .10 (3,48) = 2.21 F 25 (3,48) 1.42

ns not significant
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