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Introduction

accretion in tropical coastlines experIencmg increased
eutrophication.

Benthic marine macroalgae contribute significantly to
primary production and sediment CaC0 3 accretion in
coastal waters (Ginsburg 1956; Stockman et al. 1967;
Stoddart 1969; Milliman 1974; Hillis-Conlinvaux 1980,
1982, 1986a, Wefer 1980; Drew 1983). Several ecophysio
logical features distinguish fleshy macroalgae from cal
careous macroalgae. Photosynthesis is coupled to the
deposition of the calcium carbonate skeleton of calcareous
algae (Littler 1976; Borowitzka 1977, 1979, 1982), a charac
teristic that is correlated by reduced susceptibility to
predation (Bakus 1966; Hay 1984; Lewis 1985; Lewis
and Wrainwright 1985; Paul and Hay 1986; Littler et al.
1987). Although no demonstration exists for direct in
volvement of energy in calcification of calcareous algae,
recent evidence suggests active calcification processes
(Markley 1982; McConnaughey 1988). Channelization of
photosynthetic energy into carbonate precipitation may
explain the relatively low productivity of coralline algae
compared to fleshy algae (Littler and Littler 1980). Cal
careous algae are considered biologically more adapted
to the environment than fleshy algae (Littler and Arnold
1982; Zabala and Ballesteros 1989), a life history parameter
also associated with a k-selection strategy (sensu Margalef
1974).

Low nutrient availability is one factor often associated
with the ecological success of calcareous algae (Zabala
and Ballesteros 1989). The ability of fleshy species to
undergo a transient "shift up" in productivity when higher
nutrients are available is characteristic of an opportunistic
strategy. Opportunistic macroalgae (i.e. r-strategists, sensu
Margalef 1974), similar to the fleshy species of the present
study, typically have high VmaJKm ratios (e.g., see
Wallentius 1984), providing a competitive advantage over
the species with low surface/volume ratios. Under low
nutrient concentration in the water on the Belizean Barrier
Reef, partitioning of limiting nutrient has been shown to
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Abstract. The results of a study of nutrient enrichment
with nitrogen (N) and phosphorus (P) on productivity and
calcification of fleshy and calcareous algae are reported
in this study. Plants were collected from a nearshore
eutrophic site in the Florida Keys (USA) and experimen
tally pulsed during the night with combinations of Nand
P. After several days of pulsing (7-10 days), net productivity,
calcification, and alkaline phosphatase activity (APA),
were measured. Productivity offleshy algae were frequently
enhanced by N, P, and N + P, during both summer and
winter. Phosphorus limited the productivity of Hydro
clathrus clathratus during winter and VIva spp. during
summer, whereas nitrogen limited the productivity of
Laurencia intricata during both seasons. During summer,
Dictyota cervicornis productivity was not enhanced by
any nutrient enrichment. Nitrogen limited the productivity
of the three calcareous species Penicillus capitatus, Penicillus
dumetosus and Halimeda opuntia during winter and that
of H. opuntia during summer. Neither N nor P enrichment
increased calcification of calcareous species, and P enrich
ment greatly inhibited calcification of P. dumetosus during
winter. Nutrient enrichment enhanced the productivity of
the fleshy species to a greater extent than that of calcareous
algae. The seawater DIN:SRP molar ratio was low at our
eutrophic study site (molar ratio average of 3:1 during
winter and 9:1 during summer) compared to more oligo
trophic sites in the Florida Keys, suggesting that in
carbonate-rich environments, eutrophication shifts nutri
ent regulation of productivity from P to N. APA activities
of fleshy macroalage were higher than calcareous algae,
and rates of all macro algae were 2- to 7-fold higher in
summer compared to winter. Productivity was also about
3-fold higher in fleshy compared to calcareous species and
about 2-fold higher in summer compared to winter. These
results suggest that nutrient enrichment enhances producti
vity of fleshy algae to a greater extent than that of
calcareous algae. Thus, overgrowth of calcareous algae
by more opportunistic fleshy forms could reduce carbonate
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occur. Productivity of calcareous algae is primarily N

limited whereas productivity of fleshy species is P-limited

(Lapointe et al. 19X7). P-limited productivity of tropical

fleshy macroalgae, as well as the seagrass Syringodium

filiforme, has been demonstrated in a variety of carbonate

rich environments (Lapointe 1987; 1989; Lapointe and

O'Connell 1989; Littler et al. 1988; Short et al. 1990;

Lapointe et al. 1992). Such P-limitation results because

soluble reactive phosphorus (SRP) co-precipitates with

calcium carbonate and is rapidly adsorbed to carbonate

particles (Berner and Morse 1974; Morse 1974; De Kanel

and Morse 1979). P-limitation of fleshy macroalgal pro

ductivity is also corroborated by higher alkaline phos

phatase activity (APA) in carbonate-rich environments

compared to lower APA activity in fleshy macroalgae in

predominantly N-limited siliciclastic waters (Lapointe

et al. 1992).
Seasonal variability in ambient seawater nutrient con

centrations also influences patterns of nutrient-limited

productivity. "Wet" versus "dry" seasonality in the tropics

and subtropics influences couplings between island ground

waters and adjacent surface waters, with maximum rates

of submarine groundwater discharge (SGD) and nutrient

loading occurring during the wet season (Marsh 1977;

Johannes 1980; Lewis 1985; Lapointe 1989; Lapointe

et al. 1990). Increased N-availability during the summer

wet season in the Florida Keys shifted N-limited productiv

ity (during the dry season) towards P-limited productivity

ofthe fleshy red alga Gracilaria tikvahiae (Lapointe 1987).

The present study was designed to determine seasonal

patterns of nutrient limited productivity among a variety

of abundant fleshy and calcareous macroalgae from a

subtropical, eutrophic carbonate-rich environment. The

effects of nutrient enrichment on productivity and calcifi

cation in calcareous green algae were studied. To address

seasonality in nutrient limitation, we performed experi

ments during winter (dry season) and summer (wet season).

At the end of the nutrient-enrichment experiments within

each season, we assayed the plants for net productivity,

calcification and alkaline phosphatase activity (APA).

Dissolved nutrients in the ambient seawater at the study

site were also determined during both seasons.

Materials and methods

Study site and species selection

The study site was located in the shallow « 2 m) nearshore waters

of extreme southwestern Florida Bay along the north side of

Marathon, Florida Keys, USA, and immediately adajcent to Crane

Point Hammock. Benthic communities in this area include the

seagrasses Thalassia testudinum Banks ex Konig, Syringodiumfiliforme

Kuezting, and Halodule wrightii (Ascherson) Ascherson, as well as

a diverse array of calcareous and fleshy macroalgae, the latter

forming extensive epiphytic growths on the seagrasses. Rachel Key,

a bird roosting island with extensive guano deposits, is located along

one side of the study area. Marathon key is a highly developed area

and the impacts of human sewage in nutrient enrichment and

eutrophication of its nearshore waters have been well documented

(Heatwole 1987; Lapointe et al. 1990).

We chose the following species from this area for our studies:

three species of green calcareous algae, Halimeda opuntia (Linnaeus)

Lamouroux, Penicillus dumetosus (Lamouroux) Blainville, and

Penicillus capilalus Lamarck. and representatives of foreen. red. and

brown fleshy algae. including V Ilia sp. (Chlorophyta). Laurene;a

inlrica(a (Lamouroux) (Rodophyta). lIydrocllllllrus c/a/llra(l/s (Borys)

Howe (Phaeophyta). and Dielyola een';mrtl;s (K utzing) (Phaeophyta).

All species studied were hand collected In shallow water. 1'.

dumelosus was intermixed with T les(udinul1I. while II. "plllllia

formed isolated mounds up to 1.0 m high and 5 m diameter. L.

in/rica/a and D. cervicornis were collected as luxuriant epiphytes of

H. opunlia mounds. L. in/ricalll was more abundant in winter. while

D. cervicornis was more abundant in summer. the latter also growing

as an epiphyte on L. inlrica/a. Viva sp. and H. clalhralus grew in

low energy habitats immediately adjacent to the bird island. The

sediments in the study area are composed largely of calcium

carbonate. with easily recognizable debris of H. "punlia segments.

P. eapi/aeus was collected from a eutrophic man-made canal system

on Big Pine Key that receives elevated nutrient loading via septic

tank leachate.

Experimental design and operation

The nutrient enrichment experiments were conducted in outdoor

continuous-flow seaweed culture chambers similar to those described

by Lapointe and O'Connell (1989). Water in the aquaria was

renewed 24 times a day during day-light. Experimental enrichment

of four nutrient treatments included a control (ambient seawater,

no added nutrients), + N, + P, and + N + P. Phosphorus was

provided as NaH 2 P04 and N as NH 4 Cl. Three replicate plants

(individually collected) were grown within each treatment. The

concentrations of P and N achieved during the pulses were 211M

PO4 and 20 11M NH4 , concentrations often encountered in eutrophic

marine waters. The nutrient pulses extended for 12 h each night (from

20.00 h to 08.00 h) and were administered by stopping the seawater

flow of the aquaria at dusk (including controls) and enriching the

aquaria with the desired nutrient. Aeration was supplied to all the

aquaria including controls. Seawater flow was restored each morning

(08.00 h) to flush residual nutrients from the aquaria. Special care

was taken to simulate in the aquaria the ambient conditions of

temperature, nutrient concentration, and irradiance encountered at

the study site. Seawater for the aquaria was pumped from surface

waters in the study area, only a few meters away from the aquaria,

while neutral density fiberglass screens were used to attenuate the

irradiance in the chambers to levels of 30-40% of surface irradiance.

Water temperature in the aquaria was assumed to be similar to

that of the study site because of the high water turnover rate in the

aquaria during day light and the aeration/stirring during the night.

Physiological and biochemical analysis

All species were maintained under the conditions described above

for 710 days (beginning February 19, 1990 in winter and July 25,

1991 in summer) and subsequently assayed for biochemical and

physiological parameters. Net productivity and light calcification

rates were determined using "light and dark" bottle oxygen tech

niques (Strickland and Parsons 1972). Previous studies indicated a

close correlation between production assays and long-term growth

responses (Lapointe 1987). Incubations were carried out on clear,

sunny days between 1200 and 1400h, using I liter Wheaton wide

mouth jars that received continuous stirring and temperature con

trol via water-driven magnetic stirrers. Three replicate incubations

per treatment were used. Irradiance was monitored continuously

during the incubations with a Li Cor Ll-188 and irradlance mam

tained between 1000-1500 I1E m - 2S - 2; neutral density fiberglass

screens were used to attenuate light when necessary. These irradiances

are within the range of light saturation values documented for other

shallow macroalgae (Arnold and Murray 1980; Lapointe et al. 1984).

Dissolved oxygen was determined to within 0.01 mg 1-1 with an

Orbisphere Model 2610 oxygen measurement system. Carbon pro

ductivity values were calculated from oxygen data using a photo

synthetic quotient of one.
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Table I. Salinity, temperature, nutrient concentration, and N I' ratio in the water column in winter and summer of the study site in the

Florida Keys

75432

Fig. I. Maximum productivity (mean ± I SO) measured in cal
careous 0 and fleshy I!liI macroalgae during the nutrient enrichment
bioassays carried out in winter (top) and summer (bottom). (I)
Penicillus dumetosus; (2) Penicillus capitatus; (3) Halimeda opuntia;
(4) Laurencia intricata; (5) Viva sp; (6) Hydroclathrus clathratus; (7)
Dictyota cervicornis

Results

Productivity

Productivity of control plants was significantly higher in
summer (about 2-fold) compared to winter productivity
in all the macroalgae studied (one-way ANOVA, P<0.05;
Fig. 1). Comparing algal groups, fleshy algae showed a
much greater productivity (approximately 3-fold) than
calcareous algae during both seasons (one-way ANOVA,
P <0.05; Fig. 1). Nutrient enrichment had a reduced effect
on productivity of all species studied during summer as
compared to winter.

TOP, total dissolved phosphorus; TON. total dissolved nitrogen;
TON:TOP, atomic ratio of total dissolved nitrogen and total
dissolved phosphorus

For all productivity, calcification, and APA measurements, three
replicate incubations per treatment were run. Nutrient enrichment
effects on net productivity, light calcification, and APA, were
analyzed using analysis of variance (one-way ANOYA; Sokal and
Rholf 1981). Comparisons of seasonal (winter and summer) and
algae group (calcareous versus fleshy) productivity and APA were
also tested by means of analysis of variance, though only control
plants (no nutrient enriched plants) were used (one way ANOYA).

Ambient seawater

Statistical analysis

Seawater samples for nutrient analysis were collected at the study
site with acid-washed Nalgene bottles on the first day of each
experiment. A total of 6 samples, over a 24 h period, were taken
on each day. The seawater was filtered through Whatman GFF
filters and the samples immediately analyzed for soluble reactive
phosphorus (SRP), ammonium, and nitrate plus nitrite using an
Technicon Autoanalyzer II according to methods described by
Lapointe et al. (1990). Total dissolved phosphorus (TOP) and total
dissolved nitrogen (TON) were determined in filtered water samples
after an acid digestion using methods described in Grasshoff(1983).

Temperature, salinity, and dissolved nutrients in the water
column at the study site are summarized for winter and summer in
Table 1. Temperature averaged 24.4°C in winter and 31.5°C in
summer; salinity averaged 38.1 ppt in winter compared to 38.6 ppt
in summer. Ammonium concentrations averaged 0.04 (±0.03) 11M
in winter compared to 0.29 (±0.04) 11M in summer, while average
nitrate plus nitrite concentration was ~0.30 11M in both seasons.
SRI' concentrations averaged 0.11 and 0.06 11M in winter and
summer, respectively. The seawater OIN:SRP molar ratio averaged
3:1 in winter and 9:1 during summer. Total dissolved N and I'
averaged during winter 3.82 and 0.32 11M, respectively.

Season Salinity Temperature SRI' NH 4 NO,+NO, DIN:SRP TOP IDN TDN:TDP

/ iX' C pmoll 1 pM pM ~llnoll
1

~1I11011
1

Winter 38.10 ± 0 I 24.40 ± 0.04 01] ± 0.04 0.04 ± 003 029±O.18 309 ± 1.12 0.32 ± 0.08 \82 i 0.79 12.36 ± 3.11

Feb-90
Summer 38.61 ± 0.30 31.50 ± 0.68 0.07 ± 0.02 029 ± 0.04 0.30 ± 0.05 923 ± 223

Aug-91

Changes in alkalinity were used to estimate CaCO) precipitation
of the calcareous species (Littler and Arnold 1985). Alkalinity
samples were filtered through Whatman GFF filters and alkalinity
determined to within 0.005 meq ·1 - 1 following the potentiometric
method as described by Edmond (1970) with the aid of a computerized
program for the titration end-point calculation.

APA assays were determined in the temperature-controlled and
continuously-stirred Wheaton jars using the spectrophotometric
method of Kuenzler and Perras (1965), modified for macroalgae
and described in detail by Lapointe (1989). APA was measured in
three replicate samples per treatment and sampled after one and
two hours of incubation. Absorbance was measured at 410 nm on a
portable Hach Model 2000 spectrophotometer.

SRI', soluble reactive phosphorus; NH 4 , ammonium; NO) + N0 2 ,

nitrate plus nitrite; DIN:SRP, atomic ratio of OIN, dissolved
inorganic nitrogen (ammonium plus nitrate plus nitrite) and SRI';
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Table 2. Summary of one-way ANOVA of
nutrient enrichment effect on productivity Species Season Factor % 01 P>F10

of various specIes (first three species listed)
Control Variation

of calcareous and Ileshy macroalgae ~ Winter N 54 33
during winter and summer in the ::0 Pellicillus dumetosus

0.039
0

Florida Keys
v Pel1icillus capitatus Winter N 159 49 0.020
;;;
~

Halimeda opulltia Winter N 188 49 0.020

oj Summer N 46 74 0.001
U ----_.-_.. -

Laurel1cia illtricata Winter N 210 68 0.002

N+P 87 II 0.014

P -8 39 0.021

Summer N 12 46 0.002

;>-,
N+P 64 24 0.012

.c Viva sp Winter N 62 41 0.001
'"v P 54 37 0.001
G:

Factors include nitrogen (N), phosphorus (P) N+P 249 II 0.020

and N + P. Percentage of productivity Summer P 39 57 0.000

increase or decrease compared to control N+P 139 18 0.003

(% control), percentage of variation Hydroclathrus clathratus Winter N 1767 14 0.003

accounted for by fllctor (% variation), and P 6800 77 0.000

the probability of the null hypothesis(P > F; N+P 12266 I O.oI8

N = 3) are provided --_. -----_._-~------.._._-- ----_.---------

+----
Fig. 2. Net productivity of calcareous macroalgae as a function
of N. P and N + P enrichment during winter 0 and summer r:&l in
the Florida Keys. USA. Values represent means; ± 1 SO (N = 3).
Stars indicate the level of significance from one-way ANOVA;
•• P < 0.05; •• ,p < 0.01; •••• p < 0.001

Fleshy algae

N, P, and N + P enhanced productivity of all species of
fleshy algae tested during winter. In contrast to calcareous
algae, nutrient enrichment effects accounted for a large
portion (> 70 %) of the total variance in productivity of
fleshy macroalgae during both seasons, except for D.
cervicornis, which did not respond to nutrient enrichment.
N-enrichment enhanced productivity of L. intricata (210%
above control) as did N + P enrichment (87 % above
control) (Table 2, Fig. 3). Both Nand P enrichment
enhanced productivity of Viva sp. (62 % and 54 % above
control, respectively), with the greatest enhancement result
ing from N + P enrichment (249 % above control). N, P,
and N + P enrichment dramatically enhanced the pro
ductivity of H. clathratus during winter (1767 % and
6800 % and 12266 %, above control, respectively). N + P
enrichment enhanced productivity of L. intricata more

Calcareous algae

Nitrogen enhanced productivity of the three calcareous
species studied during winter (Table 2 and Fig. 2); 54 %
above control in P. dumetosus, 159 %above control in P.
capitatus, and 188% above control in H. opuntia. Less than
50% of the total variance in winter productivity of these
species was explained by nutrient enrichment. Only the
productivity of H. opuntia was enhanced by N enrichment
during summer (46 %above control).
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Fig. 3. Net productivity of l1eshy
macroalgae as a function of N, P,
and N + P enrichment during
winter 0 and summer l&l in the
Florida Keys, USA. Values re
present mean; ± I SD (N = 3).
Stars indicate the level of signi
ficance from one-way ANOVA;
*, P<0.05; **, P<O.OI; ***, P<
0.001

+ N+P

.."

Ulva sp

Fig.4. Light calcification of calcareous macroalgae in N, P, and
N + P enrichment treatments during winter 0 and summer I8l
in the Florida Keys, USA. Values represent mean ± I SD (N = 3)
Stars indicate the level of significance from one-way AN OVA;
*,P<0.05; **,P<O.OI; ***,P<O.ool
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Fig. 5. Alkaline phosphatase activity (APA) of control plants of
calcareous and l1eshy macroalgae during winter 0 and summer
III in the Florida Keys. Histograms pletted are mean ± I SE (N = 3).
only SE > 10 are represented

+N +P

than N alone, during summer (64 %vs 12 %above controls,
respectively). Both P and N + P enrichment enhanced
productivity of UIva sp (39 % and 139 % above controls,
respectively).

+N

Dictyota cervicornis

6

o Control

4

8

o .JJ-....LJ=----'----'-
Control

4

6

8

10

12

10

+ N+P

+ N+P

Fleshy algae

+P

+P

+P

Penicillus capitatus

Halimeda opuntia

+N

+N

+N

Penicillus dumetosus

Calcification

lHt

+N

+N

Laurencia intricata

Hydroclathrus clathratus

Control

2

3

4

o
Control

o.ll-.L.J;::::L_...L-L

Control

Control

Control

0.8

1.2

1.6

1.0

0.2

2

4

3

6

o

'.£:

()
(J)

E

'";-~

~
u
o
'c
ro
E'
o
C) 0.4

u
(J)

E

u
(J)

E

.~ 0.8

~
u 0.6
o
'ce, 0.4
o
(J)

u
(J)

E



156

Table 3. Alkaline phosphatase activity
(APA) of various species of calcareous and Species Season Treatment APA

Oeshy macroalgae during winter and summer ;IM P04 gash free dw I h - I

in the Florida Keys
Penicillus dumetosus Winter C 28.30 ± 4.15

N 35.66 ± 720
I' 6.00 ± 0.52
Ntl' 8.30 ± 1.36

Summer C 41.20 ± 0.81
N 48.94 ± 2.74
I' 1613±0.66
Ntl' 14.48 ± 0.54

Penicillus capitatus Winter C 35.64 ± 2.95
N 51.02 ± 4.85

<J> I' 12.99 ± 2.32
::>
0 Ntl' 10.38 ± 0.65
~
oj Summer C 56.52 ± 1.79
(J

0; N 74.28 ± 3.95
u I' 14.22 ± L62

N+I' 9.64 ± 0.35
Halimeda opuntia Winter C 42.00 ± 2.58

N 46.06 ± 2.86
I' 31.83 ± 4.46
N+P 21.86 ± 2.23

Summer C 84.56 ± 2.78
N 9L03 ± L08
I' 49.73 ±4.82
N±I' 41.20 ± 3.14

-----_. .._---------_..------

Laurencia intricata Winter C 112.20 ± 9.80
N 156.50 ± 23.16
I' 39.81 ± 0.81
N+I' 8.04 ± 0.29

Summer C 235.03 ± 2L67
N 252.18 ± 14.06
I' 7L85 ± 5.48
N±I' 68.81 ± 13.22

Viva sp Winter C 19.42 ± 3.22
N 8.69 ±0.48
I' 9.87 ± 2.03

>-. N+I' 3.91 ± 0.22
{i
<l) Summer C 95.03 ± 8.71

G: N 43.15 ±4.69
I' 17.45 ± 3.58
N+I' 14.97 ± L62

Hydroclathrus clathratus Winter C 99.96 ± 3.26
N 132.58 ± 4.53
I' 53.55 ± L93
N+I' 52.65 ± 2.41

Dictyota cervicornis Summer C 248.39 ± 35.32
N 245.57 ± 36.78
I' 164.39 ± 12.36

Values represent mean ± SE (n = 3)
N+I' 220.16 ± 14.46

Calcification

Calcification rates of the calcareous species were highly
variable (Fig. 4). In winter, P-enrichment greatly inhibited
light calcification in P. dumetosus (79 % below control).
Similarly, Nand P enrichment reduced light calcification
in P. capitatus during winter (55 %and 68 %below control
plants, respectively) although this effect of nutrient enrich
ment was not significant (P = 0.07). Nutrient enrichment
had no significant effects on calcification rates of H.
opuntia during winter. During summer. nutrient enrich
ment had no significant effect on light calcification in
any of the calcareous species (Fig. 4).

Alkaline phosphatase activity ( APA)

P-enrichment significantly reduced APA in all plants
(24-87 % decrease), except for D. cervicornis (Tables 2
and 3). N-enrichment increased APA above control levels
in H. clathratus (33 %) and P. capitatus (31 %) during
summer and slightly in L. intricata (7 %) during winter;
however, N-enrichment reduced APA in Ulva sp. below
that of the control during both seasons (55 %). N + P
enrichment reduced APA in plants to a greater extent
than P-enriched plants. Summer APA was higher (30 to
80%) than winter APA, especially in fleshy species (Fig. 5
and Table 4). Except for the relatively low APA measured

bchang1
Text Box
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Table 4. Summary of one-way ANOVA of
nutrient enrichmt"r.! efTect on alkaline Species Season Variation Factor % % P>F

phosphatase activity (APA) of various coefTicient control variation

species of calcareous and fleshy macroalgae
during winter and summer in the Florida Penicillus dumelosus Winter 83 P _. 79 62 0.000

Keys Summer 54 P ~61 92 0.000
N+P ~65 2 0.018

Penicillus capitalus Winter 67 P -64 76 0000
~ N+P ~80 6 0.000
::l
0 Summer 74 N 31 I 0.010
~

'"
P ~ 75 90 0000

-"! N+P ~83 9 0.000
'"U Halimeda opuntia Winter 34 P ~24 53 0.000

N+P -48 9 0.039

Summer 35 P ~41 87 0.000
N+P -51 3 0.032

---- -----_._--- ----

Laurencia intricata Winter 84 N 7 5 0.000
P -65 84 0.000
N+P -93 6 0.000

Summer 68 P -69 87 0.000
N+P -71 2 0.002

>-, Viva sp Winter 69 N -55 35 0.000
{; P -49 26 0.001.,
G: N+P -80 3 0.005

Nutrients include nitrogen (N), phosphorus Summer 80 N -55 16 0.000

(P) and N + P. Percentage of productivity P -82 59 0.000

increase or decrease compared to control N+P -84 13 0.000

(% control), percentage of variation Hydroclathrus clathratus Winter 41 N 33 6 0.000

accounted for by factor (% variation), and P -46 84 0.000

the probability of the null hypothesis (P > F; N+P -47 6 0.000

N = 3) are also provided

in Viva sp. during winter, fleshy algae frequently had APA
values higher than calcareous species (Fig. 5).

Discussion

Productivity was significantly higher in fleshy algae (fila
mentous and sheet forms) than calcareous algae (one-way
ANOVA; P <0.05). These results are in agreement with
previous comparative functional-form studies (Littler and
Littler 1980).

Our bioassays indicated that productivity of the fleshy
algae was limited by Nand/or P as compared to calcareous
species that were limited primarily by N. Nutrient enrich
ment accounted for a greater percentage of the total
variance of productivity in the fleshy compared to the
calcareous macroalgae. Indeed, a lack of response in
productivity due to nutrient enrichment was a common
feature of the calcareous algae during summer; this suggests
that calcareous algal productivity is not as nutrient limited
as fleshy algae. Moreover, a greater complexity of nutrient
effects on calcareous macroalgae was evident; for example,
N-enrichment enhanced productivity but not calcification
in calcareous macroalgae during summer, and P-enrichment
inhibited calcification in P. dumetosus during winter.

Rates of alkaline phosphatase activity (APA) measured
in this study were similar to those reported by Lapointe
(1989) for the same genera in similar carbonate-rich
environments of the Florida Keys. The generalized de-

crease of APA in response to P-enrichment suggests that
many tropical macroalgae utilize phosphatase production
in Viva sp during winter, fleshy algae frequently had APA
support growth in tropical waters with low SRP compared
to DIN. In general, fleshy algae had APA values higher
than calcareous algae, and all species had 2- to 7-fold
higher APA in summer compared to winter. However, the
fleshy algae Viva sp. and H. clathratus had the lowest
APA values and their productivity responded dramatically
to P-enrichment. We suggest that this limited phosphatase
capacity makes these two species "indicators" of elevated
SRP availability and eutrophication. Hydroclathrus
clathratus and V Iva sp are examples of opportunistic
species (r-strategists), having dratnatically enhanced pro
ductivity related to episodic nutrient enrichment. The high
epiphyte coverage of H. opuntia at the study site, resulting
from overgrowth by Laurencia intricata, Dictyota cervi
cornis, and a suite of microfilamentous species illustrate
how fleshy algae are favored to the detriment of calcareous
macroalgae in eutrophic environments.

Phosphorus is often the primary nutrient limiting
productivity offieshy algae in oligotrophic, carbonate-rich
marine environments, although N can simultaneously be
a secondary limiting nutrient (Lapointe et al. 1987; Lapointe
et al. 1992). However, N was clearly the nutrient limiting
productivity ofcalcareous algae in this study. Our findings
corroborate studies of Lapointe et al. (1987) on the
Belizean Barrier Reef that reported P-limitation of several
species of fleshy algae compared to N-limitation of cal-
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careous alga H. opulltia, within both mangrove and
back-reef habitats. N-enhancement of productivity has
also been reported for epiphytic species of Halimeda spp
from Bahamas compared to P-enhancement in psam
mophytic species of Halimeda from similar habitats (Littler
et al InS).

Elevated concentrations of SRP relative to DIN was
an interesting feature of the ambient seawater at our study
site that influenced patterns of macroalgal nutrient limi
tation. The observed low DIN:SRP ratio (ranging from
9 to 3) arc similar to values reported for N-limited
siliciclastic marine environments (Lapointe et al 1992) or
eutrophic marine environments (Lapointe et al 1987)
characterized by high rates of denitrification (Margalef
1974). Higher DIN:SR P ratios (e.g., > 15) are often as
sociated with oligotrophic carbonate-rich tropical waters,
such as shallow water sponge-dominated hard bottom
communities of"the Florida Keys where fleshy macroalgae
are typically P-limited (see Lapointe 1987, 1989; Lapointe
et al. 1992).

Accordingly, our findings of frequent N- as well as
P-limitation of macroalgal productivity may signal a shift
towards predominantly N-limitation of benthic macro
algal productivity with increasing eutrophication. High
P-Ioading relative to N occurred at the study site due to
enrichment from a nearby guano island (N: P ratio of
guano is approximately I: I), as well as non-point source
submarine groundwater discharge of nutrient pollution
derived from nearby septic tank leachate that is maximum
in summer (Lapointe et al. 1990). That nutrient enrichment
enhanced macroalgal productivity to a much greater
extent in our winter studies compared to summer supports
previous observations (Lapointe et al. 1990). Increasing
eutrophication at this site is supported by 2- to 3-fold
higher concentrations of particulate C, N, and P in the
water column when compared to a more oligotrophic,
less polluted site at South Pine Channel adjacent to
Middle Torch Key in the lower Florida Keys. Interestingly,
concentrations of water column dissolved inorganic nu
trients are similar between these two sites (Lapointe and
Clark 1991). Smith et al. (1981) also found that dissolved
inorganic nutrient concentrations are a poor predictor of
eutrophication in Kaneohe Bay, Hawaii, as compared to
particulate nutrient pools in the water column that relate
directly to the development and diversion of sewage
pollution in that system.

The characteristically low APA and lack of productiv
ity response to P-enrichment in calcareous algae suggest
that these species are well adapted to tropical waters
having low SRP concentrations. Internal plant P storage/
cycling could thus be of ecological importance for the
calcareous algae success in oligotrophic waters.

A relation between carbonate platforms and low
nutrient waters has long been known. Two anthropogenic
impacts, nutrient enrichment associated with cultural
eutrophication and overfishing of grazing fish populaions,
are considered primary factors leading to the demise of
corals and calcareous macroalgae on Atlantic and Pacific
tropical reefs (Banner 1974; Antonius 1981; Littler and
Littler 1984; Hallock and Schalger 1986). The main effects
attributed to nutrient enrichment are (I) enhanced growth
of fleshy macroalgae which overgrow and kill corals (Adey

et al 1977; Kinsey and Davies 1979; Antonius 1982; Littler
and Littler 1984; Smith et al 1981); (2) reduction in the
quantity and quality of the light reaching the benthos that
reduces the depth range of carbonate reef development
while increasing the rate of bioerosion (Hallock and
Schlager 1986; Tomascik and Sander 1987; Kinzie and
Hunter 1987; Hallock 1988); and (3) direct inhibition of
calcification/carbonate accretion in corals by "phosphorus
poisoning" of calcium carbonate crystal formation (Simkiss
1964; Berner and Morse 1974; Kinsey and Davies 1979;
Walker and Ormond 1982). Although we found some
evidence of P-inhibition of calcification in calcareous
algae as reported by others (e.g., Brown et al 1984), our
study suggests that increased nutrient availability primarily
disrupts carbonate accretion by calcareous algae through
overgrowth by faster-growing fleshy algal species. Because
Halimeda spp (and other related species) arc major pro
ducers of carbonate sediment in tropical waters (Hillis
Colinvaux, 1980, 1986b), increasing coastal eutrophication
of tropical waters and associated fleshy algal overgrowth
may threaten future carbonate accretion by calcareous
algae.
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