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Abstract The photosynthetic performancesof Porphyra haitanensis thali wereinvestigated in order to understand its mechanisms
for exogenous carbon acquistion during emerson at low tide. The emersed photosynthes s was studied by dtering the pH vauein the wer
ter filmon the thali surface, treating them with carbonic anhydarase inhibitors (acetazolamide and 6-ethoxyzolamide) , adjusting the CO,
concentrationsin the air , and comparing the theoretica maximum CO, supply rates within the adherent water film with the observed pho-
tosynthetic CO, uptake rates. It wasfound that the principa exogenousinorganic carbon source for the photosynthessof P. haitanensis
during emerson was atmospheric CO,. The driving force of CO,flux across the water film was the CO, concentration gradient within it.
Carbonic anhydrase accelerated both extracdlular and intracelular CO,trangport. The emersed photosynthessof P. haitanensis waslim-
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ited by the present atmospheric CO,leve , and would be enhanced by atmospheric CO, rise that would trigger goba warming.

Keywords:

Marine macroagae inhabiting the intertida zone
experience a periodic aternation between immerson
and emerson with the change in the ebb and flow of
the tides. When the tide is high, intertida macroal-
gee are submersed and photosynthesze in seawater as
most other marine algae. While it is known that the
enzyme, Rubisoo , which catalyses the key reaction of
carbon assmilation, uses inorganic carbon as carbon
dioxide, most of the inorganic carbon disolved in the
saisin the form of the bicarbonate ion due to the
high pH value and high sainity in ssawater!™!. How-
ever , evidence has shown that the intertidal macroa-
gae can trangort bicarbonate ions into their cdls to
drive photosynthetic carbon fixation!?®!. The prima-
ry pathway of bicarbonate use in marine macroagaeis
the extracdlular dehydration of HCO; by carbonic
anhydrase (CA) to form CO, , which then istaken up
into the dgal cells?. The direct uptakeof HCO; has
al been demonstrated in green macroagee Ulva
lactucal®  and Enteromorpha intesti nalisl®, in
which HCO; uptake could be facilitated by a mecha
nism with dmilar properties to the anion-exchange
protein of red blood cells (AE1) .

The intertidd macroalgae have to be exposed to
air when the tide goesout. The photosynthetic adap-

Porphyra haitanensis, carbon dioxide, photosynthesis, emersion, carbonic anhydrase.

tations to emerdon-related stress and the comparative
photosynthetic rates between in air and in water have
been previoudy well examined'®’!. Some of the up-
per intertidal gecieseven get enhanced photosynt het-
ic ratesin air compared to in water!®!. It appears that
the carbon fixation during emerson may represent a
sgnificant contribution to the tota carbon fixation of
the macroalgae. Nevertheless, the externa inorganic
carbon resource for photosynthess and its acquistion
mechanism by intertidal macroalgae are poorly under-
stood under emersed state compared to submersed
state!®!. In terrestria higher plants, CO, flows from
the atmoghere to intracelular air gaces through the
stomata pore, and diffuses across the wal , plas
malemma, cytosl and the chloroplast envelope, till
to the ssroma. Stomata opening controls the partial
pressure of CO, in the intracellular air gpaces ™.
However , macroalgae possess no anatomical features
such as somataor waxy cuticules. Therefore, the ac
quistion mechanism of externa carbon for photosyn-
thedsin emersed macroalgae must differ from that in
land plants, abeit both of them photosynthesze in
air. There dways exigs a surface seawater film sur-
rounding the aga thali when they get exposed to air
due to the viscodty and hydrophilia of the thali sur-
face. Additionaly , thiswater film may be mainta ned
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by high humidity , sea spray , shading rocks and ex-
tendve shingle-overlgoping and piling-up. Isit poss-
ble that the intertida macroagae utilize the dislved
inorganic carbon in the water film surrounding the
thalli under emersed state in a Smilar way to that un-
der submersed state? If @, then to what an extent
does the externa carbon resource for photosynthess
by emersed macroalgae depend on the water film sur-
rounding the alga thali ?

Porphyra haitanensis (Bangides, Rhodophyta)
is commonly found in the upper intertidal zone aong
the coast of Zhgiang, Fujian, and Guangdong in Chi-
na. It isan economicaly important seaweed used for
food, and isthe principal ecies cultivated on a conr
mercia scde in southern China. Photosynthetic inor-
ganic carbon utilization isone of the fundamentd bio-
logical problems concerning the aguaculture of P.
haitanensis. The mechanism of photosynthetic bicar-
bonate utilization in this gecies when submersed in
sawater had previoudy been investigated™!. P.
haitanensis is usualy cultivated by the pole-system,
experiencing periodic emerson when the tide goes
out. The am of this study is to describe the exoge-
nous inorganic carbon resource for photosynthes's and
its acquidtion mechanismin thisagawhen exposed to
ar at low tide.

1 Materialsand methods
1.1 Pant materids

Thalli of Porphyra haitanensis T.J. Chang et
B.F. Zheng (about 3 4 weeks ater seeding) were
oollected in November to December 2000, from
Nanao Idand, Shantou, China, where it was culti-
vated by the pole-system in a bay with a shallow
sandy bottom. The unwounded and heathy thalli
were slected and sealed in plastic bags with some
seawater , and were trangported to the laboratory in a
cooler (4 ) within 4 hours, and were maintained in
filtered seawater in glass aguaria at room temperature
(18 22 ) and about 100 mol- m™?- s™ ! (light-
dark cyde 12h 12h). The ssawater was aerated and
renewed by hdf of the amount every day. Samples
were used for experiments within 4 days of mainte-
nance, a period during which stable photosynthetic
activity was recognized. After this period, the re-
mains were discarded and fresh alga materids were
re-collected.

1.2 Preparation of the seawater with different pH
and with presence of carbonic anhydrase (CA) in
hibitors

The filtered ( GF/ C filter, Whatman) serile
natura seawater was used to prepare pH-buffered sear
water. A known amount of biologica buffers (from
Sgma) was added to give a oconcentration of
25mmol/L and the pH was adjusted to the dedred
value with freshly prepared 0. 1mol/L NaOH and 0.1
mol/L HC. The pH was measured with a pH meter
(420A , Orion) fitted with a glass cdlome combina
tion eectrode. Different pH vaues were obtained
with different buffers. The pH of 6.0, 8.2 (a pH
representative of that in natural seawater) and 10. 0
were achieved with 2- (N-morpholino) ethane-sulfonic
acid (MES), 2amino-2 ( hydroxymethyl )-1, 3
Propanediol ( TRIS) and 3-(cyclohexylamino)-1-
propanesulfonic acid (CAPS) , regectively. The car-
bonic anhydrase (CA) inhibitors, acetazolamide (AZ2)
and 6-ethoryzolamide (EZ) (both from Sgma) were
al® used. Itisgenerdly believed that AZ cannot pen-
etrate the algal cells and thusonly acts on extracellu-
lar CA[*?!. The EZ can penetrate into the cells and
therefore inhibits both extracdlular and intracelular
CA!*®! Both AZ and EZ were disolved in 40 mmol/
L NaOH at a concentration of 50 mmol/L for prepar-
ing stock wlutions. The fina concentration of AZ or
EZ adding into pH-buffered seawater was 1004 mol/
L.

1.3 Measurement of photosynthetic carbon dioxide
uptake and the effectsof pH and CA inhibitors

Photosynthetic ratesof CO, uptake by thali of e
mersed P. haitanensis were measured by infrared gas
anadydsusng aleaf chamber analyzer (L CA-4, Ana
lytical Development Company , UK) in an open gas
line sysem. The measurements were performed at
6000 mol- m™%-s" * (PAR, an irradiance which could
fully saturate the photosyntheds of P. haitanensis)
and temperature of 20 . Light was provided with a
halogen lamp (150 W, Hikaril-J) from above. Tem-
perature was controlled by maintaining the leaf cham-
ber in a temperature-controlled cabinet. The rate of
CO, uptake ( P,) [Mmol CO, g(d.wt) "' h '] was
caculated asfollows:

P, =A C x F x 60

x 273/ [ (273 + T) x22.4 x DW],
whereA Cisthe differencein CO, concentration (1 L/
L) between theinlet and outlet air; F, the gasflow
rate (L/min); T, temperature ( ); DW, dry
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weight (g, 80 ,24h).

In order to examine the &fectsof the pH val ue of
the surface water film of thali and CA inhibitors, the
algal examples were rinsed in different pH-buffered
seawater with or without CA inhibitors for 30 min
prior to introduction into the chamber for determining
CO; uptake. The seawater with different pH values
was in equilibrium with atmogphere. Thus, in our
CO, uptake determining system , the CO, changes be-
tween the inlet and outlet air resulted from photosyn-
thetic CO, uptake by the algal samples.

1.4 The efects of atmogpheric CO, concentration
on CO, uptake

The alga samples with different pH in the sur-
face water film were examined at varied atmogpheric
CO; supply levels (in arange of 60 1440UL/L) by
altering the CO, concentration of the inlet air within
the analyzer. CO,in the ambient air was removed to
different extents by pumping it through a soda lime
column through operating the anayzer to obtain lower
concentrations of CO, (60, 120, 180ML/L). The
concentration of CO, higher than ambient atmogpheric
CO, level (720, 1080, and 14404 L/L) were ob-
tained by injecting pure CO, before pumping outdoor
airinto air bags (0.5m°). Theair bags were used for
all measurements to store the air with higher concenr
tration of CO, and to maintain constant supply of each
CO, concentration.

1.5 Cdcuation of the theoreticd maximum rate of CO,
production within the surface water film of thdli

The theoretica maximum rate of CO, production
derived from sontaneous (uncatalysed) dehydration
of HCO; in the surface water film of dga thali for a
given sinity , temperature and pH was calculated ac-
cording to Matsuda et a.!™ The assumption was
made that the alga consumed CO; at a rate causng the
CO, concentration to goproach zero. This gave athe
oreticdl maxima rate of converson of CO, from
HCO; within the water film. The flux of CO, across
the surface water film was not taken into account.
The unit of calculated val ues was turned into the same
one as the measured ratesof CO, uptake by algal sam-
ples. The rate of gontaneous converson of CO, from
HCO; (d[CO,]/dt) can be described by the follow-
ing equations:

d[COz]/dt = Ky X [DIC]/ A

+ (Kg x [DIC] X [H'])/ Kneo/ A,
and A =1+[H"]/ Ky + Ko/ [H"]
where [ DIC] is the concentration of disolved inorganic
carbon in seawater. Kj; and Ks are the rate congants of

reactions HCO; - CO, + OH™ and H,CO; - CO, +
HO, repectivdy. Kuoo, and Ko regectively are the

disodation congants of the reactions H® + HCO; -
H,COsand H™ + CO5” — HQCO; . The vduesof Ki,

Ks, and Kuco, and K are acoording to Johnon! ™! and
Stumm and Morgan!™®!.

The volume of the surface water film surround
ing the thali was roughly estimated usng difference
between the weight of the thalli before and ater blot-
ting off surface water. The value obtained from this
procedure was 1.1+ 0.3 mL per gram fresh weight of
alga sample. The disolved inorganic carbon concenr
tration of the water film used for the calculation was
®t to be the same as the naturd sawater
(2.2mmol/L) , but the concentration of dismlved in
organic carbon at pH 6. 0 was adopted according to
Beer and Koch!*"!.

1.6 Satigtics

The data were expressed by the mean values £
standard deviation (n=>3). Satigica dgnificance of
means was tested with t-test or ANOVA at p <
0.05.

2 Results

2.1 The éfectsof pH and CA inhibitorson CO; up-
take

The pH vauesof the surface water film had dg-
nificant and postive efects on the photosynthetic
CO, uptake of the thali of P. haitanensis under e
mersed state (Fig. 1) . CO, uptake rates at pH 8. 2
and 10. 0 were greater by 1.0 time and 1. 4 times
compared to that at pH 6.0, regectively. The extra
celular CA inhibitor , AZ, showed an indggnificant in-
hibitory effect on the CO, uptake at pH 6.0. Howev-
er AZ dramaticaly depressed the CO, uptake at pH
8.2 and pH 10. 0 compared to control. The tota CA
inhibitor , EZ, condderably depressed the CO, uptake
at al pH vaues assayed. It was shown that EZ pro-
duced a greater inhibition than AZ.

The theoretica maximum vaue of CO, produc
tion derived from the uncatayzed dehydration of
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HCO; in the water film was calculated at different

pH vaues, to test whether or not the inorganic car-
bon contained in the water film was enough to ac-
count for the measured CO, fluxes. The theoretica
maximum rates of CO, production were 12. 55,
15.79, and 0. 634 mol/ g/ h (the unit was turned into
the same one as CO, uptake by algd sample) at pH
6.0, 8.2 and 10. 0, regectively. Table 1 compared
the theoreticad values and measured vaues. It is
shown that the measured CO, flux exceeds substan-
tidly that supported by the theoretical caculated val-
ues at al treatments. The ratios of measured to the
theoretica rates increase by two orders of magnitude
with increasng pH from 6.0 or 8.2 to 10. 0. Addi-
tionaly, the ratiosin the presence of CA inhibitors,
AZor EZ, are lower than the control , epecidly in
the case of EZ.

] Control
4004 070 +AZ
L
§ 300
gl
i
3 ;ﬂ 200}
80
E 100
H |
O 7 s
6.0 8.2 10.0
pH
Fg. 1. The efects of pH and CA inhibitors on photosynthetic

CO, uptake rate of emersed Porphyra haitanensis.

Table 1. The ratiosof observed to theoretica caculated ratesof photo-
synthessof emersed Porphyra haitanensis at different pH and with the
presence of CA inhibitors

pH Control +AZ + EZ

6.0 12.3+1.0 10.0+1.7 6.1+£1.0
8.2 19.8+1.8 7.6+1.2 5.4+0.6
10.0 598.1+48.1 281.1+31.8 221.4+18.1

2.2 The dfects of atmogheric CO, concentration
on CO; uptake

Fig. 2 shows that the atmogheric CO, concen-
tration affects dgnificantly photosynthetic CO, uptake
rate of emersed P. haitanensis at different pH. In no

case isthe rate saturated by the present day air conr
centration of CO, (360U L/L) , suggesting the CO,-
limitation of CO, uptake by emersed P. haitanensis.
At pH 6. 0, the rate of CO, uptake esentidly in-
creases linearly with increasng atmospheric CO, con-
centrationsin the range tested (60 1440uL/L). At
pH 8.2 and 10. 0, there is a linear relationship be
tween CO, uptake rates and the atmogheric CO, con-
centrations below the present CO, level , and there-
ater, CO, uptake rate increased in a way of asymp-
tote and tends to be saturated at 4-time of present
CO, level (1440uL/L). CO, uptake rates at present
atmogpheric CO, level are 40. 3%, 66. 6% and
73.9%of that at 4-time of present day CO, level at
pH 6.0, 8.2 and 10. 0, regectively , implying that
the degree of limitation of CO, uptake of emersed P.
haitanensis is more severe at lower pH.

600r
—m—pH 6.0
—o—pH 8.2
™ —A—pH 10.0 —
= —*
2 400} L
§'T°ﬂ § / §/
:
= 200 _
E
3 /
o
0 300 600 900 1200 1500
CO, (uL-L™)
Fg. 2. The regponses of photosynthetic CO, uptake rates of e

mersed Porphyra haitanensis to atmogpheric CO, concentration at
different pH vaues.

Table 2 showsthe ratio of measured to calculated
CO, uptake rate at varied atmogpheric CO, concentra
tions. The valuesof all these ratios are higher than 1,
suggesting that the CO, supply from the disolved in-
organic carbon within the surface water film of the
thalli is not high enough to acocount for the rates of
CO; uptake by emersed P. haitanensis. The change
patterns of the values of ratios with externa atmo-
gheric CO, supply level are smilar to those of CO,
uptake by P. haitanensis shownin Fg. 2.

Table 2.  The ratios of observed to theoreticd caculated ratesof photosynthessof emersed Porphyra haitanensis at different CO, concentrations and
pH vaues
CO, concentration (L/L)
PH 60 120 180 360 720 1080 1440
6.0 1.5+0.6 4.2%0.2 5.9%£0.4 12.1%0.7 19.2+0.9 25.4+2.8 30.2%£2.4
8.2 4.3+£0.7 8.8+0.8 11.8+0.9 20.6+1.6 26.7+1.9 29.3+0.8 30.9+1.7
10.0 114.1+7.4 241.6+4.7 336.6+19.7 592.6 +£56.6 727.3+50.1 775.0+86.7 801.5+136.8
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3 Discussion

Our previous work reported that when sub-
mersed in seawater during high tide, Porphyra hai-

tanensis utilized HCO; as its principa bulk externd
inorganic carbon source to drive photosynthetic CO,
fixation and O, evolution!™!. Asthe concentrations of
HCO; in seawater were dragtically reduced with the

increasng pH valuefrom 8. 2 to 10. 0, photosynthetic
O, evolution at pH 10. 0 was substantialy lower than
that at pH 8. 2["!. When the tide went out , P. hai-
tanensis would be exposed to air with a surface water
film surrounding the thali. The surface water film,
which had roughly 300 m thickness, possssed the
same concentration of disolved inorganic carbon and
pH value as bulk seawater. The change pattern of
photosynthetic performances with pH vaue for the
thalli of P. haitanensis under emersed state would
have been dmilar to that under submersed date, if
the emersed P. haitanensis mainly used HCO; of
the surface water film asits externa carbon resource
for photosyntheds. However , this study showed the
reverse results of the regponses of photosynthetic per-
formances to pH values. The photosynthetic CO, up-
take by thalli of emersed P. haitanensis was not re-
duced at high pH. Infact, the CO, uptake rate by e
mersed alga at pH 10. 0 was even a little higher than
that at pH 8. 2, and was dgnificantly greater than
that at pH 6.0. The reaonable explanation could orn-
ly be the difference of mechanism of inorganic carbon
utilization between emersed and submersed P. haita-
nensis. In contrast to the submersed P. haitanensis,
emersed P. haitanensis principdly utilized atmo-
gheric CO; asits externa carbon reource for photo-
synthess, asproposed by Mercado and Niel!®!. Oth-
er results presented in this sudy , i.e. the theoretica
maximum rates of CO, production derived from the

gontaneous dehydration of HCO; within the surface
water film were much lower than the photosynthetic
ratesof CO, uptake by emersed P. haitanensis with
or without CA inhibitors, suggested that the dis
lved inorganic carbon within the surface water film
could far from support the observed CO; uptake by e
mersed P. haitanensis, and the main external inor-
ganic carbon for emersed photosynthess could only
come from atmogphere. These results A suggested
that the measured ratesof CO, uptake by emersed P.
haitanensis reflect the real rates of photosynthess,
because the contributions of disolved inorganic car-
bon of surface water film to photosyntheds were

rather low and could be ignored.

During photosynthetic metabolism, atmospheric
CO, must cross through the surface water film of the
thalli of P. haitanensis before entering into the alga
cdls. Thus, the surface water film acts as an airwa
ter interfface. The driving force for the CO, flux
across the water film is therefore the concentration
gradient of CO, between atmogphere and the water
film!*®!. Provided that the thali had no photosyn-
thetic (and respiratory) metabolism, there would be
no concentration gradient and thus no net CO, flux
between air and the water film. Thus, the CO, flux
from atmoghere to the water film resulted from the
CO, uptake by photosynthess from the water film.
In the previous work , we showed that the photosyn-
thessof P. haitanensis was ultimately dependent on
diffusve entry of CO, , which derived from the dehy-
dration of the bulk HCO; in seawater catalyzed by
extracdlular CAI™. A model describing the underly-
ing mechanism for external inorganic carbon acquis-
tion by P. haitanensis under emersed state during
low tide was proposed. On the outsde of the water
film towards atmoghere, the gassoous CO; was dis
lved into the water film and conversed into HCO;
(hydration reaction) : COz(gsoug < — CO2(aqueouy +
H,O « -H,CO3 «—H™ + HCO; . HCO; diffusve
ly tranderred to the sde of the water film towards
the alga cells where the dehydration reaction oc
curred: HCO; + H® « »CO, + H,0. The CO, pro-
duction derived from dehydration then passed through
plasma membrane and entered into the céls interior
via active uptake or passve diffuson. High pHinthe
water film ocould enhance the disolution of gaseous
CO; and the trandormation of CO, into HCO; , and
thereby accelerate the CO, flux across the air-water
interface!*®!. Thisis the cause why the pH vaue had
a podtive efect on the rate of CO, uptake by emersed
P. haitanensis. At the same time, CA rgidly cat-
alyzed the interverson of CO, and HCO; **¥!. p.
haitanensis possessed high extracdlular and intrace-
lular CA activities™ | and their rolein carbon assmi-
lation by emersed P. haitanensis could be clearly rec-
ognized from the depresson of CO, uptake by CA in-
hibitors, AZ and EZ. It could be postulated that the
enhancement of CO; flux by the extraceullar CA was
due to a rgpid hydration of air-CO; to HCO; in the
outgde of the water film and the reverse converson
(dehydration) of HCO; to CO, indde of the water
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film catalyzed by the enzyme. In cae of pH 6.0, as
the equilibrium reactions of inorganic carbon forms
were much shifted towards the CO, , which thus re-
duced the role of extracellular CA , consequently , AZ
had hardly any efect on the CO, uptake. On theoth-
er hand, the intracelular CA facilitated the trangort
of inorganic carbon within cells from cytoplasm to
chloroplagt by accderating the interconverson of CO,
and HCO; 31 Therefore, EZ, which could pene-
trate into the cells and inhibit both extracdlular and
intracellular CA , had more pronounced inhibitory ef-
fectson CO; uptake than AZ.

The observed ratesof CO, uptake by emersed P.
haitanensis reflected the driving force for CO, trans
port across the surface water film surrounding the
thalli, which derived from the concentration differ-
ence of CO, between atmogphere and the water film.
Theoretically, the cepacity of carbon asimilation by
the aga cells determined the capability to deplete
CO: in the water film. Thus, the observed rates of
CO, uptake by emersed P. haitanensis were deter-
mined by both the atmogpheric CO; concentration and
the capacity of carbon asimilation by the aga cdls.
The present study showed that the observed CO, up-
take increased with increasng atmospheric CO, con-
centration within the tested range (60 14400 L/L)
under al pH values (pH 6.0, 8.2 and 10.0) , abeit
the increasng rates were reduced at pH 8.2 and 10. 0
when the atmogpheric CO, was higher than 360 L/
L. This suggested that the mgor limiting factor for
the actua ratesof CO, uptake by emersed P. haita-
nensis was the CO, concentration of atmogphere with-
in the tested range. Additionaly, the pH vaue had
negative effects on the CO, uptake by emersed P.
haitanensis when measured under an identical atmo-
gpheric CO, concentration. However , pH value did
not afect the caculated maximum rates of CO, up-
take by emersed P. haitanensis uing Michadis
Menten analyss. The maximal rates of CO, uptake
were in fact the capacity of carbon asimilation (car-
borrsaturated Rubiso carboxylation) of the aga
cdls.

Whether or not the photosynthess of marine
macroalgae is saturated by the current ambient CO;
level isof general concernin a view of ecologica im-
pacts of atmogheric CO, rise mainly due to anthro-
pogenic efects (burning of fosdl fues, deforesa
tion). Intertida macroagae will be exposed to air
when the tide goesout , and the CO, in atmophereis

the predominant exogenous inorganic carbon source
for their photosynthess. Thus, the intertidal
macroalgae might be more senstive to the future in-
crease in atmopheric CO,12%° 2| This study showed
that the doubled atmogheric CO, concentration,
which had been predicted to occur in the next few
decades, would enhance the photosynthess by 30 %
in P. haitanensis when emersed at low tides, and
thusincrease its carbon gain. In contrast , when sub-
mersed in seawater at high tides, P. haitanensis

mainly used HCO; to drive photosynthess, the inor-
ganic carbon compostion in seawater could well satu
rate the photosynthess™!. Additionaly, the dis
lved inorganic carbon concentration would increase
by 6 % (from 2.2 to 2. 34 mmol/L) when the atmo-
gpheric CO, doubles*®!. Consequently , increasing at-
mospheric CO, would hardly afect the photosynthetic
rate of P. haitanensis when submersed during high
tides On the other hand, this study indicated that
the disolved inorganic carbon of the surface water
film surrounding the thali could not support the ob-
served photosynthetic rates of emersed P. haitanen-
sisat al pH value and atmogheric CO, tested. More-
over , the ratiosof the measured to the theoretica cal-
culated rates of CO, uptake increased with increasng
atmogpheric CO, concentration or pH vaue. This
suggested that the contributions (if any) of disslved
inorganic carbon within the surface water film of thal-
li to photosynthetic carbon assmilation were rather
low and were much reduced under higher atmospheric
CO, concentrations or higher pH vaues. In case of
aquaculture, P. haitanensis usualy were planted at a
large dendty. The thali cover each other when the
tide goesout , which would increase the diff uson bar-
riers of atmospheric CO, (corresponding to the re-
duced atmospheric CO;). Under this condition the
disolved inorganic carbon of surface water film sur-
rounding the thalli could account for part of the pho-
tosynthetic carbon assmilation for emersed P. haita-
nensis. For example, the disolved inorganic carbon
of the water film might account for roughly 20 % of
the tota carbon assmilation of emersed P. haitanen-
sis when the atmogpheric CO, concentration was 60
ML/L and the pH was 8. 2. Neverthdess, the abso-
lute value of photosynthetic carbon assmilation was
rather low. Consequently, increasng atmospheric
CO, would enhance the photosynthetic productivity of
P. haitanensis by gimulating the photosynthess
during the period of emerson at low tides, but not
the photosynthes s when submersed at high tides.
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