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ABSTRACT: Nutrient limitation of the rhizophytic macroalga Penicillus capitatus found associated with sub- 
tropical seagrass meadows in Bermuda was determined from enrichment assays and subsequent tissue analyses. 
The photosynthetic response of P. capitatus to additions of inorganic nitrogen (N) or phosphorus (P), measured as 
oxygen evolution in closed incubation chambers, increased significantly in both the 16 h and 6 d experiments only 
with nitrogen enrichment. The average photosynthetic response for all treatments was virtually identical in the 
two experiments, indicating that there was not a significant time lag in nutrient uptake and that the short term (16 
h) assay accurately reflected the longer term (6 d) photosynthetic response to nutrient enrichment. Average tissue 
nitrogen levels for the nitrogen-treated algae were 29% higher than the phosphorus-treated algae and 18% greater 
than the controls, corroborating the results from the photosynthesis assay. P. capitatus may acquire nutrients 
directly from sediment sources via rhizoid holdfasts. Ratios of total dissolved nitrogen (TN) to total dissolved 
phosphorus (TP) in pore water at 10 and 20 cm depths (6.1 and 4.5, respectively) indicate a nitrogen-limited nutrient 
pool. These low pore water TN:TP ratios may be a function of a limited sorptive capacity of the calcium carbonate 
sediments for phosphate, anthropogenic nutrient inputs, or high rates of denitrification, all of which would induce 
N rather than P limitation in these carbonate-rich sediments. 

Introduction 
Nutrient limitation of primary productivity in 

marine ecosystems is largely a function of the rel- 
ative availabilities of the primary limiting nutrients, 
nitrogen (N) .and phosphorus (P). In a recent re- 
view, Hn,.rrarth (19881 <lloapctpd that c?,j&r~c_c~s I*Y,,uIc-- \^U”“, ‘“~~_“_” 
in external nutrient inputs and in internal biogeo- 
chemical processes may explain why net primary 
production of tropical estuaries and lagoons may 
be phosphorus limited while temperate estuaries 
may be nitrogen limited. The extent to which the 
biogeochemicai processes of nitrogen fixation and 
denitrification affect the availability of N relative 
to P may be influenced by water residence time 
(Smith 1984). In this paper, we are concerned spe- 
cifically with nutrient limitation of benthic mac- 
roalgae, defined as limitation on the growth of cur- 
rent-populations (sensu Howarth 1988). Results 
from short-term enrichment bioassays indicate that, 
despite the generalization of P-limited tropical ma- 
rine ecosystems, tropical macroalgae do not show 
the same consistent response to N and/or P ad- 
ditions as do macroalgae from temperate estuaries. 
Nitrogen generally is considered to be the primary 

limiting nutrient for temperate macroalgae (La- 
pointe& al. 19’76; Lapointk and Ryther 1979) ‘For 
macroalgae in tropical and subtropical habitats, 
however, evidence suggests that some species may 
be simultaneously limited by nitrogen and phos- 
nhnnl< fSt&F~nc~-n 1 QTfi* rnrrlnn et al 1481. T .s- r-*-- -- \“--_~__I~__ _-. _) 2 _____^ __ __. ___^) -_ 
pointe et al. 1987; Lapointe and O’Connell 1989), 
some may switch seasonally between limiting nu- 
trients (Lapointe 1987), and some may be limited 
by either nitrogen (Lapointe et al. 1987; Littler et 
al. 1988) or phosphorus (Birch et al. 1981; Littler 
et al. 1988). Lapointe et al. (1987) further suggest 
that nutrient limitation may be both species- and 
habitat-specific, depending in part on ambient nu- 
trient supplies. 

High rates of benthic nitrogen fixation in shal- 
low tropical waters (see review by Howarth et al. 
1988) and carbonate geochemical processes (Short 
et al. 1985) may explain why benthic macrophytes 
are often phosphorus limited in tropical marine 
ecosystems. Numerous studies have reported the 
occurrence of nitrogen fixers associated with the 
root zone of tropical seagrasses (Patriquin and 
Knowles 1972; Capone and Taylor 1977) and as 
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epiphytes on macroalgae and seagrasses (Carpen- 
ter 1972; Head and Carpenter 1975; Mague and 
Holm-Hansen 19’75; Capone et al. 1977; Hanson 
1977; Penhale and Capone 1981; see review by 
Howarth et al. 1988). In the carbonate-rich sedi- 
ments typical of tropical lagoons, available dis- 
solved phosphate pools in the pore water may be 
depleted by the high affinity of phosphate ions for 
calcium carbonate (Berner 1974; Kitano et al. 1978; 
Morse et al. 1987), further reducing the availability 
of phosphorus relative to nitrogen. However, Krom 
and Berner (1980) suggest that the accumulation 
of organic matter in some anoxic marine sediments 
may inhibit phosphate adsorption to calcium car- 
bonate. 

The strategy of nutrient uptake also may be im- 
portant in determining which nutrient is primarily 
limiting to growth. Nutrient limitation may differ 
accordingly between those species capable of ac- 
quiring pore water nutrients and those for which 
the water column is the sole source. It has been , 
suggested that certain rhizophytic species, at- 
tached to the substratum by means of rhizoid hold- 
fasts, have the ability to utilize the high concen- 
trations of pore water nutrients. Littler et al. (1988) 
compared nutrient limitation of four rhizophytic 
Halimeda species. They attributed the difference 
between nitrogen limitation in two epilithic (rock- 
dwelling) species and phosphorus limitation in two 
psammophytic (sand-dwelling) species to the ability 
of the latter to utilize pore water sources presum- 
ably having high N:P ratios. Williams (1984) showed 
directly that a related species, the siphonous green 
alga Caulerpa cupressoides could take up i5NH,+ from 
the substratum and translocate it throughout the 
thallus. Nutrient limitation of macroalgae, thus, 
may differ between species with extensive rhizoid 
holdfasts in sandy or muddy substrata and reef- 
dwelling or unattached, free-floating species, de- 
pending on the relative concentrations of nitrogen 
and phosphorus in the sediments and the water 
column. 

In this study, we tested the general hypothesis 
that phosphorus limits primary productivity of 
tropical macroalgae for a rhizophytic species, Pen- 
icillus capitatus, found associated with subtropical 
seagrass meadows in Bermuda. This species is in 
the order Caulerpales and is composed of fused 
and branching filaments or strands lacking true 
cross walls. P. capitatus is attached to the substra- 
tum by a modified holdfast and typically occurs in 
sandy or muddy substrata associated with sea- 
grasses throughout Bermuda’s inshore waters 
(Sterrer 1986). This work is part of a broader study 
on the factors regulating growth and nutrient lim- 
itation of macroalgae associated with nearshore 
seagrass meadows in Bermuda, designed partly in 

response to growing concerns about the effects of 
eutrophication on the seagrass-macroalgal com- 
munity. Understanding the mechanisms by which 
nutrient availability alters the competitive advan- 
tages of macroalgae may aid in predicting the re- 
sponse of seagrass-macroalgal communities to nu- 
trient enrichment. 

Site Description and Methods 
Nutrient limitation of P. capitatus associated with 

Thalassia testudinum meadows in Bailey’s Bay, Ber- 
muda was determined using a nutrient enrichment 
assay in outdoor seawater tanks in August 1988. 
Bailey’s Bay is a shallow (l-3 m), approximately 2 
x lo4 m*, lagoon on the north shore of the island 
and is protected by a string of limestone islands 
(Fig. 1). Within the bay there was a steep (200 m) 
nutrient gradient, where the dissolved organic and 
inorganic nitrogen concentrations in the water col- 
umn were 2 to 10 times higher in the inner part 
of the bay than the outer portion adjacent to the 
islands, presumably resulting from groundwater 
nutrient inputs from domestic cesspits. Dissolved 
organic and inorganic phosphorus concentrations 
were not significantly different between the two 
sites. At the study location in the outer, low nu- 
trient, portion of Bailey’s Bay, dissolved inorganic 
nitrogen concentrations (NH,+ + NOS-) in the wa- 
ter column averaged 1.5 PM, and dissolved inor- 
ganic phosphorus concentrations averaged CO.05 
PM (McGlathery 1992). The sediments in this area 
consisted of coarse sands and shell fragments and 
smelled strongly of hydrogen sulfide. 

Algal specimens were collected from the outer 
portion of Bailey’s Bay on the morning of the ex- 
periment, cleaned of obvious epiphytes and loose 
sediments, and allowed to acclimate for approxi- 
mately 6 h in the outdoor 20-l tanks. Seawater was 
collected from the same location on the same day 
and used in the experiments to ensure that the 
control accurately reflected the ambient low nu- 
trient conditions in the field. We randomly as- 
signed four replicate algal samples to one of three 
nutrient treatments, +N, +P, and control, and 
added nutrients in a batch design as 20 PM 
(NH,),SO, and 1.25 PM KH,PO,. These concen- 
trations represented approximately 10 times the 
ambient nutrient concentrations in the water col- 
umn, but were within the range to which this spe- 
cies is typically exposed in Bermuda’s inshore 
waters (A. Knap, personal communication). Each 
20-l treatment tank was placed within a 11 O-l flow- 
ing seawater tank to maintain temperatures at lev- 
els typical of field conditions (26-30°C). Light was 
regulated at field levels of 800-1900 PE m-* s-l 
using shadecloth; these levels are well within the 
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Fig. 1. Study location in Bailey’s Bay, Bermuda. Algal samples and treatment water for nutrient enrichment experiment and 
porewater nutrients were taken from the outer, low nutrient, portion of the bay adjacent to the island, indicated by the *. Dark 
portions of insert are land masses. 

range of light intensities known to saturate pho- 
tosynthesis for several shallow, tropical macroalgae 
(Lapointe 198’7; Littler et al. 1988; Lapointe and 
O’Connell 1989). There were no significant dif- 
ferences in either light or temperature conditions 
between the treatment tanks, and both the 16-h 
and 6-d experiments were carried out under sim- 
ilar conditions. Filtered compressed air provided 
circulation within the tanks during the treatment 
periods. Salinity was constant between 35% and 

We determined a short-term (16 h) and longer 
term (6 d) response of P. cupitatus to nutrient en- 
richment. In the 6-d experiment nutrients and wa- 
ter were replenished every 2 d. We understand that 
these experimental conditions may not perfectly 
reflect field conditions; however, we are interested 
in the relative photosynthetic rates in order to de- 
termine nutrient limitation, and we expect any ex- 
perimental artifacts to affect all treatments equally. 
After the enrichment period, we evaluated nutri- 

365% ent limitation as the photosynthetic response, de- 
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termined by oxygen production of whole thalli in 
separate, closed l-l glass chambers which were in- 
cubated under field light and temperature condi- 
tions (Lapointe.et al. 1987). Oxygen saturation at 
the end of a 4-h incubation period was measured 
and compared with initial saturation using a YSI 
model 53 oxygen meter equipped with a BOD probe 
which fit into the neck of the incubation chamber. 
The chambers were stirred by hand at 15-min in- 
tervals during the incubation period and contin- 
uously during each oxygen measurement to reduce 
boundary layer effects. We ran three replicate sea- 
water blanks for each treatment to determine ox- 
ygen production or consumption associated with 
phytoplankton or bacteria in the water and cor- 
rected sample values accordingly. Oxygen produc- 
tion was normalized to grams dry weight, deter- 
mined by drying samples (at 60°C) to a constant 
weight. 

m 1 Day Enrichment 
Enrichment 69 6 Day 

c0Illr01 +Phosphorus 

Treatment 
+Nitrogen 

Tissue concentrations of nitrogen and phospho- 
rus at the end of the experiment were measured 
and compared between treated and control algae 
to determine if differences in tissue nutrient levels 
corroborated the results of the photosynthetic re- 
sponses to nutrient enrichment. Algal samples were 
dried at 60°C to a constant weight, ground to a 
powder with mortar and pestle, and analyzed for 
nitrogen using a Carlo-Erba NA 1500 CNS ana- 
lyzer. Tissue phosphorus was determined by dry- 
ashing at 550°C for 6 h, acid dissolution at 104°C 
and subsequent calorimetric P0,9- analysis (mod- 
ified from Stainton et al. 1974). The recovery and 
analytical precision of the phosphorus technique 
was determined from replicate National Bureau of 
Standards citrus leaves (0.13 dry wt. %P) to be 
102% f 6% (n = 4) for dry weights of standards 
containing between 6.4 mg P and 7.0 mg P. Tissue 
nitrogen and phosphorus content are reported as 
percent of sample dry weight. 

Fig. 2. Mean photosynthetic response (n = 4) of Penicillus 
capitatus from Bailey’s Bay to enrichment of inorganic nitrogen 
((NH&SOJ or phosphorus (KH,PO,), measured as oxygen pro- 
duction after a 4-h incubation in closed chambers. Vertical bars 
are f 1 standard error. 

degassed with N2 for 10 min to avoid interference 
by H,S in the subsequent calorimetric assays. The 
pH was readjusted with HCO,- to its original level 
and the samples were then frozen for later analysis. 
After persulfate digestion, total dissolved nitrogen 
(TN) was assayed spectrophotometrically using an 
autoanalyzer equipped with a cadmium reduction 
column (D’Elia et al. 1977). We recognize that this 
method may underestimate DON levels in oligo- 
trophic waters (Sugimura and Suziki 1988). Total 
dissolved phosphorus (TP) was determined after 
persulfate oxidation (American Public Health As- 
sociation 1975) and assayed according to the mo- 
lybdate-antimony method of Stainton et al. (1974). 

Results 
We measured pore water nutrient concentra- Photosynthesis measurements from the nutrient 

tions at 10 cm and 20 cm depths in the vicinity of enrichment assay showed that the rhizophytic mac- 
macroalgal sample collection. Pore water at each roalga, P. cupitatus, was nitrogen limited in the out- 
depth was sampled using lysimeters constructed of er, low nutrient portion of Bailey’s Bay (Fig. 2). 
PVC and nylon, with a sampling chamber fitted Only the nitrogen-treated algae had significantly 
with 20-pm polyethylene frits. The lysimeters were higher oxygen production rates during the 4-h in- 
filled with filtered Sargasso seawater, degassed to cubation period than the control algae for both the 
reduce oxygen levels to approximately 10% satu- overnight and 6-d experiments, with average pho- 
ration, and placed in the field at the desired depth tosynthetic rates (n = 4) of 0.96 mmoles 0, gdw-’ 
24 h before sampling to minimize disturbance ef- h-l and 0.98 mmoles O2 gdw-’ h-l, respectively (p 
fects. Pore water was extracted by applying suction < 0.001 ANOVA). The oxygen production rates 
through a sample port; the first 10 ml were dis- for the phosphorus-treated plants were not signif- 
carded and 40 ml subsequently were taken for anal- icantly different from the control algae in either 
ysis of total dissolved nitrogen and phosphorus. the overnight (0.66 vs. 0.62 mmoles 0s gdw-’ h-l) 
Water samples were immediately pressure filtered or 6-d (0.61 vs. 0.62 mmoles 0, gdw-’ h-l) exper- 
through 0.45-pm Magna nylon filters into vacu- iments (p < 0.05). The average photosynthetic re- 
tainers and kept on ice in the dark while in the sponse for all treatments was virtually identical in 
field. Samples were acidified with 1.2 N HCl and the two experiments, indicating that there was not 
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TABLE 1. Tissue concentrations of nitrogen and phosphorus 
for Penicillus cupitatus nutrient enrichment experiment. Values 

TABLE 2. Total nitrogen and total phosphorus porewater 

represent mean (n = 4) percentage of dry weight and standard 
concentrations in Bailey’s Bay. Values represent mean concen- 

errors (in parentheses). Mean nitrogen : phosphorus (N:P) ratio 
trations (n = 4) and standard errors (in parentheses). Mean ratio 

calculated as the average of the N:P ratios determined for each 
of total dissolved nitrogen to total dissolved phosphorus (TN: 

sample. 
TP) at each depth calculated as the average of TN:TP ratios 
determined for each sample. 

Treatment YIN %P N:P (Molar) 

+ Nitrogen 

+Phosphorus 

Control 

(k:S) 
0.033 93:l 

(0:004) 

(:::7) 
0.045 54:l 

(0.004) 
1.2 0.034 75:l 

(0.19) (0.002) 

a significant time lag in nutrient uptake and that 
the short-term assay accurately reflected the longer 
term photosynthetic response. 

The nutrient content of dried algal tissues fol- 
lowing the experiments showed significant differ- 
ences in the concentrations of nitrogen and phos- 
phorus in nutrient-treated algae compared to the 
controls (Table 1). The average nitrogen concen- 
tration of nitrogen-treated algae was 29% higher 
than the phosphorus-treated algae and 18% great- 
er than the controls (p < 0.05), corroborating the 
results of the productivity assay that this species 
was nitrogen limited in the low nutrient portion of 
Bailey’s Bay. For the phosphorus-treated algae, the 
tissue phosphorus concentration increased signif- 
icantly (p < O-05), but was not associated with an 
increase in photosynthetic rates. The phosphorus 
content of the P-enriched algae was 36% higher 
than the N-enriched algae and 32% greater than 
the controls. The differences in the tissue concen- 
trations of nitrogen and phosphorus between the 
treatments can be seen in the average molar N:P 
ratios in Table 1. The high N:P ratio of 93:l for 
the nitrogen-treated algae and the low ratio of 54: 1 
for the phosphorus-treated algae relative to the 
control ratio of 75: 1 reflect the uptake of nitrogen 
and phosphorus, respectively. 

The pore water TN:TP ratios, ranging from 4.5 
to 6.1, reflect the high concentration of phospho- 
rus relative to nitrogen in these calcium carbonate 
sediments (Table 2). The average TN concentra- 
tion at 10 cm was 77% greater than that at 20 cm, 
although there was considerable variability at both 
depths, with values ranging from 49.7p.M to 172.9 
PM and 27.1 PM to 142.9 PM, respectively. Av- 
erage TP concentrations were more consistent with 
depth, but also were variable, with concentrations 
ranging from 10.7 PM to 32.0 PM at 10 cm and 
11 .O PM to 49.6 PM at 20 cm. In all cases, pore 
water nutrient concentrations were significantly 
higher than in the overlying water (p < 0.05). 

Depth 

1Ocm 

20 cm 

TN (I*M) 

107 
(26.4) 
60.4 

(27.6) 

TP W) 

17.9 
(4.9) 

23.8 
(8.9) 

TN:TP 

6.1:1 

4.5:1 

Discussion 
Nutrient limitation generally is the most impor- 

tant factor controlling macroalgal photosynthesis 
in environments where light is not limiting (La- 
pointe and Tenore 198 1). In the low nutrient por- 
tion of Bailey’s Bay, light levels at the sediment- 
water interface typically exceed 1,500 PE mm2 s-l, 
well above the saturation level for many shallow, 
tropical macroalgae (Lapointe 1987; Littler et al. 
1988; Lapointe and O’Connell 1989). The nutri- 
ent enrichment bioassay and tissue analysis clearly 
indicate that nitrogen limited the photosynthetic 
capacity of P. capitatus at this site. We used consid- 
erably lower concentrations of nitrogen and phos- 
phorus in the enrichment assay than those report- 
ed by other authors, and hence, our results 
represent a more conservative estimate of nutrient 
limitation. The elevated phosphorus tissue con- 
centration for the P-enriched algae without a con- 
comitant increase in photosynthetic rate suggests 
that this species may be capable of luxury uptake 
for phosphorus. Luxury uptake is known or in- 
ferred for several tropical and temperate macro- 
algae (Chapman and Craigie 1977; Birch et al. 198 1; 
Wheeler 1983; Rosenberg et al. 1984; Rosenberg 
and Ramus 1984; Fujita 1985; Fujita et al. 1989). 
The tissue N:P ratios reported in this study are 
higher than the mean N:P ratio of 35: 1 calculated 
by Atkinson and Smith (1983) for over 90 benthic 
seagrasses and macroalgae from several locations 
worldwide, but our control ratio (75:l) is within 
the range of values (33:l to 78:l) calculated by 
these authors for other siphonous species in the 
order Caulerpales. 

The results from the photosynthesis assay and 
tissue analysis are consistent with N limitation found 
in a similar assay for a related sand-dwelling spe- 
cies, Halimeda opuntia, from a mangrove site in 
Belize (Lapointe et al. 1987), but are in contrast 
to P limitation reported by Littler et al. (1988) for 
two sand-dwelling species, H. tuna and H. simulans, 
from a back reef habitat in the Bahamas. The dif- 
ference in nutrient limitation of these rhizophytic 
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species may be in part a function of differences in 
the organic content of the sediments. Organic mat- 
ter in anoxic sediments may increase available pore 
water phosphorus pools because organic coatings 
on the surface of calcium carbonate may inhibit 
phosphate adsorption, as suggested by Krom and 
Berner (1980). Sediments surrounding mangrove 
sites are typically high in organic content from 
decomposing material, and the sediments in Bai- 
ley’s Bay smelled strongly of hydrogen sulfide, in- 
dicating reducing conditions from heterotrophic 
activity. In the back reef site of the Bahamas stud- 
ied by Littler et al (1988), the algae were collected 
from bare sediments where both organic content 
and pore water phosphorous concentrations were 
probably lower than those in the vegetated sub- 
strata in Bermuda and from the mangrove site in 
Belize. 

Certain siphonous species in the order Cauler- 
pales may be capable of acquiring nutrients directly 
from the sediments, where concentrations of nu- 
trients are typically one to several orders of mag- 
nitude higher than those in the water column (Wil- 
liams 1984). The mechanism for nutrient uptake 
and translocation by these species has not been 
developed, although it has been suggested that si- 
phonous species, lacking true cross walls, can 
translocate nutrients via rapid turnover and cyto- 
plasmic streaming (Littler et al. 1988). The ability 
to use the high sediment-nutrient concentrations 
may confer a competitive advantage to these spe- 
cies in oligotrophic environments where water col- 
umn nutrients are extremely low and episodic. As- 
suming that pore water nutrients are an important 
source for the siphonous, rhizophytic alga, P. cup- 
itutus, the low TN:TP ratios of sediment pore water 
in outer Bailey’s Bay suggest a N-limited 
nutrient pool. TN:TP ratios.below the Redfield 
ratio, and the faster recycling rate of dissolved or- 
ganic P relative to that of dissolved organic N 
(Jackson and Williams 1985; Smith et al. 1985), 
make it highly likely that nitrogen availability limits 
benthic primary productivity at this site. External 
nitrogen inputs from groundwater nitrates are low 
compared to the inner, eutrophic portion of the 
bay, and nitrogen stable isotopic ratios indicate that 
there is little contribution of fixed nitrogen to the 
overall nitrogen requirement of P. cupitatus at this 
location (K. McGlathery unpublished data). The 
low TN:TP ratio of the sediment pore waters, 
therefore, is most likely a function of high phos- 
phorus solubility and regeneration and/or of high 
rates of denitrification. Significant losses of nitro- 
gen via denitrification, which would favor nitrogen 
limitation, have been reported in elastic sediments 
in temperate estuaries (Knowles 1982; Seitzinger 

1988). There are fewer data on potential denitri- 
fication rates in tropical carbonate-rich sediments, 
but rates can be high (Capone and Taylor 1980; 
Seitzinger and D’Elia 1985). The sulfidic Bailey’s 
Bay sediments indicate significant heterotrophic 
metabolism, which would be expected to lead to 
high denitrification rates. 

The pore water phosphorus concentrations in 
Bailey’s Bay are high compared to similar carbon- 
ate-rich sediments in the Caribbean (Morse et al. 
1985; Short et al. 1985; Morse et al. 1987), but 
fall well within the range reported for Bermuda 
sediments (Morris et al. 1977; Hines and Lyons 
1982). These differences may represent anthro- 
pogenic inputs, as the Bermuda sites are all in clos- 
er proximity to groundwater input and surface 
runoff than the Caribbean sites, or may represent 
different sorptive capacities of the carbonate sed- 
iments between the locations. Unlike the sediments 
in Bailey’s Bay, the Bahamian sediments studied 
by Morse et al. (1985,1987) were not reducing and 
presumably had lower levels of heterotrophic ac- 
tivity and organic matter accumulation. The low 
organic matter content would presumably favor 
adsorption of phosphate to calcium carbonate 
(Krom and Berner 1980). Hines and Lyons (1982) 
measured similar PO,+ pore water concentrations 
to those we found in a small bay several kilometers 
east of Bailey’s Bay on Bermuda’s north shore. 

Standing stocks of organic and inorganic nutri- 
ents are imperfect measures of potential nutrient 
limitation because turnover of dissolved nutrients 
is rapid (Jackson and Williams 1985; Smith et al. 
1985) and short-term pulses of nutrients from 
groundwater discharge or surface runoff may be 
more important than standing stock nutrient con- 
centrations in oligotrophic tropical waters. None- 
theless, the enrichment bioasssay and tissue anal- 
ysis clearly show that nitrogen rather than 
phosphorus was limiting the photosynthetic capac- 
ity of P. cupitutus in the low nutrient portion of 
Bailey’s Bay. These results, coupled with the nu- 
trient pore water data, indicate that not all car- 
bonate-rich tropical sediments induce phosphorus 
limitation of benthic macrophytes, suggesting that 
site-specific controls on relative nitrogen and phos- 
phorus availabilities are important in determining 
nutrient limitation (Howarth 1988). Several fac- 
tors should be considered in studies of nutrient 
limitation of tropical marine macrophytes, namely: 
(1) phosphate sorption and regeneration in calcium 
carbonate sediments containing different amounts 
of organic matter; (2) magnitude and frequency of 
external nutrient inputs; and (3) rates of denitri- 
fication and benthic nitrogen fixation. 

The results reported here represent the physi- 
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ological response of P. cupitutus to nutrient enrich- 
ment on the time scale of 1 d to 1 wk, and do not 
necessarily reflect the longer term ecosystem-level 
or community-level effects of nutrient enrichment. 
Presumably those species, such as P. capitatus, found 
in oligotrophic water are adapted to low nutrient 
conditions in the water column either through the 
ability to acquire nutrients directly from the sub- 
stratum and/or through luxury uptake. Nutrient 
enrichment via groundwater inputs or surface run- 
off is more likely to cause a change in species com- 
position, favoring rapidly-growing, opportunistic 
species, an effect similar to the change observed in 
temperate phytoplankton community composition 
following nutrient enrichment (Sanders et al. 1987). 
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