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dC values of marine macroalgae from Taiwan
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Abstract. The naturd abundance of stable carbon isotope vaues (d**C) of organic matter of marine macroagae collected
from Taiwan and its offshore idands (Penghu Idands) were analyzed in this sudy. These vdues ranged from -10.5 to
-29.5%0 The highest d®*C vaue came from green agae (-10.5%)y, Ulva pertusa while most algae exhibited valuesin the
-14 to -19%¢ange. On average, the d*C vaues of red dgae (-17.7%p are slightly more negative than those of green
(-16.5%p and brown (-13.6%pdgae. The carbon isotope record from organic matter of marine algae and its implications

for marine adgae physiology are dso discussed.
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Introduction

Carbon isotope fractionation is associated with
photosynthesis, and non-photosynthetic physical-
chemical processes can also discriminate, e.g. lipid
synthesisfrom carbohydrates (Farquhar et al., 1989). The
carbon isotope composition of plantsis employed to
indicate photosynthetic pathways in terrestrial plants
(Bender, 1968; Troughton, 1979). The d**C valuesfor
terrestrial C,, C,, and CAM plantsrange from -22 to -38%
-11 to -19%p and -13 to -34%respectively. The lower
d®C values in the range for CAM plants refers to
facultative CAM plantsfunctioning as C, plants. Carbon
i sotope combinations measured in marine a gae range
between -8.8%and -34.7%o potentially leading to the
mistaken impression that both C, and C, photosynthetic
pathways are present (Raven et d., 1982; Stephenson et
al., 1984; Duntonand Schell, 1987).

Many studies on the pathway of CO, assimilation dur-
ing photosynthesis in plants have demonstrated that dif-
ferences arise in metabolism of the carbon isotopes 2C and
2C (Park and Epstein, 1960, 1961; Bender, 1968, 1971,
Tregunnaet d., 1970; Smith and Epstein, 1971; Troughton,
1979; Farquhar et a., 1989; Sackett, 1991; Johnston and
Raven, 1992; Maberly eta., 1992; Raven, 1993). With ter-
restrial C, and C, plants, the degree of discrimination
againgt *CO, isdigtinctive and falsin two clearly sepa-
rable ranges (Bender et d., 1973; Smith et d., 1973; Yeh
and Wang, 2001). The ranges for both C, aswell as C,
plants can largely be explained by variationsin d*Cvadl-
ues of source CO, and/or in environmental conditions, in
addition to probable specieseffect (Yeh and Wang, 2001).
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However, with plants which assimilate CO, viathe CAM
pathway, the extent of discrimination stretches over the
entirerange covering both in C,and C, plants (Bender et
al., 1973; Osmond etal., 1973). Other work has shown that
much of theisotope discrimination during photosynthetic
CO, uptakeis by ribul ose-bisphosphate carboxylase-oxy-
genase (RUBISCO) in terregtrial C, plants (Park and
Epstein, 1961; Whelan et al., 1973) whilethecarboxylation
catalyzed by phosphoenol pyruvate carboxylase (PEPCase)
shows only adight isotopic discrimination in terrestrial
C,plants (Whelan et d., 1973). Since these are thetwo
known carboxylases involved in photosynthetic CO,
assmilation, CO, assimilation can be assessed viaPEPCase
or RUBISCO or bothin agiven tissue by studying the d*C
valueof thetissue Reikind and Bowes(1991) report that
phosphoenol pyruvatecarboxykinase (PEPCK) fixes CO, in
the“ C,-like’ marinegreen algee Udotea flabellum,and are
involved inthe high rates of dark CO, fixationin diatoms
and brown algae. Thus, an index of CO, assimilaion inan
organism can be theoretically obtained by knowing the
d=Cvdue.

For subtida algae two carbon sourcesare available for
photosynthesis: CO, and HCO,. The marine macroalgae
with d®*C values lower than -30%are mainly subtida red
algae, with some shaded intertidal red algae and a few
green algae, and those examined in thelaboratory rely on
diffusive CO, entry (Raven, 1997; Raven et d., 2002).
Somered a gae with very low d**C values and diffusive
CO, entry livein warmer, high intertidal habitats withsig-
nificant CO, gain from the atmosphere. Marine benthic or-
ganismswith very positive d®*C vaues are mainly green
macroalgae and seagrass, with some red and brown
macroalgae, with ahigh d**C that can be accommodated
by CO, usewithout discrimination in favor of d*°C (Raven
et d.,2002). All of these organisms areabletouse HCO,.
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M ost species of marine benthic photolithotrophs have dC
valuesranging from -10 to -30%o The d**C value cannot
distinguish between HCO, and CO, use athough other
evidence suggests that most of these organisms can use
HCO,. The photosynthesis of organisms with d*°C val-
ues more positivethan that of CO, in seawater (-10%pmust
involve HCO, use. It is mainly unknown what propor-
tion of the different carbon sources are taken up by the
different speciesof macroal gae, which obviously compli-
cates theinterpretation of thedata. A more extensivein-
vestigation of the d**C values in marine algae from Taiwan
was undertaken to understand more fully the carbon iso-
tope record and its implications for marine algae

physiology.

Materials and Methods

Marine macroalgae were collected from Taiwan and its
offshoreidands (Penghu Idands) (Figure1). Collection
sitesfor the algae examined are cited where data on d**C
aregiven.

The sampleswereinitially dried inanoven a 50°C. The
dried sampleswere pulverized in an agate mortar with a
pestle. For carbonate-containing samples, each of the
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Figure 1. Map showing collecting locdities (s) in Taiwan and
itsoffshoreidands (Penghu Idands).
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powdered samples was treated with hydrochloric acid
(1.2M) for 48 h, or until effervescence stopped, to remove
carbonates. The completey decacified sample was
washed with digtilled water and then dried & 50° C. Around
4 mg of the powder sample was placed in aPt crucible ad-
mixed with purified CuO. The CuO had been treasted with
pure oxygen gas of dightly greater than one atmosphere
pressureat about 1100° C for oneweek. Thecrucible with
the mixturewas combusted at 1100° C under vacuumin a
quartzreactionvessd (Yehetal., 1995). TheCO, wassepa
rated from other combustion products by condensation
and evaporation under thecontrol of liquid nitrogen and
dry ice. The carbon-isotope compositions of the CO,
sampleswere determined in an isotope rati 0 mass-spec-
trometer (McKinney et a., 1950). Theisotoperadio mass
spectrometer employed in thisstudy wasaVG SIRA-10.
The results are reported in d®C__ values (Craig, 1957).
The overall reproducibility is better than 0.1 permil at the
90% level of confidence (Yeh et al., 1995). Thedtatigticis
derived from results of repeated analysis of a spectro-
graphic graphite powder standard for more than two de-
cades and random reanalysis of a sample. Normally, one
aliquote of the graphite standard was anayzed after every
six sampleswere.

Results and Discussion

There isalarge range of d**C vaues for the marine
macroa gae studied here (Figure 2) and elsewhere (Figure
3) (Craig, 1953; Parker,1964; Smithand Epgten, 1970; Smith
and Epstein, 1971, Black and Bender, 1976; DeNiro and
Epstein, 1981; Fry et d ., 1982; Kerby and Raven, 1985;
Raven et d., 1987; Dauby, 1989; Fenton and Ritz, 1989;
Surif and Raven, 1990; Wienckeand Fischer, 1990; Raven,
1991; Raven and Johnston, 1991; Yeet a ., 1991, Fischer
and Wiendke, 1992; Raven and Osmond, 1992; Maberly et
a., 1992; Raven et dl., 1994; Raven et dl., 1995; Raven et
a., 2002). The d®*C vdues of the marinealgaeobtained in
thisstudy range from -11.7 to -29.5%{Table 1). For the
Chlorophyta, thevduesrangefrom-10.5 to -21.2%¢Figure
2) with a mean of -16.5%. For the Phaeophyceae, the val -
uesrange from -11.7 to -15.8%{Figure 2) with amean of
-13.6%o For the Rhodophyta, the values rangefrom -12.4
to -29.5%{Figure 2) with a mean of -17.7%o The highest
d®C valueis fromthegreen algae Ulva pertusa (-10.5%p
whereas most algae exhibit the d®*C valuesinthe-13.4 to
-17.2%¢ange (Figure 2). Fry et al. (1982) reported high
d=C values for a number of marine algae, which corre-
sponds to results presented herein. On average, the d*C
values of red a gae are dightly more negative than those
of green and brown algae. Black and Bender (1976), Fry
et a. (1982), Maberly et d. (1992) and Raven et d. (1995)
also reported some marinered algaewith relatively low dC
values. Thecultivated aga, Halymenia microcarpa, in
this study is somewhat more reduced in **C than samples
of this algacollected subtidally (Table 1). Thework of
Wienckeand Fischer (1990) involved agaecultured inthe
laboratory, with possibly aless constrained sourceinor-
ganic d®C vauesthan isfound in the sea. Thed®C val-
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ues of the inorganic carbon in the sourceiscrucia in in-
terpreting discrimination. In the sea, values are believed
to fairly constant, but they may bevariablelocally; varia
tion isparticular likely in culture. Theimplication isthat
theinorganic carbon in the culturetank may be more nega
tive *C than the sea. No relationship is apparent between
the d®=C of theagaeand their phylogeny.

The d®*C values for the marine algae in Figure 2 indi-
catethat these al gae discriminate against *C in their as-
similation of carbon. Thesevaluesarein good agreement
with theresults from tropical and subtropica alga values
(Figure3)(Crag, 1953; Park and Epstein, 1961; Parker, 1964;
Black and Bender, 1976; Fry et a., 1982). Sinceterrestria
C, plantshave d"*C va ues between -22 and -38%@nd some
of themarinedgae in Table1 show asimilar range, wecould
conclude that these marine algae d*C are comparable to
terrestrial C, plants(Kerby and Raven, 1985).

The d®*C values of the marine macroal gae from previ-
ousworks (including work on cultured al ga€) are shown
in Figure3. Apparently, two groupscan bedelineated for
the Chlorophyta, and the valuesrange from -8.8 to -21.3
%and from -25.7 to -32%. Only one group can bedistin-
guished for the Phaeophyceae and Rhodophyta, and the
vauesrangefrom -8.8 to -38.3%and from to -9.6 to -34.7
%orespectively. The d*C value range of marine algae do
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Figure 2. d®C values of marinegreen, brown and red macroalgae
from Taiwan.
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Figure 3. d**C values of marine green, brown, and red
macroa gaefrom previous works. Daafrom Craig (1953), Parker
(1964), Smith and Epstein (1970), Smith and Epstein (1971),
Black and Bender (1976), DeNiro and Epstein (1981), Fry et d.
(1982), Kerby and Raven (1985), Raven et d. (1987), Dauby
(1989), Fenton and Ritz (1989), Surif and Raven (1990), Wiencke
and Fischer (1990), Raven (1991), Raven and Johnston (1991),
Yeetd. (1991), Fischer and Wiencke(1992), Raven and Osmond
(1992), Maberly etd. (1992), Raven et d. (1994), Raven et d.
(1995), Raven et d. (2002).

not fit into the photosynthetic pathways typein terres-
trial plants. 1t would be hel pful to point out that no sea
weed is known to perform CAM (except for afew fucoid
brown algaewhere the contribution to organic Cisonly a
few percentage points) and only one seaweed (Udotea
flabellum) is known to have C,-like photosynthesis al-
thoughwith PEPCK asits (C,+C)) carboxylase, thisenzyme
has amuch grester 3C/%C discrimination than does PEPC
(Ravenet d., 1995). However, omemarine agaein Table
1 do not fit into the range commonly observed with ter-
restrid plants. In particular Ulva pertusa, agreen agae,
has a d**C of about -10.5%{Table 1). Other marine algae,
Colpomenia sinuosa, Padina sanctae-crucis,
Enteromorpha intestinalis and Acetabularia sp., have
similar d®*C values (-8.8, -9.5, -8.8 and -9.4%y(Figure 3),
which, when compared to terrestrial plants, are at the up-
per extreme of d“*C values for C, plants and below thelower
extremefor C, plants (Bender, 1968). Thus, adefinite con-
clusion onthe mgjor pathway of CO, assimilation inthese
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organisms cannot be reached, except to state that they
should be a subject of future research with emphasis on
C,-typemetabolism utilizing themgor detectablecarboxy-
lase PEPCK, which uses phosphenol pyruvateand ADP and
produces oxaoacete and ATP.
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Most d**C valuesfor marine a gae clearly correspond
to either limitation by CO, diffusion or by alow-discrimi-
nation HCO, active transport process. In afew cases,
however, no such process seemsto be limiting, and nei-
ther CO, diffusion nor HCO, activetransport arelimiting.

Table 1. d**C vdues of marine dgaefrom Taiwan and its offshore idands(Penghu Idands).

Species d®C_,, (% Date Siter
Chlorophyta
Monostromataceae
Monostroma latissimum Wittrock -16.9 5/10/95 PI, mid-littora
Ulvacese
Enteromorpha intestinalis (L.) Nees -17.3 5/10/95 PI, mid-littora
Enteromorpha 9. -18.7 5/11/95 PI, mid-littoral
Ulva conglobata Kjdiman -16.3 5/11/95 PI, mid-littoral
Ulva fasciata Délile -134 2/1/93 NT, upper littora
Ulva pertusa Kjelman -11.8 6/24/95 PI, mid-littoral
Ulva pertusa Kjellman -10.5 6/24/95 PI, mid-littoral
Codiacese
Codium mamillosum Harvey -14.2 12/20/93 NT, sublittora
Halimedaceee
Halimeda macroloba Decaisne 21.2 4/28/89 ST, tidal pool
Halimeda opuntia (L.) Lanouroux -19.7 179 ST, tidal pool
Phaeophyceae
Dictyotaceae
Padina arborescens Holmes -11.7 5/15/93 NT, sublittora
Scytosiphonacese
Colpomenia sinuosa (Mertensex Roth) Derbés & Solier -12.0 5/19/95 NT, sublittora
Sargassacese
Sargassum ilicifolium (Turner) C. Agardh -15.8 5/10/95 PI, tidal pool (Vesicle)
147 (Leef)
Rhodophyta
Galaxauracese
Galaxaura marginata (Ellis et Solander) Lamouroux -16.2 5/15/95 ET, tida pool
Tricleocarpa cylindrica (Ellis et Solander) Huisman et Borowitzka -16.5 5/15/95 ET, tidd pool
Liagoracese
Liagoropsis schrammi (P. Crouan & H. Crouan) Dotty & Abbott -18.0 5/15/95 ET, low littord
Yamadaella caenomyce (Decaisne) Abbott -18.2 5/15/95 ET, upper littora
Gelidiacese
Pterocladia capillacea (S. Gmelin) Bornet -15.2 12/20/93 NT, sublittora
Grecilariacese
Gracilaria arcuata Zanardini -16.8 5/15/95 ET, tida pool
Gracilaria coronopifolia J. Agardh -17.1 5/15/95 ET, tida pool
Gracilaria salicornia (C. Ag) Dawson 274 5/15/95 ET, tidd pool
Halymeniaceze
Halymenia microcarpa (Montagne) P. Silva -29.5 5/18/95 ST, cultivated in pond
Halymenia microcarpa (Montagne) P. Silva -23.8 5/19/95 NT, sublittora
Prionitis ramosissima (Okamura) Kawaguchi -18.6 12/20/93 NT, sublittora
Cordlinacese
Amphirafoliacea Lanouroux -13.7 4/9/85 ST, tida pool
Hydrolithon onkodes (Heydrich) Penrose & Woelkerling -12.7 711492 ET, mid-littora
Neogoniolithon brassicaflorida Setchell & Mason -12.4 9/8/91 PI, tidal pool
Hypneaceze
Hypnea spinella (C. Ag.) Kiitzing -19.8 5/19/95 NT, sublittora
Hypneajaponica Taneka 21.2 12/20/93 NT, sublittora
Rhodomel aceae
Acanthophora specifera (Vehl) Bargesen -13.9 5/15/95 ET, upper-tidd pool
Laurencia niponica Yamada -15.1 5/15/93 NT, sublittora
Laurencia 9. -155 5/9/95 PI, mid-littora

aNT: northern Tawan; , ST: southern Taiwan; ET: eastern Taiwan; Pl: Penghu Idands.
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