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Photosynthetic Rates and Biomass Changes
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A production model was constructed by combining the production rate and biomass of Sargassum
confusum measured at monthly intervals on the coast of Ohori, Korea. to estimate the algal production
for a given period. The production for a certain period, eg. for a year (P,), was calculated from
the equation: P_.,—“—f"P,-B,dt, where P, and B, are the production rate and biomass at time t P,
was considered as a function of temperature and light Photosynthesis-Iradiance curves obtained
from the in sinu experiments were applied for P, Temperature and light intensity can be expressed
as periodic functions of time (T. L={t)). Diumal values of water temperature and light intensity
at 3 m depth where S confusum mainly found were substituted into the equation of P,

Simulations using our models show that temperature was one of the most sensitive factors operating
on the primary production. Thirty percent decrease of light intensity by cloud cover was estimated
to decrease the annual production by 5%.
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INTRODUCTION sensu Charles-Edwards (1981). Until now, longterm

The present study estimates the algal production
using a numerical model which couples sets of
photosynthetic data obtained from in situ experi-
ments with seasonal standing crops. The estimate
obtained from the model is ‘crop productivity’
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estimates of macroalgal production have been lar-
gely calculated from biomass changes (Vollenwei-
der, 1969; Bach and Josselyn, 1979; Rice and Chap-
man, 1982). Calculation from a set of temporal
biomass measurements, however, underestimates
the algal production due to the loss of the product
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via exudation, shedding of algae and grazing by
herbivorous animals. The oxygen and isotope me-
thods give us more accurate values of the primary
production. The values are, however, of short-term
duration and therfore could be an inadequate esti-
mate of the primary production of a prolonged
period.

In extrapolating photosynthetic rates (P,) to an
annual produciion (P,), the equation P,=["P,
B.dt is used in the present study. P, was consider-
ed as a function of temperature and light. How-
ever, more factors must be regarded to calculate
the annual production accurately. For example,
P, could correlate rather with physiological condi-
tions of algae than with environmental factors
such as temperature and light intensity. Curves
of diurnal photosynthetic performance of seaweeds
have demonstrated a morning maximum, after-
noon depression and late afternoon recovery (Ra-
mus and Rosenberg, 1980). The metabolic poten-
tial for photosynthesis per unit biomass varies sea-
sonally (King and Schramm, 1976b: Brinkhius.
1977a; Littler er al., 1979; Littler and Amnold, 1980).
In order to make the extrapolated production esti-
mates reliable, it is necessary to measure P, by
short time spacing. Production rates varied also
considerably from the base to the apex of the tha-
llus (King and Schramm, 1976a; Gao and Ume-
zaki, 1989). In many cases, however, the applica-
tion of improved methods and frequent in sine ex-
perimentation would be technically difficult and
expensive.

The present model gives an estimate of the pro-
duction for a prolonged period, e.g. the annual
production, by combining photosynthetic rates ob-
served with the seasonal change of biomass. Most
of the previous experiments measured the produc-
tion rates but did not use the rates to estimate
the productivity for a prolonged duration (King
and Schramm, 1976b; Peterson er al., 1987). A sim-
ple method integrating production data measured
at certain intervals has been proposed (Brinkhius,
1977b; Hatcher et al., 1977). Drew (1983) applied
a mathematical model incorporating both tempera-
ture and light intensity into the calculation of an-
nual carbon budget of Laminaria The present mo-

del differs from the Drew’s model in the algorithm
structure, especially in the incorporation of tempe-
rature. The calculation presented in this paper mi-
ght be improved by using more accurate P, values
through frequent experimentations. A brown alga,
Sargassum confusum Agardh, was selected for this
study. since subtidal zones of the east coast of
Korea were dominated mainly by rockweeds. cx-
pecially the species of Sargassum.

MATERIALS AND METHODS

Experiments on photosynthetic rates were con-
ducted in June of 1986 at Ohori on the east coast
of Korea (38°20'N. 128°33'E). The study area has
a small tidal range of 03 m during the spring
tide. The bottom substrata of the coast of Ohon
are mainly composed of fine sand. However. the
study site including the subtidal zone to the depth
of 10 m is composed of rocks. Species of Sarga-
ssum are the main component of the vegetation
to the depth of 56 m from February 6 August
(Koh. 1983).

The oxygen light-dark bottle method was app-
lied for the measurements of photosynthetic acti-
vity. The apical fronds of S confusum, collected
at the depth of 3 m by SCUBA diving. were cut
to 0.5-1.0 gram of wet weight, freed of epibionts,
and placed in 300 mL BOD bottles filled with the
local sea water filtered through 045 pm GF/C fil-
ter. The bottles were incubated outdoors at 10C
and 23C in a temperature regulated tank. Light
intensities were controlled by shielding the bottles
with nylon screens of various densities (Arnold
and Murray. 1980). Incubations at 3 m depth
where the species S. confusum was mostly found
were performed for comparison. The whole pro-
cess was repeated three times and the mean values
for each temperature were taken for the model
calculation. Solar irradiances were measured with
Kahlsico Model No. 268 WA 310 submarine pho-
tometer.

After incubation for about an hour, changes in
oxygen concentration due to algal photosynthesis
and respiration were measured using the Winkler
method (Strickland and Parsons, 1972). Production



110

estimates based on oxygen evolution were conver-
ted to calories after Brower and Zar (1977). using
a photosynthetic quotient of 12 and respiratory
quotient of 1.0. All values are expressed per gram
dry weight. Biomass data measured at the experi-
ment site (Koh and Ahn. 1985) were converted
to units of energy content using the caloric content
values of samples determined by a Parr 1241 adia-
batic calorimeter.

Based on the Photosynthesis-Irradiance (P-I) re-
lationships and biomass changes, expressed as ca-
lories. a mathematical model estimating the an-
nual production was constructed. The following
is a brief description of our model: Photosynthetic
responses of S. confusum to light intensities at dif-
ferent water temperatures were expressed using the
Jassby and Platt (1976) and Chalker (1980) model.
The annual variation of sea water temperature was
mathematically formulated by least-square fitting
of measured values once a month from 1983 to
1985 at Ohori. Solar insolations for photosynthesis
of S confusum at 3 m depth were obtained by
putting the extinction coefficient determined in siru
10 a insolation equation. Temperatures and light
intensities obtained from these models were then
inserted into the photosynthesis versus irradiance
curves for the calculation of production rate at
given times. The annual production was calculated
as an integral by multiplying production rates de-
termined from the above P-I curves to the bio-
mass. The computer program, MAPP. written in
Pascal for IBM PC-compatibles, was applied in
calculating the annual production.

RESULTS

Photosynthesis-Irradiance curves
P-I curves were made using the data on photo-
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Fig 1. Photosynthesis-Irradiance curves of Sargassum con-
Jusum obtained from experiments at Ohori in June
(P,=Net photosynthesis in mgQ: g DW~! h™)).

synthetic activities of Sargassum confusum measu-
red at the study site in different light and tempera-
ture conditions. Fig. 1 shows the P-I curves at two
temperature conditions of 10T and 23%. Photosyn-
thesis showed basically a hyperbola-shaped res-
ponse to light intensity at both temperatures. Pho-
tosynthesis increased with increasing light intensi-
ties up to some asymptotic value. Photoinhibition
was not observed over about one hour incubation.
Table 1 shows some important properties for P-1
curves. There was a great difference of maximum
P, between both temperatures. The P-I relations
of 8. confusum at each temperature could be des-
cribed by the following hyperbolic tangent func-
tion slightly modified from Jassby and Platt (1976)
and Chalker (1980):

P,=(P, + Ryanh[al/B,, + R)] - R 0

where P, is net photosynthetic rate (mgQO.g™'
h™"), P,, is maximum net photosynthesis, R is res-
piration rate. a is initial slope. and 1 is light inten-
sity (mWem™?). Fig.1 shows the measured P, in
different light intensities and the fitted curves of
eqn (1). The coefficient of determination (r') were

Table 1. Photosynthetic parameters and Q) values of Sargassum confusum

Maximum Maximum
P, R P, I a
(mgO; ¢ DW™!' h™) (mW cm™)  (mgO:; h™' g'mW™! em™?)
23¢ 718 —1.28 846 198 4.28
10T 212 —085 296 0.88 3.38
Qi 2.56 1.37 2.56 - 1.20
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Fig. 2. (a) Annual change of water temperature (C) and (b) insolations (Keal m™* day '). (c) Diurnal varations of
the light intensity. LI (mW cm™2), at different seasons. (d) Daily net production, P,. in mgO: g DW"~' h!
of S. confusurm at different seasons (SS=summer solstice. SE=summer equinox, AE=automn equinox. WS=

winter solstice).

097 at 23C and 095 at 10C.

Variations of water temperature and light intensity

The seasonal change of water temperature at
Ohori closely approximated a sinusoidal curve. A
cosine curve was fitted to the observed tempera-
tures of 1983 to 1985. Nonlinear regression analysis
gave us the constant and coeficient values written
in the following cosine eqn (2):

T=13.6 — 7.8cos[2n(day — 46.6)/365] Q)

where T is water temperature (C) on a Julian day.

The coefficient of determination (r) of eqn (2)
was 092 (p<0.001). The observed temperatures and
a fitted curve are plotted in Fig 2a. The tempera-
ture oscillated around the mean of 13.6C with an
amplitude of 7.8C. The highest temperature was
214T on day 229 (mid-August) and the lowest was
58C on day 47 (mid-February).

The incident light intensity at any depth would
be a function of solar radiation and water clarity.

The extinction coefficient reflecting water clarity
was determined to be 048 m™' from the data
measured in situ during the experiments. The trans-
mittance portion at 3 m water depth where S. con-
Susum mainly inhabited was therefore 23.4% of the
surface irradiance.

The amount of light on the surface of the water
varies daily and seasonally. One of the major cau-
ses of the variation is the change of sun angle
which depends on time, date and latitude. So the
following model adopted from KIER (1982) was
applied to predict the intensity of light available
for S. confiusum at a given time on a given day.

[=S.[1 + 0033cos(360 day/365)Jcosb. (T, + T)T,
Q)

€0sB. = cos8- coso-cos) + sind-sind

where 1 is incident light intensity in mWem™? S,

(solar constant) is 1353 mWcm ™", cos6, is the co-
sine of solar zenith angle, §=2345sin[360(284 +
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day)/365). o (latitude) is 38°20'N in Ohori,  is
the angle of hour, T, (water transmittance) is 234
“o. T, 1s the atmosphere transmittance coefficient
of the direct radiation and determined as T,=
0.1233 + 0.755%xp( —0.3878/cos0.). T, is atmos-
phere transmittance coefficient of diffuse radiation
and determined as T,=02710—-02939 T,

Cloud coverage was not considered in the above
equation. Fig.2b shows the annual variation of
the daily iuselation according to the equation.
Highest insolation at 3 m depth was 1540 Kcal
m "~ day”' on day 171. the day of summer solstice:
the lowest was 440 Kcal m™’ day™' on day 348,
the day of winter solstice. The predicied light in-
ensities at a given time were then integrated for
the estimation of the total insolation during the
daylight hours. Diurnal changes of the incident
light intensity calculated from the eqn (3) for the
3 m depth on solstice and equinox are shown
in Fig.2c. The total insolation at the sea surface
during a whole year was 1.57X10° Kcal m~? yr™!
and the amount provided to S. confusum for pho-
tosynthesis at 3 m depth was 3.68X10° Kcal m™?
vi™': that is 234% of the surface insolation.

Daily photosynthesis rates

The effects of irradiance and temperature which
are subjected to diumnal variation should be consi-
dered together in predicting the daily photosynthe-
tic rates. The egn (1) given in the previous section
was therefore modified to combine the P-1 curves
and temperature conditions. The egn (4) made it
possible to calculate the gross photosynthesis and
the respiration in any light and temperature con-
ditions at a given time of a fine day.

P,=P,tanh{al/P,] @
Pm = PZ}Q{I(T7 2w
R — RZ}Qr(Tﬁ 2310
0= QT2
P.=P,— R
where P, is the gross photosynthetic rate (mgQO,g™'
h™"), P, is maximum P, R is respiration rate, P,

is net photosynthetic rate, Py is P, at 23C, Ry
is R at 23T, Q,, is Qo of P.. Q, is Qq of
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Fig. 3. Annual changes of photosynthetic and respiration
rates (cal g DW™! day™") of Sargassum confusum
(P,=gross production, P,=net production, R=
respiration).

R. Q. is Qu of a. I is the light intensity (mW cm™?),
T is temperature, a is initial slope, ay; is a at 23C.

The influences of temperature on the photosyn-
thesis were reflected in the above equation by
means of Qo values determined from the photosyn-
thetic activity. The values measured at 10C and
23T (Table 1) were chosen for the model calcula-
tion. It was assumed that the Qo values obtained
from the experiment could be applied also to tem-
peratures under 10C. Diurnal changes of photo-
synthetic rates shown in Fig.2d are examples cal-
culated by the eqn (4) under the light conditions
given in Fig. 2c and temperatures predicted by the
eqn (2). The results shown in Fig 2d share one
important feature that there is a rapid increase
and decrease in net photosynthesis just after sun-
rise and before sunset respectively. Exclusive of
these times, photosynthesis during the daytime stay-
ed at a constant level despite different light inten-
sities.

Annual variation of daily photosynthetic rates
estimated by integrating the eqn (4) is illustrated
in Fig. 3. Photosynthesis and respiration rates ex-
pressed in terms of energy units showed peaks
in the summer. It was also observed from Fig.3
that photosynthetic rates changed more rapidly
than respiration rates. The highest net production
was 216 cal g DW™! day™' on day 214, and the
lowest was 63 cal g DW™! day™' on day 22

Annual production
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Table 2. Comparison of the net production (Kcal m™?) during a given period from standard run with alternative

simulations under modified conditions

Date 1983 1984 .

Condition 327 16 5260 624 1020 1221 223 316 3p7 Sum (W)

i. Net production 507 3007 4641 9232 854 364 95 45 &4 18829 (100.0)
(original run)

2. 30% diminished irra- 482 2891 4439 8814 805 324 75 41 8O 17952 (1 95.3)
diance by cloud cover

3. Temperature increase 733 403t 5997 11763 1105 539 214 77 130 24589 (130.5)
of +25C

4. Temperature decrease 328 2,184 3540 7165 649 224 3 20 49 14061 (752)
of —25C

5. Distinguishing holdfa- 207 1688 4106 8716 504 130  —47 3 24 15331 ( 814)
sts from apical leaves

6. Conditions 2 and 5 192 1611 3924 8318 472 106 —58 1 21 143588 ( 77.5)

Diurnal photosynthesis obtained from the above
eqn (4) was the diurnal rate which was expressed
on the basis of unit biomass in gram dry weight.
The annual production could be calculated there-
fore by an integration of the daily photosynthetic
performance for a given biomass on an i-th day.
The equation for this calculation was:

365
= Z[B P (5)
365
R= _Z[B P
P,=P, — R

where P, is annual gross production, P, is annual
net production, R is annual respiration in Kcal m™?

. B; is the biomass on i-th day (Kcal m~?),
P, is gross production on i-th day (cal g DW™'
day™'"), R, is respiration on i-th day (cal g DW™*
day™").

The annual production obtained from the egn
(5) reveals total organic maternials in caloric units
produced by the photosynthetic activity. Biomass
values (B) for the eqn (5) are actual standing
crops harvested at Ohori in 1983-84 at monthly
intervals by Koh and Ahn (1985). The net produc-
tion in terms of photosynthesis for each sampling
period are depicted in Table 2. The relative pro-
portion of the production in May-September was
about 75% of the net annual production. The an-
nual gross production from the present model

amounted to 324X 10" Kcal m  yr % it was 88%
of the insolation reached at 3 m depth. The ner
production was 19X 10* Kcal m 7 yr'', 52% of

the in sine insolation.
DISCUSSION

The first step for constructing our production
model was to determine how S. confusum respond-
ed to changes in light intensity and emperature.
Physiological parameters such as maximum pho-
tosynthetic rate. respiration rate, initial slope, and
saturation irradiance (1;) were, therefore. determin-
ed in different temperawre conditions through in
situ experiments at Ohori (Table 1). Rates of the
maximum photosynthesis and dark respiration
were comparable with the published data of other
Sargassum spp. under similar temperature condi-
tions. Maximum photosynthetic rates of S, confu-
sum were lower than the rates recorded for tropical
S. filipendula (Peckol and Ramus, 1985), but greater
than those of S. preropleuron on the South Florida
coast (Prince, 1980) and pelagic Sargassum (Lapo-
inte, 1986). Rates of dark respiration of S. confusum
were slightly greater than those of S echinocarpum,
S. obtusifolium, and S. pteroplewron in Prince (1980).

Rates of photosynthesis of S. confusum were re-
gulated mainly by temperature. but the effect of
femperature on respiration rates was not signifi-
cant. Prince (1980) reported that photosynthetic ra-
tes of S. preropleuron showed a seasonal variation.
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whereas the respiration rates showed no significant
variation. High primary production of S. confusum
at Ohori in summer calculated from the model
appeared to result from the more active response
of temperature on photosynthetic rates than on
respiration rates.

Although our physiological parameters are com-
parable to other results. the annual production cal-
culated from the model remains still uncertain.
This uncertainty is expected if we consider the
large amount of physiological and temporal vari-
ability in the algal production of the natural envi-
ronment. Simulation runs can be made to get a
fecling for the possible implications of this uncer-
tainty and to determine the effect of varying para-
melers.

To evaluate the exient to which temperature in-
fluences the primary production. an arbitray in-
crease and decrease of the annual mean could
be employed. When the temperature was raised
or even lowered by 25C, the simulated annual
production increased or decreased by about 30%
and 25% from the standard run. respectively (Table
2). A significant factor which might change the
amount of the annual production which is poorly
demonstrated in the present model is the cloud
cover. It is, however, apparent from Table 2 that
the effect of cloud cover on the annual net pro-
duction integrated by using a stochastic cloudiness
scheme is not substantial. The annual production
decreased only about 5%, when 30% decrease of
light intensity by cloud cover was entered (Table
2). These differences indicate the relative impor-
tance of temperature rather than the light intensity
in determining the photosynthetic rate of S. confu-
Juni.

To test the sensitivity of different photosynthetic
capacity of different part of plants to the annual
production, production rates of apical leaves and
holdfasts are substituted into a simulation process.
The net production described in the condition 5
of Table 2 are obtained by replacing the produc-
tion rates with partially reduced rates determined
from production measurements of holdfasts in
summer (unpublished data). The photosynthetic
rates of holdfasts were about 252% lower than

those of apical blades and these values were com-
parable with Gao and Umezaki's result (1989). It
was supposed from the field observation that hold-
fasts. in the fast-growing phase, constituted less
than 20% of the whole thallus in weight. and in
other periods. 70-90%. The result of regarding these
coefficients described in Table 2 indicates that the
estimate of production declines to 814% of that
calculated from the standard run. The condition
6 in Table 2 seems 10 be more theoretically imp-
roved, because the cloud cover and different meta-
bolic responses of the thallus are included. This
estimation of 14.6 Kcal m™ yr~' was seven times
the annual production estimated from the biomass
change alone.

Further improvements are possible, however, the
variety of responses in biological processes of the
algal production is extreme., For example. the
photosynthetic activity was known 10 have diurnal
fluctuations. The changing activity was not reflec-
ted in our model in detail. for such fine curves
could not be fitted through the necessary simplifi-
cation used in the model construction. If diurnal
fluctuations are mainly regulated by the light his-
tory as pointed out by Knoop and Bate (1988),
the simplification would be more difficult. The
seasonal characteristics of P-l curves should be
considered in the present model as well, for the
photosynthetic activity. P; in a given day. was mul-
tiplied by the biomass for the annual integration
(eqn 5). Photosynthesis-iemperature responses can
be analysed more in detail in order to get sub-
stantial information on the production for a long
period (Knoop and Bate, 1990). To cover this defi-
ciency. experiments on P-I relationships at closer
time intervals are necessary.

Radiant environment within the community can
be changed spatially and temporally. We applied
an extinction coefficient obtained during the expe-
riment period for the whole year, however, extinc-
tion coefficient is a physical parameter which is
difficult 10 describe with any one value. Spatial
difference of the light intensity caused by the ca-
nopy effect is another factor to be determined for
the production model. Field experiments with
whole plants in an open. continuously recording
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flow-through system provides more compensated
value . (Schramm, 1973). The accuracy of the esti-
mation largely depends on the information about
production rates in different environments. Qur
model must be therefore improved by modifying
the algorithm with the data obtained from more
frequent and sophisticated experiments.
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