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Abstract

The growth rates of germlings of the large, introduced, brown alga Sargassum muticum (Yendo) Fensholt,
collected from Bembridge, Isle of Wight, south coast of England, are described under different conditions of
temperature, irradiance and salinity. The germlings showed a broad tolerance to all three environmental
parameters, with growth recorded from 10 to 30 °C, 9 to 175 pE m~2 57' (500 to 10000 lux) and 6.8 to 34%o
salinity; optimum growth occurred at 25 °C, 44 uE m~? ' (2500 lux) and 34%. salinity. These results are
discussed in relation to aspects of the present and future ecology and geographical distribution of this invasive

alga.

Introduction

As a consequence of its introduction to the British
Isles and North Atlantic in the early 1970’s (Farnham
et al, 1973) the large, brown, invasive alga Sargassum
muticum (Yendo) Fensholt has received particular at-
tention from investigators. Aspects studied include its
ecology (Critchley 1981; Jephson and Gray 1577),
tocal and geographical spread and consolidation
(Boalch and Potts 1977; Critchley and Morrell 1982,
Critchley et al. 1983), life history (Fletcher and
Fletcher 1975 a, Fletcher 1980) and vegetative plant
growth (Fletcher and Fletcher 1975b, Chamberlain
et al. 1979, Gorham 1979, Kane and Chamberlain
1979). The primary objective of these studies was to
provide a detailed understanding of the biology of
the species which would, at most, provide a means of
its eradication and control if required and, at least,
predict its geographical spread and likely ecological
impact on North Atlantic shores.
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Fundamental to the success and spread of Sargassum
muticum in the North Atlantic and beyond is its ability
to tolerate and respond to environmental parameters.
In this respect probably the most vulnerable growth
stage in the life history are the young germlings. To
date germling growth rates in relation to controlled
physical factors have only been investigated in the
Sargassum species S. echinocarpum I, Agardh, S. ob-
tusifolium J. Agardh, S. oligoeystum Montagne, S.
polyphyllum J. Agardh (De Wreede 1976, 1978) and
Pacific populations of S. muticum (Norton 1977). In
the present paper results are presented of an investi-
gation into the effect of temperature, irradiance and
salinity on European S. muticum germlings.

Materials and Methods

Details of the three germling growth studies are listed
in Table I. Healthy fertile plants were taken from the
mouth of Langstone Harbour, Hampshire and cul-
tured at 20 °C under continuous light until multicel-
lular germlings were released. These germlings were
stored in a 10 °C growth room at 50 pE m~2*~! with

institute Library (SLIDBX00225E



168

Hales and Fletcher: Effect of Temperature, Irradiance and Salinily on the Growth of Sargassum muticum

Table I. Culture regimes used to investigate the influence of lemperature, irradiance and salinity on 8, muticum germling growth.

Growth study 2
(Irradiance variable)

Growth study 3
(Salinity variable)

Growth study 1
(Temperature variable)

Temperature ( "C}) 10, 15, 20, 25, 30 20 20

Light intensity (lux) 4200 0, 500, 1000, 2500, 5000, 10000 4200

Irradiance (RE m~% s™') 74 0,9, 18, 44, 88, 175 74

Salinity (%o) 34 34 0, 3.4, 6.8, 10.2, 13.6, 17.0,
20.4, 23.8, 27.2, 30.6, 34.0

Daylength (hours) (light: dark) 16:8 16:8 16:8

No. germlings at each regime 200 200 200

Start of experiment November 1981 November 1981 November 1981

Period of culture (weeks) 4 4 4

regular seawater changes for two weeks and then used
in the germling growth studies. Two hundred germl-
ings were cultured in each regime and soon attached
themselves to the base of the culture vessel. The mean
germling length at the start of each study was {.4 mm.

For the cultures 9 cm diameter glass crystallising
dishes with glass lids were used throughout. Two
dishes were used for each culture regime, with the
germlings divided between them as equally as possible.
Each culture dish contained 150 cm® of von Stosch
culture medium (von Stosch 1964). This volume was
changed at three day intervals for the duration of the
study. Different temperatures were maintained by
placing the culture vessels in adjustable temperature
water baths with thermostatic controls. Different ir-
radiances were maintained by positioning the culture
vessels at different distances from overhead cool white
fluorescent tubes whilst different salinities were ob-
tained by diluting von Stosch culture medium with
distilled water. The germlings were introduced to the
lower salinities by gradually passing them through a
decreasing salinity gradient. An acclimation period of
at least 3 hours was used at each of the salinities in
this gradient.

Growth of germlings was recorded in terms of length
and was measured al regular intervals using a dis-
secting microscope and an eyepiece graticule. The
germling lengths excluded rhizoid measurement,

Results
Temperature and germling growth

Figure 1 shows an increase in germling growth with
increasing temperature from 10 to 25 °C, In this range
the relationship between germling growth (G) and
temperature {T), after two weeks culture can be seen
to fit the linear equation G = a + b. T. There is a
highly significant correlation between G and T, the
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probability of unrelatedness being less than 0.1%.
The descending part of the curve is fitted by eye and
shows an inhibition of growth over the range 25 to
30 °C. Maximum growth during the first two weeks
of culture occurred at 25°C (0.21 mm day~") while
growth at 30°C averaged approximately 0.09 mm
day~'. At the end of this period the mean growth of
germlings cultured at 10 °C was 1.3 mm while that of
germlings cultured at 25 °C was 3 mm. The relation-
ship between germling growth and temperature after
four weeks culture may also be linear in the range 10
to 25°C although in this case no 25 °C values were
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Fig. 1. The growth of Sargassum muticum germlings after 2 (0)
and 4 (A) weeks culture at different temperatures.

After 2 wecks culture the relationship between germling growth
(G) and temperature (T) in the range 10 to 25 °C fits the linear
equation,

G = 0147 ++ 0.1151 T

(6 d.f;r = 00947, P < 0,001
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available. At 30 °C the growth of germlings was still
suboptimal after four weeks culture; after this period
of time 95% confidence limits demonstrate a signifi-
cant difference between growth at 20 and 30 °C,

Irradiance and germling growth

Figure 2 shows that germling growth occurred at all
investigated irradiances in the range 9 to 175 pE m ™2
s™! (500 to 10000 Jux). During the first two weeks
culture, germling growth (G) can be seen to increase
with irradiance (I) over the range 9 to 44 pE m~25~!
(500 to 2500 lux). The relationship between the two
variables fits the logarithmic equation G = a + bin |
and the probability of unrelatedness is less than 1%,
This is a highly significant correlation. The four week
curve and the descending portion of the two week
curve are fitted by eye.

After 2 weeks culture maximum growth (0.28 mm
day~") was evident at 44 uE m~2 s~ (2500 lux). High
germling mortality occurred at 88 and 175 pE m™?
s~! (5000 and 10 000 lux) during these first two weeks
of culture and growth was minimal at 175 uE m™2
s~' (10000 lux). During the second two weeks of
culture there was no further mortality and growth
rates at all irradiances increased to more than 0.3 mm
day~* Optimal growth occurred over a broader range
of irradiance (18 to 88 uE m~2s~') during this period.
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The final mean lengths of germlings cultured at 9, 44
and 175 pE m~2? s~' were 6.2, 9.3 and 5.4 mm re-
spectively. Germlings cultured in total darkness did
not grow during the four week culture period,

Salinity and germling growth

Germlings grew in all investigated salinities except
those of 0 and 3.4%. (see Fig. 3). Growth increased
with increasing salinity over the range 6.8 to 34%.; in
the 6.8%s cultures the mean germling growth rate was
approximately 0.03 mm day~' but at full seawater
salinity a value of 0.36 mm day~! was attained. After
four weeks germlings cultured at 6.8%. exhibited a
mean extension of 0.95 mm while those cultured at
34%0 showed a mean extension of 10.6 mm. The
relationship between germling growth (G) and salinity
(S) in this range was found to fit logarithmicequations
(G = a + bln§) after both two and four weeks cul-
ture. In each case there was a highly significant cor-
relation between G and S, the probability of unrelat-
edness being less than 0.1%. Germlings were able to
grow at very low salinities; the salinity at which
growth ceased and death ensued appeared to lie be-
tween 3.4 and 6.8%o. All germlings exhibited a normal
pattern of development except those cultured at the
lowest end of the tolerance range (6.8%.) which de-
veloped a multibranched morphology.
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Fig. 2. The growth of Sargassum muticum germlings after 2 (o) and 4 (4A) weeks culture at different irradiances,
After 2 weeks culture the relationship between growth (G) and irradiance (I) in the range 9 to 44 pE m™2 s™' fits the logarithmic

equation,
G = 11614 + 1336 1In1I
(4d.l;r= 0957, P < 0.01)
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Fig. 3. The growth of Sargassum muticum germlings after 2 (0) and 4 {A) weeks culturc at different salinities.
After 2 and 4 weeks culture the relationships between germling growth (G) and salinity (8) fit the following logarithmic equations:

2 weeks: G = —1.0552 + 1.766 In {5-4.5)
(18 d.f; r = 0.959; P < 0.001)

Jweeks: G = —3.7615 + 4.0593 In (5-4)
(18 d.f;r = 0.979; P < 0.001)

Discussion
The effect of temperature on germling growth

The germling growth studies demonstrate that Sar-
gassum muticum is able to tolerate and develop under
a wide range of temperatures between 10 and 30 °C.
The cultured material continued to grow at both ends
of this temperature gradient suggesting that the ther-
mal tolerance of the alga exceeds the 20 °C range used
in the investigations. Norton (1977) Investigating
North American S. muticum populations has similarly
demonstrated a tolerance range of at least 20 °C (from
5 to 25 °C) for vegetative lateral branches and germl-
ings (see below). The broad thermal tolerance jllus-
trated in these laboratory experiments is also dem-
onstrated by the species’ wide geographical distribu-
tion. In its native Japan, S. muticum is influenced by
the warm waters (20 to 28 °C) of the Kuroshio current
{Yendo 1907) experiencing an annual temperature
range from 5—28 °C (Anon 1975). It is also present
in the warm waters of the Mediterranean (Knoep({ler-
Peguy er al. 1985) and occupies sheltered habitats in
southern California where the temperature never
drops below 14 °C and can be as high as 30 °C (Ni-
cholson er al. 1981), These warm habitats contrast
with the relatively cold waters inhabited by S. muri-
cum near Vancouver [sland, British Columbia (annual
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range approximately 6 — 15 °C, Anon 1970), in south-
ern Alaska (annual range approximately 3—10 °C,
Anon 1970) and in the Solent, southern England
(annual range approximately 3—20 °C); the species’
eurythermal nature is also demonstrated in its ability
to colonise these temperate waters for it is in such
marine habitats that the largest annual temperature
range (spanning 10 to 15 °C) is known to occur (Dring
1982). Colonisation of tide pools in which tempera-
ture fluctuation is both greater and more rapid than
in the sea is also made possible by the alga’s broad
thermal tolerance. This tolerance is comparable with
that displayed by truly intertidal algae such as Fucus
spiralis L. and F. vesiculosus L. (Niemeck and Ma-
thieson 1978) which, unlike S. muticum, can tolerate
considerable periods of emersion.

The presence of attached Sargassum muticum in the
English Channel and in the Mediterranean suggests
that it will also be able to colonise sheltered shores
of intermediate temperature on the Atlantic coasts of
France, Spain and Portugal. North-west Brittany is
the southern limit of distribution for many European
algae with a growth optimura of 10°C but most
species having a wide optimum of 10 to 15 °C have
more southerly limits such as the Loire/Gironde area
(Fucus serratus 1.), north-west Spain (F. vesiculosus,

Botanica Marina / Vol. 32 / 1989 / Fusc. 2
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Chondrus crispus Stackh.), or Morocco [F. spiralis,
Petalonia fascia (O. F. Miill) O. Kuntze], (Hoek and
Donze 1967). S. muticum has a higher optimum
growth temperature (25 °C) than the above species
and could be expected Lo penetrate even further south.
[t may spread to parts of the North African Atlantic
coast as it presently occupies similar latitudes on the
Mexican Pacific coast (Fletcher and Fletcher 1975 a),

Although Sargassum muticum has a wide distribution
on the south coast of England no attached plants
have been found on the west coast and only one en
the east coast (at Sheringham, Critchley et al. 1983).
The question arises as to whether S. muticum will be
able to colonise sites lying further north. Germling
growth rates have been shown to be substantial at
10 °C in laboratory culture (Fig. 1) and since vege-
tative S. muticum segments are able to mature at
temperatures as low as 10 °C. (J. M., Hales and R. L.
Fletcher, unpublished) it is probable that the species
will increase its northerly distribution. The Gulf
Stream has a warming influence upon the west coast
of England so that winter temperatures are approxi-
mately the same as those of the south coast. The
15 °C mean sea surface isotherm for July lies so that
the south coast of Ireland and most of the west coast
of England are surrounded by waters at or above this
temperature (Lumb 1961); the rest of the Irish coast
lies between the 13 and 14 °C sea surface isotherms
for July. January and July sea surface isotherms for
the east coast of England show that winter and sum-
mer temperatures are generally a few degrees below
those of the south coast (Lumb 1961). Jones (1981),
however, has shown that the highest mean monthly
temperatures recorded for several east coast sites are
comparable with those recorded for south coast sites.
Craig (1958) published sea surface temperature maps
for Scotland which show that, although winter tem-
peratures may be low, most of the coast is surrounded
by water in excess of 13 °C in mid-July; the waters of
the Moray Firth, much of the Firth of Forth and
most of the western sea lochs lie at or above 15 °C at
this time. These summer temperatures may well per-
mit successful growth should S. muticum plants reach
Scottish waters.

Figure 1 illustrates that the optimal temperature for
germling growth in Sargassum muticum is 25 °C, Max-
imum growth occurred at the same temperature when
vegetative lateral branches and germlings of North
American S. muticum were cultured in the laboratory
(Norton 1977). Some Sargassum species appear to
have higher temperature optima for growth; S. prer-
opleuron Grunow from Southern Florida, for in-
stance, undergoes maximum growth in the summer
when mean maximum and minimum water tempera-
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tures are 33 and 28 °C respectively (Prince and O'Neal
1979). Other Sargassum species have a temperature
optimum very similar to that of S. muticum; 8. Jili-
pendula C. Agardh, for example, taken from its north-
ernmost geographical extension along the North
American coast (Cape Cod, Massachusetts), grows
optimally in culture at 25 °C (Prince 1974). Similarily
the winter fertile Hawaiian species . echinocarpum,
S. obtusifolium, S. oligocystum and S. polyphyllum
display maximum growth at 24 °C {De Wreede 1976,
1978). Many Japanese Sargassum species may also
resemble S. muticum in their thermal tolerances and
optima. They may therefore, have a similar capacity
for aggressive colonisation should they be introduced
into American or European waters.

The optimal temperature for S. muticum germling
growth (25 °C) may reflect an adaptation to the warm
conditions imposed by the Kuroshio current (20 to
28 °C) on the Japanese coast; it is less suited to the
summer water temperatures of southern England
which rarely exceed 20 °C. Optimal temperatures for
the growth of germlings of British macroalgae are
correspondingly lower. An increase in germling
growth at temperatures up to 20 °C has been dem-
onstrated for dscophylhum nodosum (L) Le Jol.
(Sheader and Moss 1975) and for Halidrys siliquosa
(L.) Lyngb. (Moss and Sheader 1973) a species with
which S. muticum is often closely associated. Lower
optima of 10 and 12 °C have been indicated for germl-
ings of Himanthalia elongata (L.) S. F. Gray (Moss
et al. 1973) and Fucus vesiculosus (Munda 1977) re-
spectively. S. muticum has nevertheless formed many
large dense populations on the south coast of Eng-
land. The species’ vigour is partly attributable to the
germlings’ ability to grow at reduced but substantial
rates at low temperatures (Fig. 1); Norton (1977) has
demonstrated germling growth at temperatures as low
as 5 °C and it is probable that such growth proceeds
for most of the cold winter period.

Another factor contributing to the success of S. mu-
ticum as a competitive immigrant species is the rapid
growth rate of its young germlings which ranges from
0.2 to 0.36 mm day~* under favourable culture con-
ditions (see Figs 1, 2 and 3). This is several times
faster than the maximum growth rates recorded for
several other British marine macroalgae including As-
cophyllum nodosum (0.02 mm day~', Sheader and
Moss 1975), Halidrys siliquosa (0.03 mm day ., Moss
and Sheader 1973) and Fucus vesiculosus (0.035 mm
day™', Munda 1977). Rapid initial germling growth
rates may contribute to the success of S, muticynm in
its competition with other algal germlings and may
also help to minimise the time during which the very
young plants are susceptible to faunal micrograzing,
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The effect of irradiance on germling growth

The initial growth of S. muticum germlings was in-
hibited or terminated at irradiances of 88 and 175 uE
m~? s=' (5000 and 10000 lux) but the ability to
tolerate and utilise these high photon flux densities
increased as early development proceeded (Fig. 2);
thus during the first two weeks of culture at 175 HE
m~? s~ (10000 lux) the mean germling length in-
creased by 0.3 mm while during the second two weeks
of culture the mean length increased by 4.9 mm. This
increasing utilisation of high irradiances during the
four week culture period suggests that the optimal
irradiance for growth may increase as the young S.
muticum plant develops. In seeming contradiction to
this view is the 33 uE m~? s~! optimal irradiance for
primary lateral branch extension reported by Lewey
and Gorham (1984), which is lower than the 44 uE
m~* s~' optimum for germling extension demon-
strated in the present study. Primary lateral branch
extension, however, may not be particularly repre-
sentative of the growth of the S. muticum plant; Lewey
and Gorham (1984) have observed considerable mor-
phological variation between plants grown under dif-
ferent irradiance regimes which suggests that the pri-
mary lateral branch and its subtending secondary
lateral branches respond differently to the same range
of photon flux densities. The measurement of final
dry weight may give a more meaningful estimation of
the optimal irradiance for the growth of the S. -
ticum frond; Lewey and Gorham (1984) found that
the final dry weight of primary lateral branches was
maximal at an irradiance of 128 pE m=2 ', If (he
optimal irradiance for S. muticum growth does in-
crease as the plant develops it is appropriate that this
optimal value (128 uE m~2 s~) for 1° lateral growth
should be intermediate between the optimal values
recorded for germlings in the present study (44 uE
m~?s~") and for receptacles (at or above 175 HE m~?
s~';J. M. Hales and R. L. Fletcher, unpublished).

The tolerance of high irradiance levels enables §.
uticum, primarily a sublittoral species, to occupy
intertidal rockpools and shallow lagoons where there
is comparatively little attenuation of incident radia-
tion. In the harbours of the Solent, southern England,
S. muticum is often attached to floating pontoons so
that its buoyant fronds lic just bencath the water
surface at all times and thus receive maximum irra-
diance, The dark brown fronds of early summer often
become golden brown in midsummer on account of
a decrease in pigment concentration. This may result
from dilution due to rapid extension growth or may
be due to pigment photobleaching (Lewey and Gor-
ham 1984). The receptacles also become less pig-
mented but continue to grow throughout the fertile

summer season. The absence of S. muticum from
intertidal sites where there is any but the briefest
emersion is probably more a consequence of its ina-
bility to withstand dessication and wave action than
a reflection of any inability to withstand high irradi-
ance levels.

The broad irradiance tolerance of S. muticum enables
the alga to grow at low as well as high irradiances.
At a photon flux density of 9 uE m=2 5=! (500 lux)
the germlings exhibited 2 mean growth rate of 1.5
mm per week (Fig. 2). No growth occurred in the
absence of light and viability at the end of the culture
period was not assessed. Critchley (1981), however,
has demonstrated that S. muticum germlings, like
those of Ascophyllum nodosum (Sheader and Moss
1975) and Halidrys siliquosa (Moss and Sheader
1973), are able to withstand several weeks of total
darkness and resume growth when returned to the
light. This enables the germlings to survive temporary
shading by the parent canopy or fronds of other
species. It also permits survival during winter periods
when daytime irradiances may fall below the leve]
required to altain the germling compensation point.
Tolerance of long periods of total darkness has also
been demonstrated for meiospores and gametophytes
of three Laminaria species (Kain 1979) and for young
filaments of Ectocarpus confervoides (Kiitz.) Batt. [=
E. siliculosus (Dillw.)] Lyngb. (Boalch 1961). De
Wreede (1980) demonstrated that overwintering por-
tions of S. muticum in the Strait of Georgia, British
Columbia, receive insufficient light for the compen-
sation point during December and concluded that
they must depend on stored photosynthates during
this period. The subsequent period of rapid spring
growth is maintained by photosynthesis and levels of
stored polysaccharide actually increase at this time
(Gorham and Lewey 1984),

The optimal irradiance for S. muticum germling
growth is initially 44 uE m=2 s~ (2500 lux) but
appears to increase as development proceeds. Germl-
ings of many other sublittoral species have been re-
ported to grow optimally at lower irradiance levels.
Thus sporelings of the sublittoral red algae Naccaria
wiggii {Turn.) Endl., Bonnemaisonia asparagoides
(Woodw.) C. Ag. and Halarachnion ligulatum
(Woodw.) Kiitz. exhibit growth optima at or below
1000 lux (Jones and Dent 1970) and germlings of
Himanthalia elongata reach their saturation point be-
tween 636 and 1272 lux at 10 °C (Moss et al. 1973).
Laminaria gametophytes have been shown to be light
salurated at approximately 1000 hux (Liining and
Neushul 1978) and L. digitata (Huds.) Lamour. germl-
ings of up to 10 mm in length have been reported to
grow optimally between 4.5 and 9 Wm -2 (approxi-
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mately 1000 to 2200 lux) (Cosson 1973). Kain (1965)
has demonstrated that temperature may modify light
requirements for growth; Laminaria sporelings were
light saturated at about 350 lux at 10 °C whereas at
17 °C saturation values lay between 1000 and 2000
lux. In the present study an optimal irradiance was
recorded for S. muticum germlings cultured at 20 °C
but optimal irradiances at lower temperatures may be
reduced to values similar to those reported for the
above mentioned sublittoral algae.

Also of interest is the ability of the germlings to grow
in irradiances as high as 175 uE m=2 s~ (10000 lux).
A number of British algae which also occupy both
tidepools and the sublittoral exhibit lower irradiance
tolerances. The growth rates of Palmaria palmata (L.)
0. Kiintze and Dilsea carnosa (Schmidel) O. Kuntze,
for instance, decrease above 6620 and 2690 lux re-
spectively (Jones and Dent 1970), while Griffithsia
Sflosculosa (Ellis) Batt, can only be maintained in the
laboratory at light intensities under 600 lux (Filko
and Jones 1973). Such algae may survive in shallow
waters by occupying shaded positions but the buoyant
fronds of S. muticum which can grow to several metres
in length often reach highly illuminated surface waters
and therefore require a greater light tolerance. This
high tolerance may also reflect the species’ ability to
withstand the higher irradiance levels which prevail
on the more southerly coasts of its native Japan.

Germlings of certain littoral British algae grow opti-
mally at irradiances which exceed the optimal value
for initial S. muticum germling growth (44 PE m™?
s~" or 2500 lux). Germlings of Halidrys siliquosa, for
instance, approach a saturating illuminance at ap-
proximately 6000 lux (Moss and Sheader 1973) while
those of Dumontia incrassata (0. F. Mill)) Lamour.
(Jones and Dent 1970) and Ascophyllum nodosum
(Sheader and Moss 1975) display maximal growth at
approximately 10000 lux. Fortes and Luning (1980)
have demonstrated that the growth of the sublittoral
species Ulva lactuca, L. Porphyra umbilicalis (L.) I.
Ag. and Chondrus crispus is not inhibited by exposure
to 12 500 lux for one week, while in Plumaria elegans
(Bonnem.) Schmitz light saturation for growth is
reached at 22 000 fux (Boney and Corner 1962). The
maximum growth of four Fucus species has been
shown to occur between 5000 and 10000 lux under
laboratory culture (McLachlan et al. 1971) and net
photosynthesis in Fucus spiralis and F. vesiculosus was
found to be optimal between 200 and 300 pE m=? s~
(Niemeck and Mathieson 1978). In another littoral
species, Ascophyllum nodosum, Chock and Mathieson
(1979) have demonstrated a requirement of 205 pE
m~2 §~! for optimal growth. S. muticum therefore
appears to exhibit a broad irradiance tolerance at all
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stages of its life history except that of very early
germling development. The species’ optimal irradi-
ance requirements alter during development and,
when considered together, are intermediate between
those of typically sublittoral and littoral British algae.
This is perhaps appropriate in an immigrant species
which has shown itself capable of occupying new
niches in a variety of positions including the upper
sublittoral zone and permanently submersed sites of
the littoral zone.

The depth to which S. muticum will be able to colonise
any portion of coast will depend primarily upon tur-
bidity and light quality as well as the nature of the
substratum and potential biological competition. The
present study demonstrates growth at irradiances as
low as 9 puEm™2s~*, Norton (1977) has demonstrated
that S. muticum grows well at only 6.696 Wm~? in
culture (approximately 1600 lux in daylight) and
points out that this irradiance occurs in Augusl at
depths below 25 m, in the open walers off San Juan
Island, Washington. Nicholson ef al. (1981) found S.
muticum al depths below 12,2 m off the Californian
coast but noted that the plants had drifted to these
positions and consequently had imploded air vesicles.
In the turbid waters of the Solent, Southern England,
S. muticum grows profusely but is confined to rela-
tively shallow waters; clearer waters off the nearby
Bembridge coast, Isle of Wight, permit growth to
approximately 8 m below extreme low water spring
tides. It is probable that S. muticurm will become
established at greater depths as it encounters still
clearer European waters though grazing by sea ur-
chins, competition with Laminarian species and a
diminished spectral range may impose limitations.
Nicholson ef al. (1981) note that Macrocystis limits
the distribution of S. muticum on the Calfornian coast
but that S. palmeri Grun. and S. muticum coexist with
little mutual detriment, the two having different
growth seasons. It remains to be seen whether Med-
iterranean S. muticum populations will impinge upon
the habitats presently occupied by S. wvulgare C.
Agardh and S. hornschuchii C. Agardh which grow
to depths of 30 and 100 m respectively (Campbell and
Nicholls 1977).

The effect of salinity on germling growth

The present study demonstrates maximal growth of
S. mutieum germlings at full seawater salinity (34%o).
In an earlier study Norton (1977) demonstrated the
same optimal growth at 34%o but no germling survival
below 20%.. The germlings’ greater tolerance of lower
salinities in the present study may be due to the use
of slightly older germlings, the use of enriched sea-
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water, or a more gradual salinity acclimation proce-
dure. There could alternatively be a genuine difference
in the tolerance of low salinity by germlings of the
respective American and European S, muticum pop-
ulations. The results of the present study correspond
quite closely with those of Khfaji and Norton (1979)
who demonstrated germling growth from 34 to 8.5%
in Fucus vesiculosus and F. ceranoides L.

Despite the broad salinity tolerance exhibited by S.
muticum in the laboratory, [ield populations have only
been found within a relatively narrow range of sal-
inities {70 to 100% normal seawater salinity). On the
North American Pacific seaboard S. muticum has
been found growing at salinities of 24 to 25.5%o
(Druehl 1967), 27 to 35%. (Kjeldsen and Phinney
1972) and 30 to 21%. (Widdowson 1965). Phillips and
Fleenor (1970) note the absence of S. muricum from
an area of the Hood Canal, Washington, where snow-
melt run-off in spring lowers the salinity of the upper
6m to 8.64% but the alga extends {rom 6—10m
depth in the same region. At Chesil Fleet on the south
coast of England S. muticum has been found al sal-
inities ranging from 25 to 34%. (W. F. Farnham,
personal communication) and in the south west Neth-
erlands attached populations are present in brackish
water habitats at 27.1 to 30.7%. (15 to 17%. C1-,
Nienhuis 1982). On the basis of salinity tolerance
under laboratory culture S. muticum might be ex-
pected to grow at field salinities lower than those
recorded so far. If S. muticum continues its European
spread and if seasonal temperatures permit, it will be
interesting to see if the species is able to colonise sites
on the eastern Danish and southern Swedish coasts
where salinities are intermediate between those of the
North Sea (34%0) and the Baltic (10%.).

Kjeldsen and Phinney (1972) measured S. muticum
photosynthetic rates using a Gilson respirometer and
noted no marked inhibition of photosynthesis unless
salinity was reduced below 20%,. They presented data
showing optimal photosynthesis at 22%. at 10, 15 and
20 °C. Many studies use the rate of photosynthesis as
a measure of the ability of an alga to function at a
given salinity. The results may correspond with those
of salinity studies which use survival and growth as
a measure of algal functions; this is particularly so
when optimal salinities are being recorded. At subop-
timal salinities, however, the results of the two differ-
ent methods may give differing indications of algal
salinity tolernace. The discrepancy arises because pho-
tosynthetic measurements are generally made after
the tested algal material has acclimatised to a new
salinity for only a few hours whereas growth meas-
urements are made after an acclimatisation lasting
several days or even wecks.

Although S. muticum salinity tolerances have been
investigated under laboratory culture and in the field,
very little comparable data is available for other Sar-
gassum species, [t is probable that different members
of the genus exhibit a range of tolerances and optima
as in other genera. In the genus Fucus, for example,
F. ceranoides has been shown to be successful in
estuaries but absent from fully marine situations;
growing thallus tips exhibited growth in culture at
salinities down to 1% (Khfaji and Norton 1979). F
vesiculosus var. spiralis Farlow is similarly tolerant
extending into tidal tributaries where extensive flood-
ings occur and no other fucoid algae grow (Niemeck
and Mathieson 1978). F. distichus L. emend Powell
subsp. edentatus (dela Pyl.) Powell appears to be less
tolerant of reduced salinity than F. vesiculosus (Munda
1977) which together with F spiralis has a broad
estuarine distribution (Niemeck and Mathieson 1978).
Yarish et al. (1979) studied two estuarine red algae
and demonstrated that a euryhaline algal species may
consist of a number of salinity ecotypes each with
some potential for physiological adaptation to salinity
changes. Genetic differences controlling salinity tol-
erance may exist between the many isolated S. muti-
cum populations of the European coast; the popula-
tions may have each developed from a small quantity
of fertile drift material and hence from different initial
gene pools,

Total available carbon appears to be particularly rel-
evant to the photosynthesis of marine plants and may
be more important than the absolute concentration
of salts or the osmotic pressure of a culture medium.
Dissolved carbon dioxide (CO,), bicarbonate ions
(HCO7) and carbonate ions (COy) all contribute to
the total carbon dioxide which is potentially available
to a marine alga. Gordon et al. (1980) used 200 mg
17" NaHCO; as a supplement in the preparation of
different salinities for a study of salinity tolerance in
the green alga Cladophora albida (Huds.) Kiitz. They
demonstrated some suppression of photosynthesis at
0.2 and 60%. but little effect over the range 10 to
40%o. Chock and Mathieson (1979) used a NaHCO;
buffer in a similar investigation of Ascophyllum no-
dosum and demonstrated a maximum photosynthetic
efficiency at 0 to 30%e. In Ulva, Porphyra and Gelidium
the photosynthetically inhibitory effect of diluting
culture media has been largely negated by maintaining
high NaHCO; levels and normal salinity has been
shown to have no positive benefit in the absence of
available carbon (Ogata and Matsui 1965). Hammer
(1969) demonstrated that chloride ions can be re-
placed by available bicarbonate ions in the ‘apparent
free space’ of seaweeds and this may account for
sustained photosynthesis at low salinities. It would be
interesting to investigate the effect of bicarbonate ion
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supplements on S. muticum photosynthesis at a range
of salinities. High available carbon levels may increase
the salinity range over which the alga is able to
photosynthesise normally as has been demonstrated
in the above mentioned species. If such treatment
could also increase survival and growth in more pro-
longed culture experiments, like those described in
this paper, the findings would be particularly relevant
to the interpretation of the salinity distribution of S.
muticum in the field.

References

Anon. 1970. Surface Water Temperature and Density, U.S,
Cousl and Geodetic Survey. Third Edition. Nos. Publication
31-133.

Anon. 1975. Marine Environmental Atlas. Northwestern Pacific
Ocean. Compiled by Japanese Oceanographic Dala Center.
Published by Japan Hydrographic Association.

Boalch, G. T. 1961. Studies on Ectocarpus in cultare, I, Growth
and nutrition of a bacteria-free cullure. J, mar. biol. Ass.
U.K. 41: 287 —304.

Boalch, G. T. and G. W. Potts. 1977. The first occurrence of
Sargassum muticum (Yendo) Fensholt in the Plymouth area,
J. mar. biol. Ass. U. K. 57: 29—-31.

Boney, A. D. and E. D. 8. Corner. 1962, The effect of light on
the growth of the intertidal red alga Plumaria elegans (Bon-
nem.) Schm. J. mar. biol. Ass. U. K, 42; 65—92,

Campbell, A, C. and J. Nicholls. 1977. The Hamlyn Guide to
the Seashore and Shallow Seas of Britain and Europe. The
Hamlyn Publishing Group Ltd., London.

Chamberlain, A. H. L., J. Gorham, D. F. Kane and S, A.
Lewey. 1979. Laboratory growth studies on Sargassum mu-
ticum (Yendo) Fensholt. II. Apical dominance, Bot. Mar.
22:11—19.

Chock, I. S. and A. C. Mathieson. 1979, Physiological ecology
of Ascophyilum nosodum (L.) Le Jolis and its detached ecad
scorpioides (Hornemann) Hauck (Fucales, Phasophyta).
Bot. Mar, 22; 21 —126.

Cosson, J. 1973. Influence des conditions de culture sur le
développment de Laminaria digitata (L.) Lam (Phéophycée,
Laminariales), Bull, Soc. phycol. Fr. 18: 104 —112.

Craig, R. E. 1958. Hydrography of Scottish Couastal Waters.
Scottish Home Department. Marine Research. No. 2. 30 pp,

Critchley, A. T. 1981. Ecological studies of Sargassum muticum
(Yendo) Fensholt. Ph. D. Thesis, Porlsmouth Polytechnic,
U.K.

Critchley, A. T. and S. L. Morrell. 1982. The first occurrence
of the brown alga Sargassum muticum (Yendo) Fensholt in
the Channel Islands. Biol. Conserv. 22: 27—34.

Critchley, A. T., W. F. Farnham and S. L. Morrell. 1983, A
chronology of new European sites ol attachment for the
invasive brown alga, Sargassum muticum, 1973—1981 J.
mar. biol. Ass. U, K. 63 799—811.

De Wreede, R. B. 1976. The phenology of three species of
Sargassum (Sargassaceae, Phacophyta) in Hawaii. Phycol-
ogla 15: 175—183.

De Wreede, R. E. 1978, Growth in varying culture conditions
of embryos of three Hawaiian species of Sargassum (Phaeo-
phyta, Sargassaceae). Phycologia 17: 23—31.

De Wreede, R. E. 1980, The effect of some physical and bio-
logical factors on a Sargassum muticum communily and
their implication for commercial utilization. In: (L. A, Ab-
bott, M. S. Foster and L. F, Ecklund, eds) Pacific Seaweed
Aquaculture, Symposiium of P. A.5.G. A, P. pp. 32-34.

Botanica Marina / Vol, 32 / 1989 / Fasc. 2

Acknowledgements

We gratefully acknowledge financial support for this
work from the Department of the Environment (Con-
tract no. DGR/483/36 awarded to Professor E. B.
Gareth Jones). We would also like to thank Professor
Gareth Jones for much advice and support during
this work.

Dring, M. J. 1982, The Biology of Marine Plents. Edward
Arnold Ltd., London,

Druehl, L. D. 1967. Vertical distributions of some benthic
maring algae in a British Columbia inlet, as related to some
environmental faclors, J. Fish. Res. Bd Can. 24: 33 —46,

Farnham, W, F., R. L. Fleicher and L. M. Irvine. 1973. At~
lached Sargassum [ound in Britain. Nature, Lond. 243
231-1232.,

Filho, E. C. O, and W. E. Jones. 1973. Some effects of daylength
and light intensity on Griffithsia flosculosa (Ellis) Batt. Port,
Acta. Biol., ser. A, 13; 25-32.

Fletcher, R. L. 1980. Studies on the recently introduced brown
alga Sargassum muticum (Yendo) Fensholt. 111, Pericdicity
in gamete rclease and incubation of early germling stages.
Bot, Mar, 23: 425—432,

Fletcher, R. L. and 8. M, Fletcher, 1975a. Studies on the
recently introduced brown alga Sargassum muticum (Yendo)
Fensholt. 1, Ecology and reproduction. Bot, Mar. 18: 149 —
156.

Fletcher, R. L. and S. M. Fletcher. 1975b. Studies on the
recently introduced brown alga Sargassum muticum (Yendo)
Fensholt, I1. Regenerative ability. Bot. Mar. 18 157—162.

Fortes, M. D. and K. Liining. 1980. Growth rates of North
Sea macroalgae in relation to temperalure, irradiance and
photoperiod. Helgoldnder wiss. Meeresunters, 34: 15—29.

Gorden, D. H., P. B. Birch and A, J. McComb. 1980. The
effect of light, temperature and salinity on photosynthetic
rates of an estuarine Cladophora. Bot. Mar, 13 7149—1755,

Gerham, J. 1979. Laboratory growth studies on Sargassum
muticum (Yendo) Fensholt. 111 Effects of auxins and anti-
auxing on extension growth, Bot. Mar, 22: 273—280.

Gorham, J. and S, A. Lewey, 1984, Seasonal changes in the
chemical composition of Sargassum muticum. Mar. Biol.
(Berl.) 80: 103—107,

Hammer, L. 1969. “Free space-photosynthesis” in the algac
Fucus virsoides and Laminaria saccharina, Mar. Biol. 4:
136—138.

Hosk, C. van den and M. Donze. 1967, Algal phytogeography
of the Buropean Atlantic coasts. Blumea 15: 63— §9.

Jephson, N. A, and P. W. (5. Gray. 1977, Aspects of the ecology
of Sargassum muticum (Yendo) Fensholt, in the Solent re-
gion of the British Isles. I. The growth cycle and epiphyles.
In; (B. F. Keegan, P. 0. O'Ceidigh and P. J. S. Boaden, eds)
Biology of Benthic Organisms. 11th European Symposium
on Marine Biology, pp. 367 —375. Pergamon, Oxford.

Jones, 8. R. 1981, Ten years of measurcmenl of coaslal sea
temperatures. Weather 36; 48 — 54.

Jones, W. E. and E. 8. Dent. 1970. The effect of light on Lhe
growlh of algal spores. Helgolinder wiss. Meeresunters. 20:
70—78.

Kain, J. M. 1965. Aspects of the biology of Laminaria hyper-
borea. 1V, Growth of early sporophyles. J. mar. biol. Ass.
UK. 45: 129 —143.

1sed customer copy supplied and printed for Flanders Marine institute Libr: iy (SLIOBX00225E)



176

Hales and Fletcher: Effect of Temperature, Irradiance and Salinity on the Growth of Sargassum muticum

Kain, J. M. 1979. A view of the genus Laminaria. Oceanogr.
Mar. Biol. Ann. Rev. 17: 101 —161,

Kane, D. F. and A. H. L. Chamberlain. 1979, Laboratory
growth studics on Sargassiomn muticum (Yendo) Fensholt. 1.
Scasonal growth of whole plants and lateral sections, Bot.
Mar. 22: 1-9.

Khafaji, A. K. and T. A. Norton. 1979. The clTects ol salinity
on the distribution of Fucus ceranoides. Estuar. Coast. mar.
Sei. 8: 433 —439,

Kjecldsen, C. K. and H. K. Phinney. 1972, Effects of variations
in salinity and temperature on some estuarine macro-algae,
Proc. int. Seaweed Symp. 7, 301 —308.

Knoepffler-Peguy, M., T. Belsher, C. F. Boudouresque and M,
Lauret. 1985, Sargassum muticum begins to invade the Med-
iterranean, Aguai. Bot. 23: 291 —295,

Lewey, S. A, and J. Gorham. 1984. Pigment composition and
photosynthesis in Sargassum muticum. Mar. Biol. ( Berl.)
80: 109 —115.

Lumb, F. E, 1961. Seasonal variation of the sea surlace tem-
perature in coustal waters of the British Isles, Air Ministry
Meteorological Office. Scientific paper No. 6. 16 pp.

Liining, K. and M. Neushul. 1978. Light and temperature
demands for growth and reproduction of laminarian ga-
metophytes in southern and central California. Mar. Biol.
451297309,

McLachlan, J., L. C.-M. Chen and T. Edelstein. 1971. The
culture of four species of Fucus under laboratory conditions.
Can. J. Bot. 49: 1463 — 1469,

Moss, B. and A. Sheader, 1973, The effect of light and tem-
perature upon the germination and growth of Halidrys
siliguosa (L.) Lyngb. (Phacephyceae, Fucales). Phycologia
12: 63—68.

Moss, B., 8. Mercer and A. Sheader. 1973. Factors affecting
the distribution of Himanthalia elongata (L ) S.F. Gray on
the north-east coast of England. Estuar. Coast. Mar. Sci. I:
233—-243.

Munda, I. M. 1977. Combined effects of temperature and
salinity on growth rates of germlings of three Fucus species
from Iceland, Helgoland and the North Adriatic Sca. Hel-
goldnder wiss, Meeresunters. 29; 302—310.

Nicholson, N, L., H. Hosmer, K. Bird, W. Sandlin, C. Schoe-
macher and C. Sloan. 1981. The biology of Sargassum
muticum (wirewced) al Santa Catalina (California, U, S, A.).
Proc. int. Seaweed Symp. 8: 416 —424,

Niemeck, R. A, and A. C. Malhieson. 1978, Physiological
studies of intertidal fucoid algae. Bot. Mar. 21: 221—227.

Nicnhuis, P. H. 1982, Altached Sargassum muticum found in
the South-west Netherlands., Aquat. Bor. 12: 189—195.

Norten, T. A, 1977. Ecological experiments with Sargassum
muticum, J. mar. biol. ass. U.K. 57: 33—43.

Ogata, E. and T. Matsui, 1965. Photosynthesis in several marine
plants of Japan as affected by salinity, drying and pH, with
attention to their growth habitats. Bot. Mar. 7/8: 199 —217.

Phillips, R. C. and B. Fleenor. 1970. Investigation of the benthic
marinc flora of Hood Canal, Washinglon. Pac. Sei, 24:
275281,

Prince, J. 8. 1974. The ecology of Sargassum filipendula. 1,
Effect of temperature and photoperiod on growth and re-
production. J. Phycel. 10 (Supple.); 10.

Prince, J. S. and S. W. O’Neal. 1979. The ecology of Sargassum
pteropleuron Grunow (Phacophyceae, Fucales) in the waters
off South Florida. I. Growth, reproduction and population
structure, Phycologia 18: 109—114.

Sheader, A. and B. Moss. 1975. Effects of light and temperature
on germination and growth of Ascophyllum nodosum (L.)
Le Jol. Estuar, Coast. Mar. Sei. 3: 125—132.

Von Stosch, H. A. 1964. Wirkungen von Jod und Arsenit auf
Meeresalgen in Kultur. Proc. int. Seaweed Symp. 4: 142—
150.

Widdowson, T. B. 1965. A survey of the distribution of inter-
tidal algae along a coast transitional in respect to salinity
and tidal factors. J. Fish. Res. Bd Can. 22: 1425 — 1454,

Yarish, C., P. Edwards and S. Casey. 1979. A culture study of
salinily responses in ecotypes of two estuarine red algae. J.
Phycol. 15: 341 —346.

Yendo, K. 1907. The Fucaceae of Japan. J. Coll. Sci. imp. Univ,
Tokyo 21: 1—174.

Botanica Marina / Vol. 32 / 1989 / Fasc. 2

subito eV, licensed customer copy supplied and printed for Flanders Marine Institute Library (SLI0O5X00225E)



