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ABSTRACT

The cllcels of environmental factors on the growth of Enteromorpha compressa germlings from
Daeyulri (34°36'N; 127°47'E), the southern coast of Koreca were examined in laboratory cullure
through combinations of irradiance and salinity and temperature and salinity. They showed a maxi-
mum growth rate at 125 pE-m™*-s7! and 32% of irradiance and salinity combination, and at
15°C and 32% of temperature and salinity combination. Optimal parameters for the growth of
germlings were 15°C, 125 pE-m™%-s7' and 32%. The germlings of E. compressa were survived
in a wide range of irradiance, temperature and salinity levels, even though they had relatively
low irradiance optimum. In the field E. compressa occurred commonly during aulumn and spring
seasons and disappeared in summer, except for particular habitats. This may be caused by the
galinity and water temperature of this area rarely drop below 26% and 8°C during winter. A
broad tolerance lo environment and rapid growth of germlings made them a wide geographical

distribution over the world and a survival in both the upper and lower intertidal zones.

INTRODUCTION

Irradiance, temperature and salinity can be the impor-
tant factors in determination of seasonal occurrence and
vertical distribution of marine benthic algae (Round,
1981; Yarish and Edwards, 1982; Lobban ef ., 1985).
Recently, increasing number of studies is aware of the
importance of the combined effects of environmental fac-
tors on algal growth. For instance, the influence of tem-
perature on algal growth subjecied Lo saline stress indi-
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cates that the algae may have markedly different abilitles
to withstand against the changes of their external osmotic
conditions under different temperatures (Kjeldson and
Phinney, 1972; Fralick and Mathieson, 1975; Zavodnik,
1975). The inter-active effecls of irradiance, temperature
and salinity on the growth of benthic algae are also de-
monstrated (Dawes ef al., 1976; Lehnberg, 1978).

The growth rate of germlings can be a critical determi-
nant in survival of a benthic alga competing with other
organisms. A few studies have shown that germlings of
benthic algae have a relatively low light requirement co-
mpared with adult plants (Lining, 1981; Fain and Mur-
ray, 1982; Friedlander and Dawes, 1984). During the on-
togenctic development of many species, the proportion
of non-photosynthetic internal tissues increases and the
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light requirements of germlings stages are often lesser
than those of adult plants (Siromgren, 1977). Growth op-
tima and tolerance ranges may, therefore, vary greatly
during the developmental siages, such as the growth tlo
malurity may depend largely on a survival ol the micros-
copic stage.

Several studies proved that the growth of germlings
of estuarine red algae in laboratory culture among va-
rious combinations of dillerent gradients of salinity and
temperature was correlated to the distribution in the [ield
(Vandermeulen, 1986; Hales and Fletcher, 1989). On the
other hand, the [ield and culture studies related to germ-
ling growth of Enteromorphas have been reported in va-
rious physico-chemical (actors including light, tempcra-
ture and nutrienis (Woodhead and Moss, 1975; Ohno ef
al., 1981; Pandey and Ohno, 1985). Physioclogical respon-
ses were considered in relation to seasonal occurrence
and vertical distribution patterns of the members obser-
ved at the survey areas (Kim el «l, 1990; Kim et al.,
1991).

Along the coast of Korea, Enleromorpha compressa
grows al lhe intertidal zone allached to other macroalgae,
bedrocks, boulders and other hard substrates. The pre-
seni study aims to consider relative effects of irradiance,
temperature and salinity (or germling growth of E. comp-
ressa under controlled environmental condition. The re-
sults of the laboratory experiments are compared with
the field observations, especially relerred to their physio-
logical responses to environmental factors in relation to
the seasonal occurrence and vertical distribution patterns.

MATERIALS AND METHODS

For cultural experiment, adull plants of Enferomorpha
compressa were collected in February, 1990 from Daeyulri
(34°36'N; 127°47'E), the southern coast of Korea. The
planls were transported to the laboratory using an ice
box (5 Lo 10°C). Stock cultures were carried out in Pyrex
culture dishes (7 cm X7 c¢m) containing 200 mL PES me-
dium (Provasoli, 1968) at 15°C, 35 pE-m™-s~}, 32% and
16 hours daily photoperiod.

The combined effects of irradiance, salinity, tempera-
ture and salinity were studied two-way ANOVA in facto-
rial design experiments with triplication, respectively.
These experiments were employed with irradiance, tem-
perature and salinity as main factors; the irradiance of
10, 30, 60, 125 and 250 pE-m~?-s7!, the temperalure
from 5° to 25°C in 5°C intervals and the salinity of
8, 16, 24, 32, 40 and 48% were used.
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The irradiance was provided by ceiling irradiance ba-
nks, each comprised of threce 40 W Westinghouse cool-
white fluorescent lamps and four 100 W, 220 V Bankae
incandescent bulbs. Different irradiances were establi-
shed by positioning the cullure vessels at different dista-
nces from overhead irradiance banks. Additional reinfor-
cements of the gradicenl were achieved by enfolding lay-
ers of cheese cloth over the culture vessels. The irradia-
nce was measured with a Ramsden 550 photometer.

The temperature diflerences were mainlained by pla-
cing the culture vessels in adjustable positions on the
aluminum temperature gradient plate (150X45X25 cm).
The temperature plate was monitored many times with
6 shielded cupric constant thermocouples placed in the
plate and attached to a digital recorder. The temperature
was controlled within = 1.0°C accuracy al each tempera-
ture level.

The salinity differences were obtained by diluting sea-
water with distilled water, or concentrating natural sea-
waler at 60°C, prior to the enrichment. The germlings
were introduced to the lower or higher salinities by gra-
dually passing them through decreasing or increasing sa-
linilty gradients.

Swarmers were obtained with small apical fragments
of mature plants kept at 15°C, 80 uE-m™*-s ' and 16
hours daily photoperiod. In culture vessels (disposable
multiple well plates, Corning, 25810-6) containing 22X 22
mm cover glass and 15 mL PES medium a dilute suspen-
sion of swarmers (0.1 mL) were inoculated. They were
grown for 10 days (ca. 0.2 mm in length) and then used
for the experiment of germling growth. This experiment
was estimated by about 100 plants in each culture vessel.

The growth of germlings under various environmental
conditions was measured by length of thalli in every 48
hours for 14 days experimental period using a light mie-
roscope and an eyepiece graticule with 100 magnifica-
tion. The length of germlings excluded rhizoid measure-
ment. This experimental period was selected hecause the
plants grew exponential. The culture medium was rene-
wed once a week to minimize the change ol salinity, pH
and depletion of the nutrients. Specific growth rate (u)
was calculated by equation:

p=LnLs/L)-T™!

where T is the lime n days, L, is the initial length and
L; is the length on day T.

For two-way ANOVA and regression analysis of a se-
cond order polynomial on growth of germlings data, the
“SAS" (Release 6.03) ulilizing an IBM personal computer
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Fig. 1. Specilic growth rate (day™") of E. compressa germ-
lings as a [unction of irradiance and salinity.

was adopted. In order to test {or the statistical significa-
nce among treatment means the Turkey's test for multi-
ple mean comparison was employed (Steel and Torrie,
1980).

RESULTS

Combincd effects of irradiance and salinity. The
specific growth rates increased generally as irradiance
level increases, reaching the maximum at 125 pE-m 4
s ! and decreased beyond this irradiance level, Moreo-
ver, the specific growth rates increased dramatically as
increasing salinity up to 32%. Above 32%, they decrea-
sed in proportion as salinity increased up to 48% (Fig.
1).

As for salinity levels, the optimum irradiance lor gro-
wth of germlings was different. Under the lowest level
of salinity, the optimum irradiance was 250 uE-m~2-s7!,
whereas under the other conditions, the highest growih
rate occurred at 125 puE-m <-s7. This result indicated
that the optimum irradiance for growth of germlings was
salinity-dependent. Under the irradiance range of 125 to
250 uE-m™*-s7', approximately. The specific growth ra-
tes at each salinity under the optimum irradiance condi-
tion were aboul (.39, 0.49, 0.54, 0.55, 0.49 and 0.38 day '
at the salinity of 8, 16, 24, 32, 40 and 48%., respectively.

Regardless of salinity levels, mean value at the irradia-
nce of 10, 30, 60, 125 and 250 pE-m~%-s ' was ahout
0.18, 0.33, 0.43, 047 and 0.45 day ', respectively. On the
other hand. at all irradiance levels. they were about 0.28,
0.39, 044, 045, 040 and 0.29 day™ at the salinity of
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Table 1. Analysis of variance (ANQVA) table {or the effe-
cts of irradiance and salinity on germling growth of Enfe-
romorpha compressa

Source of Sum of Mean F-

L df . P
varlation squares square ratio
Irradiance 4 10431 0.2608 3835 <0.001
Salinity 5 0.4010 0.0802 1179  <0.001
Interaction 20 0.0447 0.0022 033 >0.05
Error 60 0.4080 0.0068
Total 89 1.8968

8, 16, 24, 32, 40 and 48%, respectively.

In order to facilitate comparisons of effects on growth
rate between the main factors, their relative contribution
to the sum of squares explained by the analysis of varia-
nce (ANOVA) was cvaluated by comparing F ratio (Table
1). ANOVA on specific growth rate data revealed that
rradiance and salinity were significant in p<0.001, al-
though the F ratio for the salinity was less than that
for the irradiance. However, their interactions were not
significant. Irradiance and salinity accounted for about
76.1% of the tolal sum of squares. Together two main
cnvironmental lactors and their interactions accounted
for 78.4% of the total sum of squares.

The results ol multiple comparison among the levels
ol cach factor, irrespective of irradiance, the plants grown
al 32, 24, 40 and 16% were significantly larger than those
at 48 and 8% (Tukey tests, p<0.01). Without different
salinity levels, the plants grown at 125, 250 and 60 yk-
m’ *-s ! were significantly larger than those at 30 and
10 uE-m™*-s"! (p<0.01), although the optimum became
at 125 pE-m™+s”", suggesting that an important differe-
nce in irradiance level experienced by these germlings
would take place when the irradiance increased from 30
to 60 yE-m *s7%

The irradiance and salinity responses of specific gro-
wth rate could be described as second-order polynomial.
The regression model was highly significant (p<0.01)
with R? value of 0.70. The linear as well as quadric effe-
cts of salinity and irradiance acting individually had a
significant effect (p<0.01) on the specific growth rate of
germlings. The model was given by the following equa-
tion:

5=—11744+2511X+0.463Y — 0.042X>— 0.001Y*

where S is the specific growth rate (u), X is salinity (%)
and Y is irradiance (UE-m~%+s57").
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Fig. 2. Specific growth rate (day™") of E. compressa germ-
lings as a function of temperature and salinity.

Combined effects of temperature and salinity. The
growth response to temperature revealed that specific
growth rate increased as temperature increcasing up to
15°C, then gradually decreased to the highest tempera-
ture tested (25°C). Moreover, specific growth rate increa-
sed rapidly as salinity increasing up to 32% and above
which rate decreased gradually (Fig. 2).

As for salinity levels, the optimum temperature for
growth of germlings exhibited constant. At all salinity
levels, the optimum temperaturc was 15°C. The specific
growth rates at each salinity under optimum temperature
condition were about 0.39, 0.44, 047, 048, 046 and 0.34
day~! at the salinity of 8, 16, 24, 32, 40 and 48%, respec-
tively.

In respect to all salinity levels, mean value at the tem-
perature of 10, 15, 20 and 25°C was about 0.22, 042,
0.41 and 0.24.day ™’ respectively, while it was barely dete-
ctable at 5°C. The growth rate evidently decreased at
temperature of 20 to 25°C. Regardless ol temperature
levels, mean value at the salinity of 8, 16, 24, 32, 40
and 48% was about 0.19, 0.27, 0.31, 0.32, 0.29 and 0.17
day~?, respectively.

ANOQVA results for specific growth rate determined
at each temperature and salinity combinations were given
in Table 2. The model containing temperature, salinity
and their interactions accounted for 83.5% of the total
sum of squares. ANOVA on specific growth rate revealed
that temperature and salinity were significant (p<0.001)
with temperature having the largest F ratio, although the
F ratio for the salinity was less than that for temperature.
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Table 2. Analysis ol variance (ANOVA) table for the effe-
cts of temperature and salinity on germling growth of
Enteromorpha compressa

Mean F-

Source of Sum of
s ) " P

variation squares square ratio
Temperature 4 1.9824 0.4956 9385 <0.001
Salinity 5 0.2929 0.0586 11.09 <0.001
Interaction 20 01337  ©0.0067 127 >005
Error 60 0.3168 0.0053
Total 89 2.7258

Temperature and salinity had a non-significant interactive
effect on growth of germlings.

The results of multiple comparison among the levels
of each factor, withoul diflerent lemperature levels, the
plants grown at 32, 24, 40 and 16%. were significantly
larger than at the other salinities (Turkey tests, p<0.01).
Also, irvespective of salinity, the plants grown at 15 and
20°C were significantly larger than at 25, 10 and 5°C
(p<0.01). Tt was evident that low or high temperalurc
levels (5 or 25°C) coupled with low or high salinity levels
(8 or 48%) were clearly detrimental (o the growth of
germlings.

Multiple regression analysis produced as second-order
polynomial expression. The regression model was highly
significant (p<0.01) with R* valuc of 0.80. Both the linear
and quadric effects of salinity and temperaturc had a
significant individual effect (p<0.01) on the specilic gro-
wth rate of germlings, although their interactions werc
not significant. The model was given by the [lollowing
equation:

$= —68.22542.165X - 9.944Y — 0.035X*— 0.274Y*

where § is the specific growth rate (), X is salinity (%)
and Y is temperature (°C).

DISCUSSION

Germlings of Enteromorpha compressa grew successfu-
lly under a wide range of irradiance, temperature and
salinity conditions in laboratory culture. They showed
a maximum growth rate at 125 pE-m “-s ' and 32%
of combined irradiancc and salinity and 15°C and 32%
of combined temperature and salinity (Figs. 1 and 2).
Another factor contributing the success of E. compressa
is rapid growth rate of their germlings, ranging from 0.43
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to 0.55 day™!
several times faster than the maximum growth rates re-
corded for several other marine macroalgae (Lobban et
al., 1985). Rapid growth of germlings in initial stage may
also help to minimize the time for young plants to be
grazed by animals.

The broad irradiance tolerance of E. compressa enables
the alga to grow at low as well as high irradiances. At
the lowest irradiance (10 pE-m '-s7"), regardless of sali-
nity, the germlings exhibited an average growth rate of
0.18 day~*. This enables the germlings to survive tempo-
rary shading by the parent canopy or fronds of other
species.

The germlings of many littoral species have been repo-
rled to grow optimally at lower irradiance levels. The
germlings of Dilsea carnosa (Schmidel) O. Kuntze, for
instance, exhibit saturation of growth at 54 pE-m™%-s%'
(Jones and Dent, 1970) and those of Seyfosiphon lomenta-
ria (Lyngb.) Link reach their saturation point at 60 pE-
m 2-57! (Ohno, 1969), while Ascophyllum nodosum (L.)
Le Jol. can only be maintained in laboratory at 30 pE-
m~%-s7! (Sheader and Moss, 1975). Such algae may sur-
vive in deep water by occupying shady positions. Howe-
ver, the tolcrance of high irradiance levels enables E.

under optimal culture condition. This is

compressa primarily to be littoral species to occupy rock
pools under little aticnuation of incident radiation. The
absence of E. compressa in supra-littoral zone is probably
more a consequence of ity inability to withstand desica-
tion than high irradiance levels.

The response of algal growth to environmental condi-
tions is often quile useful in recognizing differences of
the characteristic populations (Dawes & «l., 1978). In
unialgal culture, however, considerable differences of op-
timum temperature for growth have been reported (Hofi-
mann and Graham, 1984). Such differences can be due
to different nutrient levels, prior adaptation to different
temperaturc regimes, or different physiological responses
{rom different races or ecotypes. In the present study,
the different temperature optima for germling growth ca-
nnol be attributed to thesc causes, since the same culture
medium and stock preconditioning strains were used.

The germling growth studied demonstrates that E. co-
mpressa is ahle to tolerate and develop the thallus under
a wide range of temperatures between 5 and 25°C. The
broad thermal tolerance illustrated in laboratory experi-
ments also demonstrates a wide geographical distribution
of the species.

At the sampling area, the visible plants begun to occur
in early autumn when the average water temperaturc
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decreased to 20°C and their maximal growth became in
early spring when the average water temperature was
15°C. The winter surface water temperature varied from
8 to 15°C and could be favorable for growth of E. compre-
ssa. However, this alga apparently disappeared in sum-
mer when water temperature arose to as high as 26°C.
This suggests that high summer temperature is a critical
determinant. The seasonal variation in growth of E. com-
pressa in the field is probably caused by annual water
temperature ranging from 8 to 28°C.

Current study demonstrates good growth of germlings
al 16~32% of salinity, but germlings show a sharp dec-
rease m growth at 8%. In an earlier study Koeman and
Hoek (1982) demonstrated the good growth at 9-~34%
for E. compressa. This accords with the results of present
experiments. Despite of the broad salinity tolerance exhi-
bited by E. compresse in the laboratory, in the field it
was mostly found at salinities ranging from 16 to 32%.
On the basis of salinity tolerance under laboratory culture
E. compressa may be expected to grow at field salinities
higher than thosc recorded so far. Really, some plants
were collected at splash zone with extremely low salini-
ties, where the fresh water moved up and down by tidal
action. The less tolerance of germlings in lower salinities
may be due to the use of slightly younger germlings
a less gradual salinity acclimation procedure.

The macrothalli of E. compressa occurred abundantly
during the winter may be caused by the salinity and
water temperature at this area rarely drop below 26%
and 8°C during winter. The wider range of salinities and
temperatures experienced by E. compressa in culture may
explain why it appcars to be very resistant to extreme
conditions of these factors in the field.
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