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Abstract

The agarophyt&racilaria cornea collected over 2.5 y in the Florida Keys, shows adaptations to oceanic salinities
and subtropical to tropical water temperatures in its photosynthetic and respiratory responses as measured with a
respirometer. No seasonal pattern in responses to irradiance, temperature, and salinity were evident between five
collections over a 20-month period, indicating the tropical nature of the populations from Bahia Honda and Pigeon
Keys. Concentrations of chlorophyl(0.09 to 0.41 mg g d wt!) and phycoerythrin (0.06 to 0.36 mg g d W)

were low and reflect the low nutrient regime of the habitats, especially when compared to laboratory cultured plants.
Compensation and saturation irradiances were also low (11-38 and 9p#id@7hoton m2 s~1), indicating
acclimation to lower irradiances in their shallow (1-2 m depth) habitats where turbidity can be high. In comparison
with other subtropical and warm temperate specie&icilaria, G. corneahad lower levels of pigment, but
similarly high photosynthetic efficiency, demonstrating shade adaptation; it had only limited tolerance to salinities
below 204, and temperatures below X&. Thus,G. corneafrom the Florida Keys in mariculture would require
subtropical to tropical temperatures and stable oceanic salinities.

Introduction portion of the 1000 t agar produced each year being
imported into the USA (Jensen, 1993).
In terms of the production of economically valuable Recent reports of successful cultivation of species

phycoco”oidsl the most important genera of commer- of Gracilaria include such diverse countries as St Lu-
cial, subtropical and tropical macroalgae are the red cia (Smith, 1997), Chile (Westmeier et al., 1993),
seaweed6racilaria, EucheumaandHypnea(Dawes, Russia (Titlyanov et al., 1995), Sweden (Haglund &
1998). Further, more studies probably have been car- Pedersen, 1993) and the Philippines (Hurtado-Ponce
ried out on Species o6racilaria in regard to the et al., 1992) In Chlle, cultivate@. chilensishas
culture and agar production than any other red algal Now replaced wild harvested plants with annual crop
genus (Friedlander & Levy, 1995). This interest is in Yields that exceed 57000 t wet weight (FAO, 1993).
part due to the rapid growth rates, broad tolerances Norris (1985) identified eight species of gracilarioids
of many forms, and di\/ersity of Species (Ca_ 97 spp.: Occurring in the Caribbean and Florida with economic
Abbot, 1995) that occur in tropical and warm temper- Potential in the gener@racilaria andPolycavernosa
ate waters of the world (Abbott, 1995; Bird, 1995). One of the larger, more robust speciesGscornea
Gracilaria now accounts for more than 53% of allagar (formerly G. debilis Dawes, 1974), which yields a
produced worldwide (McHugh, 1991) with a large high quality agar and is a perennial (Feile-Pelegrin &
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: Table 1. Concentrations of chlorophy#l and phycoerythrin (mg g d
Robledo, 1997). Populations @. corneaare known wt—2) for freshly collectedSracilaria corneafrom the Florida Keys

for the northern Yucatan coast of Mexico (Robledo, (+15.p.). n=number of replicates.
1994) and the Florida Keys (Croley & Dawes, 1970).

Although there have been numerous studies mea- Date Clorophylla Phycoerythrin
suring growth and changes in proximate constituents mgchlagdwr® n  mgPEgdwt® n
and agar for species dbracilaria (Dawes, 1998), May 1996 0.41(0.11) 9 -_ _
there are few studies examining physiological re- ;e 1996  0.33 (0.05) 10 0.39 (0.08) 10
sponses to combinations of abiotic factors, particu- pec 1996 0.24 (0.03) 6 0.16(0.03) 6
larly light, temperature and salinity (Yakovleva et al.,  sep.1997 0.14 (0.01) 6 0.19(0.02) 6
1997; Dawes, 1998). Measurement of physiological pec.1997 0.09 (0.03) 6 0.06(0.05) 6

responses have been confined primarily to forms of
G. tikvahiag(Lapointe et al., 1984; Lapointe & Duke,
1984; Penniman & Mathieson, 1985; Dawes, 1994;
formerly G. foliifera var. angustissimaFriedlander &
Dawes, 1984). This species occurs in estuaries from ©r 30 %o salinity sterile seawater, 12/12 h L/D period,
Maine and New Hampshire to Tampa Bay and the In- 40 xmol photon nt?s™1). The 2 to 3 d period insured
dian River in Florida (Penniman & Mathieson, 1985; that healthy, undamaged branch tips could be selected
Yakovleva et al., 1997) and exhibits broad tolerances and do not affect possible seasonal responses (Dawes,
to abiotic factors.G. verrucosa another widespread ~ 1998).
estuarine alga, is similarly tolerant to light, temper-
ature and salinity (Dawes et al., 1978; Yakovleva et Pigment. Chlorophyll a (80% acetone) and phy-
al., 1997). There is little information regarding tropical coerythrin (0.1 m phosphate buffer) were extracted
species ofsracilaria such ass. cornea (n=6 to 10) by grinding 3 cm branches in the dark
The aim of the present study was to examine pig- and cold. The extracts were centrigured (225§)
ment concentrations and photosynthetic and respira-in the cold for 5 min and absorption determined at
tory responses to irradiance temperature and salinity in 665 nm for chlorophylla and 565 nm for phycoery-
order to determine the tolerances rangeScilaria thrin using Bausch & Lomb (model 20) or Gilford
corneacollected in the Florida Keys, because the alga (model 250) spectrophotometers). Extinction coeffi-
may have potential in Caribbean mariculture. The hy- cients used were 11.9 for chlorophglland 12.4 for
pothesis tested was th&racilaria corneafrom the phycoerythrin (Dawes, 1998).
Florida Keys will exhibit broad tolerances to salin-
ity, light and temperature, similar to warm temperate Photosynthesis and respirationFactorial experi-
species. ments were used to measure the effects of salinity,
temperature, and irradiance on the rates of photosyn-
thesis and respiration using a Gilson Respirometer

Materials and methods (Model GRP-20; Dawes, 1985). Each reaction flask
held two clean 2.5 to 3.0 cm long branch tips of
Collections. Attached Gracilaria corneawas col- Gracilaria cornea 10 mL of either 20 or 3%, salin-

lected in May, June and December 1996 and Septem-ity (n=8), and 0.9 mL of a C@generating solution
ber and December 1997 at Pigeon Key°@212’ N, producing a 1% atmosphere (Dawes, 1985). Readings
81°0918” W) or Bahia Honda Key (28912’ N, were corrected for possible manometric fluctuations
81°1651” W) in Florida Keys. The two sites were using 4 to 5 blank flasks. Respiratory and photosyn-
similar in substrate (limestone with thin covering of thetic rates (0, 100, 200, 400, 6@®nol photon nT?2
sand), depth (0.7-1 m MLW), and hydrological fea- s™1) were measured for 1 h each at 15, 25 andG5
tures (moderate wave activity, oceanic exposure, tidal (0.1 °C). All measurements expressed itk O;
currents). Temperature and salinity were measuredg d wt h~1 were converted to mg Og d wt!
with every collection and were identical for the two h~1 300 mL~1. Conversion fromuL to mg O, was
sites. The plants were returned in coolers to the labora- done by multiplying the former by 1.4286 (STP).
tory, cleaned of epiphytes, rinsed in antibiotic solution For temperatures other than 278, 1.4286 is mul-
(Dawes & Koch, 1991) and sterile seawater, and tiplied by a factor (273 divided by°T + 273, where
placed in a culture chamber for @ 8 d (24°C, 20 T =temperature used iC).
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Figure 1. Photosynthetic and respiratory response&icilaria corneacollected in the Florida Keys on five occassions and acclimated to
20%0 and 300 salinities for 3 d. All responses (n=8) were measured using a Gilson Respiromét&.D. Bars are included.

In addition, a YSI oxygen meter (Model 51B) was
used to carry out extended (0 to 1200 or 16080l
photon nm2 s~1) photosynthetic-irradiance (P-I)
curves within 2 d of collection. Two clean branch tips
(4 to 5 cm long) were placed in 60 mL BOD bottles
containing filtered, 3%, salinity seawater. Tempera-
ture was maintained at 28C (1.0 °C) in a water
bath. Irradiance was from a 1000 W (GE Projec-
tion Bulb) and reduced using neutral density filters.
All measurements are presented as mggad wt 1
h—1 standard-300 mL BOD bottté. Photosynthetic-
irradiance characteristics (I lx, Puqx, @) were de-

termined for each sample using computer generated
graphs.

Statistics. One way ANOVA's were used to test for
differences between P—I factors,(I,, Puax) calcu-
lated for the 5 samplings. Homogeneity of variance
and normality were first determined using the Sigma
Stat program (significance whéh< 0.05). Logarith-
mic transformation was unnecessary.
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Table 2. Photosynthesis-irradiance data f8racilaria corneafrom the Florida
Keys kept at 23°C and 30 salinity. Mean and standard deviatiost { S.D.)
are given for } and |, (compensation and saturation point photon fluxegrimol
photon nT2 s‘z), « (slope of linear part of curve), Pl (photoinhibition; immol
photons N2 s~1) and B,ux (Mg O, g dwt~1 h™1). All responses were measured
using a YSI Oxygen Metef: = Significant differences for P—I factor® & 0.05).
n=number of replicates.

Date n I Prax o PI

1996
May 6 11(3.0f 107(25) 4.0(0.9) 0.04(0.01) 1100
June 6 34(4.4) 127 (56) 3.8(0.7) 0.03(0.01) 900
December 9 25(2.4) 91(10) 4.3(0.9) 0.05(0.01) 1100

1997

September 6 38(20.6) 112(12) 3.7(0.6) 0.03(0.00) 1000
December 7 31(3.0) 90(10) 3.6(0.7) 0.04(0.01) 1200

Results exposure. Regardless of temperature, no seasonal pat-
tern was evident for the five collections for plants
exposed to 3% salinity.

Photosynthetic responses increased with irradiance
up to 180 to 365:mol photon nT? s~ for all collec-
tions, temperatures and salinities. Only plants held at
35°C and 30 salinity did not peak at 60@mol pho-
ton m2 s~1 in the respirometer. In general, oxygen
production was low with higher,R values of 3.0 to
35mgQgdwtth1300mL.

Photosynthetic responses to increasing irradiances,
as measured with an oxygen meter, produced no sig-
nificantly different P—I characteristics for all five col-
lections ofGracilaria cornea(Table 2) except for,l
The mean compensation point ranged from a high of
38 umol photon nT2 s~ in September 1997 to a sig-
nificantly lower value to 1:mol photon 2 s~1 in
May 1996. Saturation irradiance,)flas determined
from the intercept of the linear portion of the curve
collected_ i_n June (Figure 1) whether held i_n 20 or With Py, was s?milar for May, Jﬁne and September,
30 salinity. In contrast, plants collected_ N Sep— but lower for the two December collections. The rate
tember showed the highest respozns?lat all wradu:mcesmc oxygen production (B,.) was slightly higher than
except under 60Gmol photon nT* 57 when held that calculated from the manometric studies, but simi-

altl 15 °C.I'Photoshynthe|t|c responses wered S|mgar ford lar between collections, ranging from 3.6 to 4.3 mg O
all samplings when plants were exposed to 25 and ;g 1 p-1 300 mL-1. Photosynthetic efficiency,

35 °C. Only those collected in September and De- -

. as expressed by, was similar for all four collec-
cember 19972qg?d exposed to%0showed higher tions, ranging from 0.03 to 0.0FEmol photon nT2
responses at 23.. s™1 per mg Q g d wt! h—1 300 mL~L. Photoinhi-

Responses to salinity indicated adaptation to bition occurred above 90@mol photon T2 s for
oceanic salinity. Except for the September (159€% all collections

and December (25C) collections, photosynthetic re-
sponses were lower in 20 than 304 salinity. Figure

1 does not include the negative response tXalin-

ity, where branches degenerated during the 2- to 3-d

Water temperatures ranged from a high of 30.5 in June
to a low of 24°C in December 1997, while salinities
ranged from a high of 3% in May an June to a low
of 33%. in December 1996 at both Pigeon Key and
Bahia Honda Key in the Florida Keys. Chlorophgll
ranged from 0.413 mg g d wt in May 1996 to a low

0f 0.091 mg g d wt' in December 1997, while phyco-
erythrin levels were lower with a range of 0.389 mg g
dwt1in June to 0.06 mg g d wt in December 1997
(Table 1). In general, freshly collected plants were a
dull brown-red in color for all collections.

Variability of photosynthetic and respiratory re-
sponses of the 8 replicates Gfracilaria corneaex-
posed to 0 to 60Qumol photon m? s~! was low
as shown by the error bars of Figure 1. The lowest
responses occurred in P&, particularly for plants
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Table 3.Optimum levels of irradiance, temperature, and salinity for growth or photosynthesis by
macroalgae from subtropical or tropical open ocean habitats.

Irradiance Temp. Salinity  Location
(umolm=2s1)  (°C) (%o)
Chlorophyceae
15 species - 15-30 - Floritia
Caulerpa paspaloides 38to 111 20to32 32 Florida
Halimeda(4 species) 160 to 800 - - Bahamas
Phaeophyceae
5 species - 15t027 - Floriga
Padina tetrastromatica - 23t028 27t032 Indf
P. gymnospora 70 to 90+ - 27t032  Florica
Cystoseira barbata 400 to 1700 20t030 17t047 French Mediterrafean
Rhodophyceae
18 species - 18t024 - Floritia
Hypnea musciformis 126 to 540+ 24t032 - Florida
87 to 430+ 241030 20to40 Florifla
Eucheuma uncinatum 168 to 756+ 241030 28t040  Gulf of Califorfia
E. denticulatum 252 to 588+ 20t028 30to40 Philippirﬂes
E. nudum 168 to 588+ 20t032 30t040 Florifla
E. isiforme 168 to 672+ 241032 30t040 Florifla
- 20t030 30t040 Floridd
Bryothamnion triguetrum — 29t032 27t035 Cubdd
Gracilaria cornea 100 to 800 25,35 30 Floridd

1 Mathieson & Dawes, 1986 O'Neil & Prince, 1988;3 Littler et al., 1988;* Subbaraju et al., 1982
(growth studies)® Dawes & Kovach, 199 Baghdadi et al., 1990, Durako & Dawes, 1980 (oceanic
populations);® Dawes et al., 1976 (oceanic population¥)pawes, 197910 Dawes & Koch, 1988;
11 Areces & Araujo, 1996 (growth studiesy? this study.

Discussion

to 0.37 mg, Dawes, 1994) and cultured sporelings
(0.05 to 0.24 mg, Friedlander & Dawes, 1984) of the

The hypothesis is rejected. Photosynthetic and respira-same species. Phycoerythrin concentrations were also

tory responses dBracilaria corneademonstrate that

low (0.06 to 0.39 mg) compared with the same pop-

the Florida Keys populations are adapted to oceanic ulations ofG. tikvahiae(0.37 to 0.52, Dawes, 1994;

salinity and tropical water temperatures unlike more

0.16 to 0.56 mg, Friedlander & Dawes, 1984). The

temperate species. Further, the populations show low pigment concentrations probably reflect low concen-

compensation and saturation points and high photo-

synthetic efficiency ¢) indicating adaptation to low

trations of nitrogen compounds in the oceanic water
of the Florida Keys. In contrast, cultured plants be-

submarine irradiance. The responses suggest that anycome deeply pigmented (unpublished data) similar to

mariculture efforts using this species will require
stable, high salinities, subtropical to tropical water
temperatures and reduced irradiance.

Compared with subtropical and warm temperate
species ofGracilaria, chlorophyll a concentrations
were generally low. For example, all collections of
G. corneacollected between May 1996 and Decem-
ber 1997 had lower chlorophyd (0.09 to 0.41 mg)
compared to Tampa Bay estuarine population& of
verrucosa(0.6 to 1.6 mg; Dawes et al., 1978). How-
ever chlorophyh concentrations were higher or simi-
lar to two Tampa Bay populations &f. tikvahiag0.26

G. tikvahiag(Dawes, 1994).

Gracilaria cornearesponsed positively to low irra-
diance and demonstrated shade adaptation, that is hav-
ing low I. (11-38xmol) and low | (90-112xmol)
values along with a high photosynthetic efficiency
(¢=0.03 to 0.05). Further, its photosynthetic re-
sponses declined at irradiances above 1ol
photon nt2 s~1. This is also in contrast t6. tik-
vahiae collected in the Great Bay Estuary in New
Hampshire (no photoinhibition at 1440mol pho-
ton: Penniman & Mathieson, 1985) af verrucosa
collected as drift plants in Tampa Bay (no photoin-
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hibition at 2000umol photon: Dawes et al., 1978).
Finally, G. corneawas intolerant of low salinity and
low temperature, unlike the estuarine speciedik-
vahiae(Penniman & Mathieson, 1985; Friedlander &
Dawes, 1984; Dawes, 1994) a@d verrucosgDawes
etal., 1978).

Although the data are limited, optimum photosyn-
thetic response oGracilaria corneato irradiances
were similar to other tropical macroalgae (Table 3).
In particular, optimum irradiances were between 100
and 800.mol photon m2 s~1 and photoinhibition
occurred above 100Qmol photon m? s~1, which
is similar to Eucheumaspp. (Dawes, 1979Kypnea
musciformig(Dawes et al., 1976) ankalimedaspp.
(Littler et al., 1988). Further, the P vs | data suggest
that this species is acclimated to low irradiance I,

«), although the populations occur in shallow (0.5 to
1 m) habitats in Florida Keys suggesting adaptation to
deeper as well as the turbid water.

High photosynthetic and low respiratory rates were
measured irG. corneaexposed to 25 and 3%, but
the rates were low at 18C. This response to tempera-
ture is similar to that of other tropical seaweeds (Table
3), but not the 37 subtropical Florida macroalgae sur-
veyed by Mathieson and Dawes (1986), where the
red algae showed the narrowest range (1824 As
stated earlier, the populations sampled in the Florida
Keys were adapted to oceanic conditions, did not tol-
erate salinity of 1%, and showed a lower response to
20%o than 3. Although not tested here at a salinity
above 30w, the species probably has a similar toler-
ance range aBucheuma isiformewhich also occurs
there (e.g. 20 to 40:: Dawes, 1979). The response of
G. corneato salinity is also similar to other species
widespread in exposed tropical waters (eRgdina
spp.,Bryothamnion triguetrumTable 3).
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