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Abstract. The relative nutritional status, with respect to
phosphorus (PJ vs. nitrogen (N) limitation, and light
limited photosynthesis (PJ was examined over a broad
range of quantum fluxes (1) for four Halimeda species,
Halimeda tuna (Ellis and Solander) Lamouroux, H. simu
lans Howe, H.lacrimosa Howe and H. copiosa Goreau
and Graham, taken from clear, shallow, Bahamian
waters. The results support the hypothesis that psammo
phytic forms (i.e., sand dwellers anchored by a bulbous
rhizoidal system) differ in nutrient status from epilithic
forms (i.e., attached to rock by inconspicuous rhizoids).
Maximum photosynthetic rates (PmaJ for the epilithic
species H. lacrimos and H. copiosa decreased
(P<0.05) following Pi enrichment, but increased
(P < 0.05) following N pulses. Conversely, following brief
exposures to Pi, Pmax in the sand-dwelling form's H. tuna
and H.simulans was elevated (P<0.05). These findings
suggest that shallow species of Halimeda are adapted to
take advantage of episodic nutrient pulses, and that par
titioning of limiting resources may occur between the
various life forms. Shallow water Halimeda species ap
pear well adapted to variable light regimes, including low
light conditions. In all cases, light-saturated photosyn
theses (Ik ) occurred at irradiances much lower than the
ambient levels available on t~ical sunny days. Associ
ated with low saturation irradiances were low light re
quirements for photosynthetic compensation (IJ and rea
sonably efficient use oflow photon flux densities as indi
cated by relatively steep slopes (IX) of the P, vs. I curves.
Of the four species, H. copiosa was the most shade
adapted, with considerably higher IX values and consider
ably lower Ie' Ik and photoinhibition values.

Introduction

Members of the green algal genus Halimeda (Caulerpales,
Halimedaceae) are recognized (e.g., Ginsburg 1956;
Milliman 1974; Hillis-Colinvaux 1980, 1986) as major
elements of both tropical Atlantic and Pacific reefs. This

calcareous genus contains some of the deepest living
frondose algae (Hillis-Colinvaux 1977, 1986; Littler et aI.
1985, 1986a), often dominating communities on deep
reef slopes, such as the zone of Halimeda spp. from 90 to
130 m deep for a Bahamian Seamount (Littler et al.
1986a).

In contrast with deep-water Halimeda species, other
species are abundant on protected back-reefand fore-reef
habitats, occurring over a broad depth range on both
hard and soft substrata. Some psammophytic (sand
dwelling) forms are associated with shallow seagrasses
and mangroves. Natural Halimeda populations of 100
plants' m - 2 are common (Hillis-Colinvaux 1980), and
densities up to 500· m - 2 are found on some reefs. Re
cently, immense bank-like mounds composed of living
Halimeda species and their sediments (dating to 5000 yrs
ago) have been discovered (Davies and Marshall 1985).
The importance of Halimeda as a reef-forming organism
was well reviewed over 80 yrs ago (Chapman and Maw
son 1906), but has been largely overlooked.

Reefs with large standing stocks of macroalgae
usually receive elevated nutrient supplies (Adey et aI.
1977), an observation consistent with the idea that
growth rates of reef macroalgae may often be nutrient
limited. However, the question of which macronutrient
element - N, Pi or their interactions - might limit mac
roalgal productivity in reef ecosystems has seldom been
addressed experimentally. Traditionally, N is considered
the primary limiting nutrient in tropical marine waters
(e.g., Parsons et al. 1977), although recent evidence from
geochemical models (Broecker and Peng 1982; Smith
1984) and in situ macroalgal bioassays (Lapointe 1985,
1987) suggests that Pi may be the more important
growth-limiting nutrient in carbonate-rich tropical ma
rine waters. A knowledge of photosynthetic responses to
Pi and N by species of an abundant calcifier such as Hali
meda could prove useful to clarify current uncertainties
(e.g., see Smith 1984) about the importance of N vs. Pi
limitation to algal growth in tropical marine environ
ments.
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Two major form-groups exist in the genus Halimeda,
psammophytic forms that have well-developed, bulbous,
rhizome systems, and epilithic forms which have only
limited rhizoidal attachment structures. Based upon this
morphological divergence in the genus, and the influence
of morphology on nutrient-uptake, we hypothesized that
different nutrient-related responses may have evolved
within this genus. To begin to understand the compara
tive physiological ecology of this important worldwide
reef alga, we examined the relative nutritional status (N
vs. Pi limitation) for two psammophytic and two epilithic
Halimeda species. These studies were conducted with
manipulations of ambient light levels to test the role of
light as an interacting factor with nutrient limitation.

The following specific questions were addressed:
Do psammophytic forms differ in their relative levels

of nutrient limitation from species restricted to hard sub
strata?

Is there interaction between nutrients and irradiance
in the photosynthetic responses of different Halimeda
species?

Do dark respiration rates (R) and photosynthetic
rates at light saturation (P max) vary among various Hali
meda species?

Do shallow-water populations of Halimeda species
differ in their light-limited photosynthetic characteristics
(ex, t; I k )?

Materials and methods

This investigation was performed from the research vessel RfV Colum
bus Iselin during an expedition throughout the Bahamas from 8 to 27
August 1986. The specific study sites included Anguilla Island, Cay Sal
Banks, Bahamas (23°29.0' N, 79°29.0' W) where the epilithic form Hali
meda lacrimosa Howe was collected on 9 August 1986 from 3 to 4 m
deep, growing in unshaded locales on carbonate reef rock. The psamrno
phytic form Hisimutans Howe was sampled on 10 August 1986 from El
bow Island, Cay Sal Banks, Bahamas (23°57.5' N, 80°29.0' W) at a depth
of 5 min unshaded sand pockets. On 11 August 1986, the psamrnophytic
form H. tuna (Ellis and Solander) Lamouroux was obtained from the
same locale in 7 m of water anchored in carbonate sediments. Halimeda
copiosa Goreau and Graham (epilithic) was collected on 14 August 1986
from near Staniard Rock off Andros Island, Bahamas (24°51.7' N,
77°52.3' W) at a depth of 7 m on dead carbonate reef rock. The H. co
piasa came from cryptic shaded habitats beneath overhanging ledges and
is the only species examined that was collected from a shaded environ
ment. The specimens were held overnight in a metal-free, continuous
flow, seawater system aboard ship under shaded conditions. Voucher
materials of all species were preserved in 4% buffered Formalin and de
posited in the Algal Collection, National Museum of Natural History,
Smithsonian Institution, Washington, D.C.

On the day prior to photosynthetic assays (i.e., the day of collec
tion), the macroalgae were transported to the RfV Columbus Iselin where
they were cleaned of sediments and epiphytes. Subsequently, replicate
whole plants of each alga were soaked in one of three treatments, a fac
torial design enrichment of N (NaND,) and Pi (NaH2P04 ) , that con
sisted of either +N. + Pi, +N + P, or a control (no enrichment). Initial
concentrations of Nand P, in the enrichment were 160 and 16 ~M, re
spectively. The concentrations .used were chosen to saturate the uptake
rates and represent the upper range of natural levels encountered in
highly enriched environments (e.g., bird islands). Following the over
night (12 h) enrichment, the algae were flushed with 3 changes of fresh
seawater 4 h prior to incubation under shaded conditions (50% 10 ) , Al
though this enrichment method is based on concepts developed by Smith

(1983) for freshwater algae, it has been field tested previously (Lapointe
1987; Lapointe et a!' 1987) as a macroalgal photosynthetic bioassay, and
the results indicated close correlation with longer-term growth re
sponses.

For all productivity (photosynthesis) measurements that followed
the 12-h nutrient enrichment period, four to six replicate incubations per
treatment were run. Experimental levels of 6 irradiances and 4 nutrient
pulsed conditions were set up simultaneously in a 6 x 4 factorial design
(total of 96 to 144 samples' species-I) at ambient water temperatures
(27.5--28.4 "C) and run between 1000 and 1530 hours with a natural
photon-flux density of 1600±92 (Mean ±I S.D.) IlE'm-2's-1 of
photosynthetically active radiation (PAR). ranging from a minimum of
1480 to a maximum of 1733 IlE .m - 2. S - I. Different layers of neutral
density screening were used to produce five experimental light levels (in
approximate percent of ambient sunlight): 100.0%, 50,0%, 12.5%, 3.2%
and 0.8%. Photon-flux densities were measured in the field with an inte
grating 2n sensor (Li Cor Model LI-550 printing integrator) throughout
the incubation periods. Two layers of heavy duty aluminum foil were
wrapped around each respiration bottle to exclude light. Incubations
were conducted in one liter glass jars that received continuous cooling
and stirring via water-driven magnetic turbines. Dissolved oxygen was
measured to 0.01 mg ·1- 1 with an Orbisphere Model 2610 oxygen ana
lyzer and converted to carbon fixed utilizing respiratory and photosyn
thetic quotients of 1.00 to facilitate comparisons with other studies. Pho
tosynthesis and respiration were normalized to organic dry weight,
which was determined by drying the samples to constant weight at 80°C
and ashing them to constant weight at 500 "C, The methods concerning
selection of material, handling, incubation and oxygen analysis were
within the limits recommended by Littler (1979).

Photosynthetic light saturation values (I~) were obtained for each
species at each nutrient level by determining the intersection of a line
drawn parallel to the abscissa and through the point of maximum pho
tosynthesis (P rna.) with the slope ofthe light-limited P, vs. I curve (IX). The
initial slope (IX) of each P, vs. I curve was determined from the least
squares linear regression ofall productivity values obtained for the linear
portion of the curve (i.e., below 12.7 to 50.8IlE· m- 2'S-I) including
dark respiration (8-18 data points). Compensation irradiances (I,) were
calculated as the intersection of the regression line of the initial P, vs. I
response with the abscissa.

P values used for statistical comparisons represented the mean of
the si;·~reatest photosynthetic rates obtained in a particular P, vs. I
curve (total of no less than 24 bottles). Nitrogen and Pi enrichment ef
fects on Pmax were assessed by two-way ANOVA. Significance reported
in the results below implies that the probability of the null hypothesis
was <0.05.

Results

It is interesting that among the effects of nutrient enrich
ment (Table 1), trends were exhibited by the four Hali
meda species that varied according to both life form and
species. For those possessing an extensive, bulbous, rhiz
oidal, root-like system (H. tuna and Hi simulans, Figs. 1
and 2), Pi pulses had significant enhancement effects
(P < 0.05, two-way ANOVA) on both net Pmax and R
(Table 1). No significant responses (P>0.05) in Pmax or
R were shown by either of these two psammophytes fol
lowing N pulses. Phosphorus and N combined stimulated
net Pmax and R for H. tuna and R for H. simulans
(P<0.05).

In contrast, Pi pulses inhibited net Pmax (P < 0.05,
Table 1) for the rock growers Halimeda lacrimosa and
H. copiosa. Phosphorus in combination with N also in
hibited Pmax in H.lacrimosa. Pulses of N had a significant
enhancement effect (P < 0.05) on Pmax in H.lacrimosa,
and greatly stimulated (significant at P < 0.05) both Pmax
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Table 1. Photosynthetic and dark respiratory characteristics (± 1 standard deviation) of the four Halimeda
species in relation to various nutrient conditions (0:= mg C . g - 1 organic dry weight (ODW) . h - '/pE . m - 2 . s" I).

Asterisks indicate values that are significantly different (*=P<0.05, **=P<O.OJ, ***=P<O.OOI, two-way
ANOVA) from the controls

Species and
treatment

Pmax R t,

-0.35±0.02 0.D75 4.810.6 60.2±11.0
-0.23±O.10 0.048** 5.0±1.7 84.0 ± 11.6*
-0.52±0.J1 * 0.054* 9.3±2.2** 96.8 ± 10.5***
~0.65±0.25* 0.052 J2.4±3.7* 102.9±724

-0.42±0.08 0089 4.7±1.3 25.5± 2.1
--0.49±0.05 0.065** 7.8±0.8** 42.1 ± 7.1 **
-0.63±0.04** 0.064*** J2.5±4.4** 57.6± 4.8***
-0.60±0.04** 0.051 *** 12.2±2.6** 79.2 ± 19.8**

2.47±0.70
2.84±0.57
3.34±0.99*
2.46±0.64

3.90±0.53
4.42±0.81
5.28 ± 1.30*
6.08 ± 1.58**

Psarnmophytic forms

Halimeda luna
Control
+ Nitrogen
+ Phosphorus
+ Both

Halimeda simulans
Control
+ Nitrogen
+ Phosphorus
+Both

Epilithic forms

Halimeda lacrimosa
Control
+Nitrogen
+Phosphorus
+Both

Halimeda copiosa
Control
+ Nitrogen
+Phosphorus
+Both

3.17 ± 0.22
3.52±0.29*
219±0.37***
1.95±0.4J ***

3.89±0.58
6.49±1.62**
3.09±0.58*
3.62±1.58

-0.86±0.17 0.123 7.1 ± 1.3 32.5± 5.8
-0.78±0.16 0.094 8.3±0.4 47.0±J3.6
-0.74±0.08 0.074** 9.9±0.9* 23.9± 2.3*
-0.48±0.13* 0.085* 5.7±1.1 22.5± 3.6*

-0.22±O.12 0.161 1.8±0.7 19.9± 7-3
-0.90±0.03*** 0.334*** 2.8±0.3** 11.8± 0.7**
-0.45±0.03** 0.147 3.9± 1.5** 20.4 ± 10.0
-0.52±0.30 0.155 4.0 ± 1.2** 18.21 6.4

and R in H. copiosa (Table 1). There was a general ten
dency in both species of psammophytes, as well as in one
of the rock growers (H. copiosa), for increases in respira
tion associated with nutrient pulses that increased Pmax'

The various nutrient enrichments generally caused signif
icant shifts in the P, vs. I curves towards the higher irra
diances (Figs. 1-4); i.e., I, and I k almost always occurred
at higher light energies following nutrient pulses, regard
less of whether Pmax was stimulated or inhibited.

Respiration rates for the unenriched control samples
(Table 1) ranged from a high of 0.86 mg C respired' g or
ganic dry wt - I. h-I for Halimeda lacrimosa to a low of
0.22 in the case of H. copiosa. Halimeda simulans and
H. tuna were intermediate and respired at rates of 0.42
and 0.35mg Cvg organic dry wt-I'h- I, respectively.
Maximum net photosynthetic rates of untreated thalli
(controls) ranged from 3.90 (H. tuna) and 3.89 (H. co
piosa) to 2.47 mg C· g organic dry wt - I . h - I (H. simu
lans), with H.lacrimosa photosynthesizing at 3.17 mg
C· g organic dry wt - 1 • h - I (Table 1). In one of the spe
cies, highest untreated photosynthetic rates occurred at
1600 IlE· m - 2. S- I (i.e., Halimeda simulans, Fig. 2), while
two species reached their peak at 800 IlE' m - 2. S- I
(H. tuna, Hilacrimosa, Figs. 1 and 3). Halimeda copiosa
(Fig. 4) had very low light requirements (150IlE· m? . S-I)
to reach maximum steady-state rates of photosynthesis.

Photosynthetic responses of the control material to
subsaturating irradiances differed among these four spe-

cies. Halimeda copiosa (Fig. 4) showed the largest effect
reaching light saturation (Ik , Table 1) at only 19.9IlE· m- 2

. S-I. The other three species neared saturation from
25.5 to 60.2 IlE' m -2·S-I. Halimeda simulans (Fig. 2)
was the least responsiv.e to changes in irradiance and, as
was found also for H.lacrimosa (Fig. 3), was not inhibited
when exposed to the highest irradiance (i.e., nearly full
sunlight) for five hours. Halimeda tuna showed mild in
hibition in direct sunlight, whereas net photosynthesis in
H. copiosa was drastically reduced following exposure to
irradiances beyond 200 IlE· m - 2 • S- I.

There was a slight increase in respiration or photo-in
hibition at the highest irradiances in Halimeda lacrimosa
(Fig. 3) and a large increase in the shade-collected H. co
piosa (Fig. 4). The psammophytes, Halimeda tuna and
Hi simulans, showed no inhibitory interactions between
light and the combination of the two nutrients beyond
Pmax (Figs. 1 and 2). Nutrient effects were consistently
most pronounced for the two psammophytes (Figs. 1
and 2) at the lowest irradiance level (significant at
P<0.05).

Discussion

McRoy and Lloyd (1981) have contrasted marine macro
phytes into two fundamentally different groups: (1) the
macroalgae and (2) the seagrasses. The former group, as
characterized by these authors, is analogous to filter-
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Fig.2. P, vs. 1 responses of Halimeda simulans in relation to four levels
of nutrients. Features are the same as those indicated in Fig. 1
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species (Halimeda tuna and H. simulans) tended to exhibit
little effect on the overall P, vs. I response following the
nitrogen pulses (Figs. 1 and 2), whereas, there was a trend
toward an overall increase shown by these psymmo
phytes throughout the total P, vs. I response in the P j 

pulsed samples relative to the N-pulsed material. This
contrasts markedly with the two epilithic forms H.lac
rimosa and H. copiosa (Figs. 3 and 4), where the opposite
result prevailed; i.e., a trend towards overall decreases in
the Pcpulsed samples relative to material pulsed with ei
ther N or Pj+N.

Pmax in the rock growers, Halimeda lacrimosa and
H. copiosa (Table 1), consistently increased in thalli
which had been pulsed with N, whereas Pi was inhibitory
(P<0.05, two-way ANOVA). Conversely, treatment
with P, resulted in higher Pmax in the two psammophytes
(P < 0.05). This suggests that epilithic and psammophytic
Halimeda species differ in their nutrient status with re
gard to Nand P, requirements. The Pj-limitation ob
served in the psammophytic species corresponds with the
observed high N: Pi ratios of sediment pore water in car
bonate-rich sediments (Rosenfeld 1979; Berner 1974),
which could result in the Pclimited state we observed. Al
ternatively, the epilithic forms, which must rely more on
water-column Nand P, availability, appear to be more N-

1600800160o 320 480 640

LIGHT (VE' mc 2
. SC2 )

Fig. I. P, vs. 1 response of Halimeda tuna in relation to four nutrient
treatments. (C) Control (no nutrients added). (N) Nitrogen (NaNO,)
added, (P) Phosphorus (NaH zP04 ) added and (B) both N and Pi added.
The vertical lines at each point indicate ± one standard deviation (S.D.),
unless the diameter of the point exceeds the ±S.D.

feeding animals in terms of extraction of nutrients, while
secured to two-dimensional substrata by means of a hold
fast. Members of the latter group extract nutrients from
both the water column and soft, sedimentary, three-di
mensional substrata by means of vascular root-rhizoid
systems that also serve for anchoring them. This dichot
omy overlooks many siphonaceous algae prevalent in
habitats characterized by sedimentary substrata. Such al
gae, mainly of the order Caulerpales, also have extensive
root-like and rhizomatous systems for attachment in soft
substrata and, because cross walls are minimal, hypothet
ically these plants can utilize active transport, rapid turn
over and cytoplasmic streaming to translocate nutrients
taken up from both the sedimentary pore water and
water column milieu.

In support of the hypothesis that differences in the
nutrient status of the two form groups (psammophytic
vs. epilithic) would be revealed, the two psammophytic
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Fig.4. P, vs. I responses of Halimeda copiosa in relation to four levels of
nutrients. Features are the same as those indicated in Fig. 1

-
I
s:

I-e
JI
~

0

C
0
0>

0

0>

0

0>

E

I

-~

N

p

4 I I
-------~-< -~,--

~/~
III
e

o 1"-1--..,__---,----~~--..,__..,__..,__-

5 ,'-------

4

2 _~I_----------~~
~~ ~ I

/1

B
4

I__----------e-
.--; I

./1

o .:'"-,-_-,-_-,-..,__..,__-..,__----,--,-..,__-,--

0>

E

,

I~i~

~/~

./e
o i--------------,---~

~ 5~'----'---'------'-----:--:-'--'------'-~----'
o
~
o

I
.s:

o

c

Fig. 3. P, vs. I responses ef Halimeda lacrimosa in relation to four levels
of nutrients. Features ar~.the same as those indicated in Fig. 1

limited, possibly because of lower N: Pi ratios character
istic of shallow tropical waters.

The demonstration of the Pi-limited nutrient regime
for Halimeda tuna and H. simulans contrasts with studies
in the coastal marine environment along eastern North
America where N was considered the primary nutrient
limiting growth of both phytoplankton (Ryther and
Dunstan 1971; Vince and Valiela 1973) and macroalgae
(Topinka and Robbins 1976; Chapman and Craigie 1977;
Hanisak 1979). However, nutrient bioassays along Flori
da's northern Gulf coast have shown that Pi is frequently
more important than N in regulating phytoplankton pro
ductivity (Myers and Iverson 1981). Several recent mac
roalgal studies (Lapointe 1985-1987) also showed Pi limi
tation in tropical macroalgae. This supports the opinion
held by geochemists (Brocker and Peng 1982; Smith
1984) and, in particular, Redfield (1958) that the oceans
as a whole are Pi-limited ecosystems. In contrast, our
data for H.lacrimosa and H. copiosa agree with those for
other epilithic algae (sec Topinka and Robbins 1976;

o 150
f , J

320 480 640

LIGHT (vE'm-2's- 2 )

800 1500

Chapman and Craigie 1977; Hanisak 1979) and for a
similar rock grower, H.opuntia, from Belize, which also
demonstrated (Lapointe et al. 1987) photosynthetic en
hancement only by N enrichment.

In most cases, exposure to nutrient pulses that in
creased Pmax also increased R. This observation is consis
tent with the idea that short-term pulses of nutrient en
richment can release Halimeda species from nutrient limi
tations, and that these essential components can be
quickly metabolized into photosynthetic and respiratory
machinery, as found in experimental studies with other
macroalgae (Lapointe et al. 1984). An increased R is at
tributable to increased metabolic costs associated with
energetic requirements for nutrient uptake across mem
brane surfaces, as originally shown by Syrett (1953), or to
increased Pmax machinery, as in sun/shade acclimation.

Several studies of shallow Halimeda species (Boro
witzka and Larkum 1976; Buesa 1977; Hillis-Colinvaux
1980; Littler et al. 1983, 1986b; Lapointe et al. 1987) and
one study of deep Halimeda species (Jensen et al. 1985)
have determined photosynthetic rates. Although the light
environment is generally acknowledged as an important
ecological factor in the distributions and abundances of
marine algae (e.g., Ramus 1981; Mazzella and Alberte
1986), comprehensive information for photosynthetic at-
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Table 2. Field-determined net photosynthetic rates for Halimeda species. All values at ambient sunlight except
Jensen et al. (1985) at ~ 1% of ambient sunlight (P=psammophytie, E = epilithic)

Species

Halimeda copiosa (E)
Halimeda copiosa (E)
Halimeda cryptica (E)
Halimeda discoidea (P)
Halimeda discoidea (P)
Halimeda discoidea (P)
Halimeda goreauii (E)
Halimeda gracilis (E)
Halimeda incrassata (P)
Halimeda incrassata (P)
Halimeda lacrimosa (E)
Halimeda monile (P)
Halimeda monile (P)
Halimeda opuntia (E)
Halimeda opuntia (E)
Halimeda opuntia (E)
Halimeda simulans (P)
Mean
Range

mg e·g ODW- '· h- 1

0.9
0.9
1.5
1.0'
1.3

0.8

2.3
1.6
1.6

6.4
4.4

2.1
0.8--6.4

mg C . g dry wt - I . h - I

1.84

1.84
1.43

0.58

0.73
1.12
1.26
0.58-1.84

Source

Littler et al. (1983)
Jensen et al. (1985)
Jensen et al. (1985)
Littler et al. (1983)
Jensen et al. (1985)
Buesa (1977)
Littler et al. (1983)
Buesa (1977)
Buesa (1977)
Littler et al. (1986b)
Jensen et al. (1985)
Littler et al. (1983)
Buesa (1977)
Littler et al. (1986b)
Lapointe et al. (1987)
Buesa (1977)
Buesa (1977)

tributes such as rates ofmaximum light-saturated photo
synthesis, compensation irradiance, saturation irra
diance, the initial slope of the photosynthesis-irradiance
curve and dark respiration is not available for a single
species of Halimeda.

Thalli of shallow Halimeda species in clear tropical
waters exhibit light-saturated photosynthesis at irra
diances that are much lower than levels available on typi
cal sunny days (Figs. 1--4).With a measured light attenu
ation for clear Bahamian waters of about 0.4% of photo
synthetically active surface irradiance per meter of depth
(Littler et al. 1986 a), the deepest un shaded specimens we
collected (7-m deep) would have been growing in up to
97% of the light energy available at the surface. These re
sults indicate photosynthesis in Halimeda reaches a maxi
mum under relatively low light energies and that the ge
nus is well adapted to variable light regimes, including
low-light conditions, as particularly illustrated by H. co
piosa. Concomitant with low saturation irradiances are
low light requirements for photosynthetic compensation
and reasonably efficient use of low photon flux densities
as indicated by the steep slopes of the P, vs. I curves. Of
the four Halimeda species we studied, H. copiosa clearly
emerges as the most shade adapted, with considerably
higher (X values and relatively low I, and I k values.

In comparison to Halimeda, five uncalcified Chloro
phyta (Arnold and Murray 1980) had initial P, vs. I
slopes (IX) that ranged from 0.018 mg C' dry we I. h- I/

~E . m - 2 . S - 1 for the thick optically dense alga Codium
fragile (Sur.) Har. to 0.129 for the thin sheet-like Ulva
rigida C. Ag. Our (X values for untreated material ranged
from 0.075 mg Cog ODW- 1. h-I/~E' m- 2'S-1 in
H. tuna to 0.161 for H. copiosa. In other words, nearly the
full range found for selected genera was found within this
one highly plastic genus. Halimeda copiosa increased
markedly to an IX of 0.334 (significant at P < 0.001) fol-

lowing pulses of nitrogen, whereas all other species
showed lower IX values following pulses of either nutrient
or both. Arnold and Murray (1980) recorded compensa
tion intensities ranging from 6.1 to 11.4 ~E'm-2's-1

and saturation intensities from 50.3 to 81.9 ~E' m -2. S-I
for five temperate chlorophytes; all were photoinhibited
in full sunlight. In comparison, the ranges we obtained
for untreated Halimeda were somewhat lower (e.g., I,
from 1.8 to 7.1 and I k from 19.9 to 60.2). It is interesting
to note that two species (H. simu/ans, H./acrimosa) were
not photoinhibited even at conditions of full ambient
sunlight under natural nutrient conditions; whereas, the
deeply pigmented H. tuna and the shade dweller H. co
piosa were photoinhibited beyond 800 J.lE· m - 2. S- 1dur
ing the S-h incubation period; inhibition tended to be in
creased following nutrient pulses.

Previously published net photosynthetic rates for
Halimeda species (Table 2) have ranged from 0.8 to
6.4 mg C· g organic dry wt- I. h- I, with a mean of
2.1 mg C' g ODW- 1. h -I. This is lower but comparable
to the mean of 3.4 and range of 2.5 to 3.9mg C . g ODW-1

. h -I determined for untreated controls of the four spe
cies investigated here. Our highest rates of photosynthe
sis came from thalli previously exposed to high nutrient
levels and ranged to 6.5 (mean of 4.9) mg e .g ODW- I

. h - I. These differences could reflect a seasonal compo
nent because our measurements were made in summer
(see Hudson 1985), while previous data (Table 2) resulted
from determinations made from fall to spring. Other
published values (see Littler et al. 1986b) for common
Caribbean macroalgal species incubated in full ambient
irradiances range from 0.3 mg C: g ODW- I. h -I for
crustose forms to 13.4mg Cr g ODW-I·h- I for thin
frondose forms. These data suggest that Halimeda, as a
group, lies somewhere near the lower midrange in pro
ductivity.
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In summary, it appears that Halimeda is not only
adapted to large variations in its light environment, but
can take advantage of episodic nutrient pulses, possibly
such as those documented for temperate kelp forests
(Zimmerman and Kremer 1984) and tropical photosyn
thetic corals (Meyer et al. 1983).
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