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ABSTRACT: CO2-exchange of emersed plants and 0,-exchange of submersed plants were measured in 
5 species of brown algae from different tidal heights on shores in Ireland and Helgoland (southern 
North Sea). The photosynthesis of emersed fucoids and Laminaria digitata increased as up to 25 % of 
tissue water was lost, but then declined with further desiccation. The relationship between decrease in 
photosynthesis and loss of tissue water was similar in 3 species of Fucus, and the photosynthetic 
apparatus of F. spiralisappeared to be no more resistant to desiccation than that of F. serratus. Recovery 
from severe desiccation took about 2 h in all species, regardless of their typical position on the shore, 
but the extent of recovery from a given degree of desiccation was greater in upper shore species. 
Pelvetia canaliculata and F. spiralis showed complete recovery from 80 to 90% water loss, F. 
vesiculosus from about 70 %, F. serratus from 60 %, and Laminaria digitata from 55 % water loss. The 
photosynthetic rate of each species after full recovery decreased linearly as water loss increased 
beyond these values. It is in the extent of recovery of photosynthesis after desiccation that intertidal 
brown algae show the clearest correlation with their heights in the zonation pattern on European 
shores. 

INTRODUCTION 

Experimental phycologists have long sought a phy- 
siological explanation for the conspicuous zonation of 
algal species observed in the intertidal region of temp- 
erate rocky shores (e.g. Baker, 1909; Doty and Archer, 
1950; Biebl, 1962; Chapman, 1966; Zaneveld, 1969). 
However, in a recent review of the ecology of macro- 
scopic marine algae, Chapman (1974) reached the con- 
clusion that: 'the search for causes of zonal discon- 
tinuities has been fruitless . . . because ecological 
zonation is largely dependent on the competitive rela- 
tions of species.  . . and physiological tolerance limits 
play no part in this explanation' (p. 69). This conclu- 
sion reflected the current shift in emphasis from 
laboratory-based investigations of physical factors to 
field-based investigations of biotic factors (involving 
the removal or exclusion of competitors or herbivores), 
and the success of the latter approach threatened, for a 
time, to eliminate the former - and to provide another 
example of competitive exclusion in  the process. 
Recently, however, various workers have returned to 
the problem of physical factors in zonation, and have 
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provided clear evidence from the field that competition 
cannot provide as complete an  explanation as Chap- 
man's conclusion implies. For example, individual 
plants of Pelvetia canaliculata, Fucus spiralis and 
Ascophyllum nodosum, which were close to the upper 
limits of these species on the shore, were observed to 
be damaged and later killed following periods in the 
summer when neap tides coincided with hot, sunny 
weather (Schonbeck and Norton, 1978) and,  in this 
way, the upper limits of these species in western Scot- 
land were periodically 'pruned back'. Transplantation 
experiments in the field have also shown that intertidal 
algae grow more slowly and soon die  in  regions of the 
shore above the normal upper limit for the species, 
even when competition is prevented by clearing all 
other plants from the transplantation sites (Schonbeck 
and Norton, 1978, 1980). These observations re-affirm 
the conclusions of Connell (1961), based on studies of 
barnacle zonation, that the lower limits of intertidal 
species are  usually determined by biotic factors (espe- 
cially competition and  predation), whereas the upper 
limits are more often determined by physical factors. It 
seems appropriate, therefore, to re-examine the pos- 
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sible mechanisms by which physical factors could 
exert differential effects on the distribution of algal 
species. 

The work of Zaneveld (1937) suggested that algal 
species from the upper shore lose water more slowly 
than species from lower on the shore, and are, there- 
fore, better able to survive long periods of emersion. 
However, this hypothesis has been re-examined by 
several workers (Kristensen, 1968; Schonbeck and 
Norton, 1979a; Dromgoole, 1980). All have concluded 
that the rate of water loss is not correlated with the 
height at which a species grows on the shore, but is 
mainly determined by the surface to volume ratio of 
the thallus. An explanation of the apparent inability of 
some species of intertidal algae to withstand severe 
desiccation must, therefore, be sought in the metabolic 
changes that occur in different species during or after 
periods of emersion. 

The present investigation explores the effects of 
emersion on the photosynthesis of 5 species of brown 
algae, which characteristically occur in distinct zones 
on north-west European shores. The following 3 
hypotheses have been examined in sequence, and the 
evidence presented suggests that the first 2 should be 
rejected, but the third retained: 
(1) Species from the upper shore are able to maintain 

active photosynthesis at lower tissue water con- 
tents than species from lower on the shore. 

(2) The rate of recovery of photosynthesis after a 
period of emersion is more rapid in species from 
the upper shore. 

(3) The recovery of photosynthesis after a period of 
emersion is more complete in species from the 
upper shore. 

MATERIALS AND METHODS 

Experimental Plants 

Experiments involving infra-red gas analysis were 
conducted in Belfast in January-March 1980, and the 
experimental plants (Pelvetia canaliculata [L.] Dcne. et 
Thur., Fucus spiralis L., F. vesiculosus L., F. s ena tus  L., 
Laminaria digitata [Huds.] Lamour.) were all collected 
from Strangford Lough, either from the east shore near 
Portaferry (Irish grid ref: J 592508) or from the west 
shore at Whiterock, Co. Down (J 527618). The plants 
were transported immediately to Belfast and were 
stored at 0 to 2 "C in the dark for a maximum of 5 d. The 
experiments based on oxygen measurements were 
conducted at the 'Meeresstation' of the 'Biologische 
Anstalt Helgoland' on Helgoland (southern North Sea) 
in October 1981; plants were collected from the north 
end of the island and were stored at 10 "C for up to 3 d. 

Since P. canaliculata does not occur near Helgoland, 
this species could not be examined by both techniques. 
The morphology of the Helgoland forms of both F. 
spiralis and F, vesiculosus differs substantially from 
that of the Irish forms of these species (Kornmann and 
Sahling, 1977) but they occupy equivalent positions on 
the shore. The zone occupied by F. vesiculosus in 
Helgoland is, however, much narrower than the equi- 
valent zone in Ireland, and it was not possible to 
distinguish 'upper shore' and 'lower shore' popula- 
t ion~,  as was done with the Irish material. 

Gas Exchange of Emerged Plants 

CO, exchange of emerged plants was measured with 
an infra-red gas analyser (IRGA; Analytical Develop- 
ment Co. Ltd., Series 225/2) in an open gas-flow sys- 
tem. The experimental chambers were 11  Buchner 
flasks lying on their sides in a constant temperature 
room at 10 'C, and illuminated by a 400 W mercury 
vapour lamp giving a photon irradiance inside the 
flasks of 550 pnol m-' S-'. Air was drawn from outside 
the building through a compressor and into a 25 1 
reservoir in the 10°C room. A manifold permitted the 
air stream to be divided between four experimental 
chambers and a reference chamber, and 5 separate 
lines then passed through water traps and entered a 
gas handling unit (Analytical Development Co. Ltd., 
WA 161), which regulated the air flow to 1 1 min-l, and 
automatically switched from one experimental air- 
stream to another for measurement in the IRGA. The 
difference in CO, concentration between the air in 
each of the experimental chambers and that in the 
reference chamber was measured and recorded every 
6 min. 

The plant material for each experiment consisted of 
the apical 6 to 7 cm of a healthy frond, free of epiphy- 
tes, for each of the Fucus species, a small clump of 
thallus of equivalent fresh weight for Pelvetia 
canaliculata, and a 5 X 5 cm square cut from the blade 
within 50 cm of the stipe for Laminaria digitata. The 
fresh weight of each sample (usually between 0.5 and 
1.0 g) was determined at the beginning of the experi- 
ment and, except for P. canaliculata, the surface area 
was also measured. In experiments in which drying 
was monitored at the same time as photosynthesis, the 
plants were taken out of the Buchner flasks at inter- 
vals, weighed and replaced. However, this procedure, 
in itself, caused the photosynthetic rate of L, digitata to 
change, so that this type of experiment was conducted 
only with the Fucus species. Throughout this investi- 
gation, the water content of the plant material is ex- 
pressed as the percentage of tissue water remaining, 
i.e.: 
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(fresh weight - intermediate weight) before and after drying, and again after their recovery 
X 100 

(fresh weight - oven-dry weight) in water. Finally, they were dried to constant weight at 
80 "C. 

Plants with different water contents were obtained by 
drying fronds for various lengths of time within the 
experimental chambers themselves, and severe desic- 
cation was effected by passing the air-stream through a 
saturated solution of MgCl, (giving a humidity of 34 %) 

RESULTS 

Photosynthesis During Emersion 

before it entered the chambers. Drying treatments 
The effects of desiccation on the photosynthetic rate 

were never longer than about 16 h,  and plants were 
of emersed thalli was investigated by monitoring the 

exposed to temperatures higher than 15 "C only at the 
CO, exchange of a fresh thallus at frequent intervals as 

end of each experiment, when being oven-dried. 
it dried out in the air stream. Four typical time-courses 
are shown in Fig. 1. In all species, photosynthesis 

Gas Exchange of Submerged Plants -32 1 
-24 - d. F-. 1002 R.H. 

The metabolic activity of submerged plants was esti- 8 
mated from 0,-measurements using a Clarke type g -l6 

polarographic electrode (Yellow Springs Instruments a -8 - 
Inc., YSI 5331 oxygen probe) at 15 "C. The experimen- 

0 tal chamber was circular, about 5 cm in diameter with 
a volume of about 30 ml, and was flushed at  intervals 48 - 

(usually of 20 min or less) with filtered sea water, so 
that almost all measurements were made in water that 
was 80 to 95 % saturated with oxygen. The light source 
was a projector with a quartz-iodide lamp (24 V, 
250 W) combined with Schott glass filters BG38 (2 mm 
thick) and GG4 (1 mm thick) to simulate the spectral 
distribution of underwater light at moderate depths in 
Type 5 coastal water (Liining, 1980). All photosyn- 
thesis measurements were conducted at 500 pm01 m-2 
S-', which was found to saturate photosynthesis in all 
species. 

The experiments with Fucus spiralis and F. serratus 
used discs of tissue (15 mm in diameter), which were 
cut from young fronds at about 5 cm behind the apex. 
Similar discs were used for Laminaria digitata, but 
these were cut at about 10 cm from the base of the 
blade of young plants (up to 0.5 m in length). For F. 
vesiculosus, 2 cm lengths of frond were cut at about 
5 cm behind the apex of young plants. These frond 
segments were always 8 to 10 mm wide, so that their 
surface area was similar to that of the discs used for the 
other species. In all experiments with submerged 
plants, the photosynthesis of each disc or segment of 
frond was measured for about 60 min immediately 
after the disc was cut from a fresh frond. The disc was 
dried at 15 'C and 70 to 75 % humidity for up to 4 h, and 
photosynthesis was then re-measured as soon as pos- 
sible after the disc was re-immersed in sea water. 
Measurements were continued for the next 2 to 10 h. 
Drying was sometimes accelerated by using a fan, but 
the temperature and humidity conditions were not 
changed. The discs and segments were weighed 

Fig. 1 .  Time-courses of CO2-exchange following emersion for 
plants of Fucus serratus (a, c,  d) or Laminaria digitata (b) at 
1O0C, as recorded by IRGA. Photon irradiance: 550 p 1 0 1  
S-' (a, b, d) or darkness (c); relative humidity: 34 % (a, b, c) or 

loo % (d) 

increased during the first 30 to 40 min of the experi- 
ment, and reached a maximum value when 20 to 30 % 
of the initial water content had been lost. Photosyn- 
thesis then decreased as the thallus dried out further. 
In the fucoids (Pelvetia canaliculata and Fucus spp.), 
net photosynthesis usually declined gradually to a 
value close to zero (Fig. la) ,  since the respiration rate 
in these species also decreased as the thalli dried 
(Fig. lc).  In Laminaria digitata, however, the respira- 
tion rate remained more or less constant during drying, 
so that net photosynthesis became negative after 1% to 
2 h in the light (Fig. lb).  In some experiments, the air 
in the experimental chambers was maintained at  a 
high humidity (close to 100 %) by pouring some water 
into the air reservoir and placing soaked filter paper in 
the chambers. Under these conditions, the emersed 
plants did not lose more than about 20 % of their tissue 
water, and the photosynthetic rate did not decline 
substantially after the initial increase (Fig. Id). In one 
experiment with F. serratus, photosynthesis was meas- 
ured for 10 h in 100 % humidity, but no decline in the 
rate was observed. 

The hypothesis that the photosynthetic apparatus of 
species from the upper shore might be more resistant to 
loss of water from the thallus (Hypothesis 1, p. 302) was 
tested by following the loss of weight in the same thalli 
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F. ues iculosus F. serratus Fig. 2. Relationship between pho- 
( lower shore) tosynthetic rate during emersion 

(measured by IRGA at 10°C and : / l::: ${ 

550 pm01 m-' S-') and the current 
water content of the thalli in 
plants from 4 populations of Fucus 
spp. growing at different heights 

+ on the shore at Portaferry, Co. 
Down. Linear regressions plotted 

+ 50 id0 '0 50 100 for each of the 4 populations are 
Percentage of t I ssue water rema I nlng not significantly different at 

p = 0.05 

that were used for photosynthesis measurements. Sev- 
eral plants of Fucus spiralis and F. serratus and from 2 
populations of F. vesiculosus (from the upper and the 
lower limits of the F. vesiculosus/Ascophyllum zone) 
were studied in this way, and the photosynthetic rate of 
all plants showed a positive correlation with water 
content between 10 and 70 % (Fig. 2). Linear regres- 
sions were calculated for each set of data, but no 
significant differences could be detected between the 
four groups of results. Photosynthesis declines as 
rapidly with decreasing tissue water content in Fucus 
spiralis from the upper shore as it does in F. vesi- 
culosus and F, serratus from lower on the shore. These 
results suggest, therefore, that Hypothesis 1 (p. 302) 
should be rejected. 

Photosynthesis After Emersion: 

Rate of Recovery 

Rapid recovery of photosynthesis after a period of 
desiccation is a considerable ecological asset for plants 
growing on the upper shore, which may be covered by 
water for only 1 to 2 h in each tidal cycle. Hypothesis 2 
was tested by measuring photosynthesis with the 0,- 
electrode as soon as possible (usually 15 to 20 min) 
after a dried disc or segment of thallus had been re- 
immersed in sea water, and then following the recov- 
ery of photosynthesis over the next 2 to 10 h. In almost 
all experiments with every species, the first photo- 
synthetic rate to be recorded was lower than the rate 
observed after full recovery (Fig. 3), but significant and 
sustained increases in rate usually occurred only dur- 
ing the first 2 h after re-immersion. The time required 
for the time-course of recovery to reach a plateau 
appeared to be very similar in Fucus spiralis (the 
uppermost fucoid in Helgoland) and in Laminaria 
digitata, which is restricted to the upper sublittoral 
zone. The intermediate species in the zonation, F. 
vesiculosus and F. serratus, are also similar. Recovery 
is often complete within an hour after less severe 
drying treatments (Fig. 3), but there is no evidence of 
substantial differences between species in the rate of 
recovery from any given level of desiccation. On the 

basis of these results, therefore, Hypothesis 2 should 
also be rejected. 

Fucus ues Icul osus 

2 Fucus serrat us 
* 1 -27Z 

Tlme since re-lmmerslon ( h )  

Fig. 3.  Time-courses of net photosynthesis following re- 
immersion after various drying treatments for discs or seg- 
ments cut from thalli of Fucus spiralis, F. vesiculosus, F. 
serratus or Laminaria digitata. Photosynthesis was measured 
by 0,-electrode at 15°C and 500 pm01 m-' S-', and is ex- 
pressed as a percentage of the photosynthetic rate of the disc 
or thallus segment before drying. The percentage of tissue 
water remaining at the end of the drying treatment is shown 

for each time-course 

Extent of Recovery 

Since the photosynthesis of re-soaked thalli had usu- 
ally reached a plateau within 2 h of re-immersion 
(Fig. 3), the rate after at least 2 h was used as an 
estimate of the photosynthetic rate after full recovery. 
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Peluel ia canal iculata Fucus spiralls Fucus ueslculosus 
(upper shore) 
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- 
4 Fucus uesiculosus fucus sarratus Laminaria digitala 

(lower shore) 

N Fig. 4 .  Maximum rate of CO2-uptake (measured by IRGA 
at 10°C and 550 pm01 m-' S-') by emersed thalli of diffe- 
rent species, which had previously been dried to various 
tissue water contents and then had been re-soaked for at ++ 

least 2 h. The mean photosynthetic rate for fresh thalli of 
each species is indicated by a honzontal broken line Percentage of t i ssue  waLer rema~n lng  

V fucus spiral is 

fwus ueslculosus 
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This 'recovered rate' of photosynthesis was then com- 
pared with the photosynthetic rate of fresh thalli to 
obtain a measure of the extent, or the completeness, of 
recovery from desiccation (see Hypothesis 3, p. 302). 
These experiments were conducted both with Irish 
material (Fig. 4), whose recovered photosynthesis was 
taken to be the maximum rate of CO,-uptake recorded 
after a re-soaked plant was placed in the experimental 
chamber, and with Helgoland material (Fig. 5), whose 
0,-output was measured continuously after re-immer- 
sion, until a steady rate was obtained. In spite of the 
major differences in detail between the 2 experimental 
techniques, and the environmental differences be- 
tween the 2 collecting sites, the pattern of the results is 
similar in both sets of data. 

The species which always occupies the uppermost 

Percentage o f  t i ssue  water renaln lng 

Fig. 5. Net photosynthesis (meas- 
ured by 0,-electrode at  15'C and 
500 km01 m-* S-') of submersed 
discs or thallus segments from 4 
species, following complete re- 
covery from drying treatments 
which had reduced the tissue wa- 
ter content to different extents. 
Photosynthesis is expressed as a 
percentage of the photosynthetic 
rate of the disc or thallus segment 
before drying. Linear regressions 
of photosynthesis on tissue water 
remaining (for values of the latter 
between 10 and 5 0 % ) ,  together 
with their 95 Oh confidence zones 
(hatched areas),  are shown for 
Fucus vesiculosus (diagonal 
hatching), F. serratus (horizontal 
hatching) and Laminaria digitata 
(vertical hatching), but the regres- 
sion for F. spiralis was not sig- 

nificant at p = 0.05 

position on Irish shores, Pelvetia canaliculata, showed 
almost complete recovery of photosynthesis from even 
the most severe drying treatments (Fig. 4).  In one plant, 
the tissue water content was reduced to 4 % of its 
initial value, but photosynthesis was comparable with 
that in fresh plants within 2 h of re-immersion. Photo- 
synthesis in Fucus spiralis also recovered to within 20 
to 25 % of that in fresh plants, provided that at least 
10 % of the initial tissue water remained (Figs. 4 and 
5). All species were air-dry at about this water content 
under the drying conditions used for the Helgoland 
experiments (Fig. 5) and, for F. spiralis, there was no 
significant correlation between the extent of recovery 
of photosynthesis and the tissue water content after 
drying. However, more severe drying was achieved in 
the IRGA experiments, and F. spiralis did not always 
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recover completely when more than 90 % of the initial 
water content had been lost (Fig. 4) .  The results for the 
species from the opposite end of the zonation, 
Laminaria digitata, show a complete contrast. In both 
Irish (Fig. 4) and Helgoland (Fig. 5) material, plants 
which had lost more than 40 to 50 % of their initial 
water content failed to recover their original photo- 
synthetic rate and,  if the water content was reduced to 
less than 20 % of the initial value, net photosynthesis 
remained negative (e.g. Fig. 3) or zero. The remaining 
two species, E vesiculosus and F. serratus, which 
occupy a n  intermediate position in the zonation, 
showed a n  intermediate ability to recover from drying 
treatments of a given severity (Figs. 4 and S), and 
plants of F. vesiculosus from a n  upper shore population 
in Ireland showed better recovery than those from a 
population lower on the shore (Fig. 4). The linear 
regression of percentage recovery of photosynthesis on 
the percentage of tissue water remaining (results 
obtained when this parameter was > 50 % were not 
included in the regression calculations) was non-sig- 
nificant for F. spiralis (Fig. 5 )  but was significant 
(p < 0.01) for the other 3 species examined in the Hel- 
goland experiments. The regression lines for these 3 
species are shown in Fig. 5,  together with 95 % confi- 
dence zones. These species show significant differ- 
ences in their ability to recover from severe drying 
treatments, and these results provide clear support for 
Hypothesis 3 (p.  302). 

DISCUSSION 

An increase in the photosynthetic rate of fucoids 
during the early stages of drying (Fig. l a ,  d) was first 
reported as long ago as  1937 by Stocker and Hold- 
heide. Their observations have since been confirmed 
for a wide range of intertidal algae, including species 
of UIva, Porphyra and Iridaea (Johnson et al., 1974; 
Brinkhuis et  al., 1976; Quadir et  al., 1979), but not 
previously for a species from the Laminariales 
(Fig. l b ) .  Stocker and Holdheide (1937) suggested that 
a thin film of water over the surface of freshly emersed 
thalli might inhibit CO, diffusion from the air into the 
thallus, and this explanation has yet to be either con- 
firmed or improved upon. A gradual decline in respira- 
tion rate during drying (Fig. l c )  is also well doc- 
umented for fucoids (Kanwisher, 1957; Quadir et  al., 
1979), but it may be significant that, in at least 2 
sublittoral species (Iridaea cordata, Quadir et  a l . ,  1979; 
Larninaria digitata, this investigation), respiration did 
not decline during emersion. Another significant result 
from the present study of photosynthesis during emer- 
sion is that the rate of photosynthesis does not decline 
over a long perlod if the thallus does not dry out 

(Fig Id).  This indicates that emersion is not, in itself, 
detrimental for photosynthesis. In some recent experi- 
ments with artificial tidal regimes (e.g. Schonbeck and 
Norton, 1979b), intertidal algae have been exposed to 
100 % humidity during the emersion periods. The dif- 
ferences in growth rate that were observed between 
species from different zones cannot, therefore, be attri- 
buted to differential effects of emersion on either dry- 
ing or photosynthesis, and the rate of nutrient uptake 
during short periods of submersion may well be a 
critical factor for the growth of plants on the upper part 
of the shore. 

The evidence obtained in the present investigation 
that the photosynthetic apparatus of species from the 
upper shore is no more resistant to water loss than that 
in  species from the lower shore (Fig. 2) is again sup- 
ported by the early work of Stocker and Holdheide 
(1937). These authors also measured water loss at the 
same time as photosynthesis in 3 species of Fucus, and 
they concluded that the relationship between photo- 
synthetic rate and water content is similar in all 3 
species. Wiltens et al. (1978) studied the effects of 
desiccation on photosynthesis in  10 intertidal algae 
from British Columbia by in vivo determinations of the 
induction of chlorophyll fluorescence. The changes in 
the induction pattern that occurred with dehydration 
were similar in all species, regardless of their natural 
growth zone on the shore, although the precise water 
content at which specific changes occurred varied from 
species to species. They concluded, however, that the 
most significant difference between desiccation-toler- 
ant  and desiccation-sensitive species was in the extent 
of the reversibility of these changes on rehydration, 
rather than in the changes occurring during dehydra- 
tion. As far as we are aware, no other comparative 
studies of the relationship between water content and 
photosynthetic rate have been conducted with marine 
algae. All of the available evidence, therefore, sup- 
ports the present results in suggesting that Hypothesis 
1 (p. 302) should be rejected. 

There also appears to be  no evidence that contradicts 
our conclusion -on the basis of the results presented in 
Fig. 3 - that there are no major differences between 
species in the rate at which photosynthesis recovers 
after a period of emersion. Kaltwasser (1938) followed 
the time-course of recovery of photosynthesis after 
drying in Fucus vesiculosus, F. serratus and Laminaria 
digitata from the Baltic Sea, and Schramm (1968) con- 
ducted similar experiments with F. vesiculosus from 
the same site. All of these results are similar to those in 
Fig. 3 in that recovery was normally complete within 2 
to 3 h of re-lmmerslon, and the photosynthetic rate 
then remained constant for the duration of the experi- 
ment (up to 4 d) .  The restoration of the normal pattern 
of fluorescence induction after rehydration also 
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required about 2 h in desiccation-tolerant species (Wil- 
tens et al., 1978). It appears, therefore, that recovery is 
not a gradual, long-term process, but that the photo- 
synthetic apparatus of desiccation-sensitive species 
must be irreversibly damaged during severe dehydra- 
tion. 

The third hypothesis that was tested in the present 
investigation was that species from the upper shore 
exhibit a greater ability to recover from a given degree 
of desiccation than species from lower on the shore. 
This hypothesis receives clear support from the results 
illustrated in Figs. 4 and 5. Kaltwasser (1938) also 
showed that Fucus vesiculosus from the Baltic Sea 
could recover more completely from severe desiccation 
than either F. serratus or Laminaria digitata. However, 
he could not detect the difference between the latter 2 
species that was observed in this investigation, and F. 
vesiculosus appeared to be more tolerant of extreme 
desiccation than is indicated by the present results. 
These differences are probably related to the different 
habitats occupied by these species in the Baltic Sea, 
compared with Helgoland and the Irish Sea. F. serratus 
is entirely sublittoral in the Baltic Sea and occupies 
essentially the same vertical zone as L. digitata. Pel- 
vetia canaliculata and F. spiralis are absent, and F. 
vesiculosus is the only large brown alga that is found 
extensively in the narrow intertidal zone. In this site, it 
is often emersed for much longer periods (i.e. several 
tidal cycles) than this species ever experiences in Hel- 
goland or Ireland (Schramm, 1968). Japanese species 
of Porphyra, Ulva, Gelidium and Zostera also show 
differential recovery from severe desiccation (Ogata 
and Matsui, 1965) but, again, the species investigated 
do not form such a clear and well documented ecologi- 
cal series as L. digitata and the fucoids on the shores of 
N.W. Europe. Wiltens et al. (1978) concluded from their 
fluorescence induction studies that the critical differ- 
ence between desiccation-tolerant and desiccation- 
sensitive species lay in the extent of their recovery 
from severe desiccation, but it was not possible for 
them to quantify this difference, or to demonstrate a 
series of increasing capacity for recovery from sublit- 
toral to upper shore species. 

Our conclusion that critical differences exist in the 
ability of different species to recover from desiccation 
is, therefore, by no means new. However, the present 
results provide better evidence than was previously 
available for a correlation between this ability and the 
typical position of each species on the shore. The clear 
rejection of Hypotheses 1 and 2 will also permit future 
work to be concentrated on the mechanism which 
enables desiccation-tolerant species to prevent ir- 
reparable damage to their photosynthetic apparatus 
during emersion. The recent studies of fluorescence 
induction in relation to desiccation in various marine 

algae (e.g. Wiltens et al., 1978; Fork and Oquist, 1981) 
suggest that it will soon be necessary to search for 
biophysical, rather than physiological, causes of inter- 
tidal zonation. 
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