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Effect of freezing on seaweed photosynthesis 
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ABSTRACT. The effect of freezlng on photosynthesis was studied in a variety of brown and red 
seaweeds from the Gulf of Maine, USA. Photosynthesis in sublittoral fringe and rock pool species was 
adversely affected by a single 6 or 12 h exposure to -20 "C even after a 7 d recovery period in sea water 
at 5 "C, whereas most intertidal forms were unaffected by this treatment. Three h at -20 "C resulted in 
an immediate reduction in photosynthesis of most intertidal seaweeds, with the degree of inhibition 
corresponding to zonation on the shore. For example, photosynthesis in the upper shore fucoid Fucus 
spiralis was unaffected by 3 h at -20 "C, whereas that of the low-intertidal Fucus edentatus was reduced 
by 97 %. The percentage of frozen tissue water after 3 h at -20 "C was similar in all species, suggesting 
that differences in susceptibility to freezing are attributable to physiological tolerance rather than 
avoidance. Freezing intolerant species exhibited massive amino acid release on re-immersion in sea 
water following freezing. In contrast, amino acid release was much lower In freezing tolerant species. 
The release of amino acids is believed to be due to loss of plasmalemma integrity, suggesting that the 
freezing tolerance of seaweeds may be controlled by the plasmalemma. Overall, the results of this study 
suggest that freezing may play an important role in structuring sub-arctic and boreal intertidal 
communities. Freezing can operate in 2 ways: (1) as a disturbance excluding sub-littoral and rock pool 
species from the eulittoral and (2) as a physiological stress affecting relative competitive abilities of 
eulittoral forms via differential reduction in photosynthesis and hence growth. 

INTRODUCTION 

Rocky intertidal sea shores typically exhibit a pro- 
nounced vertical zonation of animals and plants (Lewis 
1964). Zaneveld (1969) and Connell (1972) proposed 
that upper distribution limits are determined primarily 
by physical factors, whereas lower limits are controlled 
by biological interactions. This hypothesis has been 
widely accepted, despite being inconsistent with 
results of several more recent studies (see Chapman 
1986). Although gradients in physiological tolerance to 
physical factors are frequently correlated with 
observed distribution patterns (e.g. Schonbeck & Nor- 
ton 1978, Dring & Brown 19821, this does not demon- 
strate per se that physical factors set upper distribution 
limits. This was emphasized by a classic series of 
studies by Schonbeck & Norton (1978, 1979a, b,  1980a, 
b) which suggested that upper limits correspond to the 
fundamental niche (sensu Hutchinson 1957), set by 
desiccation tolerance, in some fucoids (Pelvetia 
canaliculata and Fucus spiralis) but not in others (F. 
vesiculosus and F, serratus) . 

Irrespective of the exact role of physical factors in 
controlling observed zonation patterns, it is clear that 
they do have a major influence on the ecology of 
intertidal seaweeds. To date, most studies have focused 
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on the role of desiccation which is believed to be the 
most important physical factor affecting intertidal algae 
(Zaneveld 1969, Hodgson 1980, Lubchenco 1980). 
Freezing is potentially another important environ- 
mental factor in the intertidal zone at  high latitudes, 
where plants may be  exposed to several months of sub- 
zero minimum temperatures (Parker 1960, Bird & 

McLachlan 1974) and in extreme cases be  frozen in ice 
for several months (Kanwisher 1957). 

Although the effect of freezing on seaweeds has 
received relatively little attention, several facts have 
been established: first, there is a general correlation 
between freezing tolerance and latitude (Biebl 1970, 
1972); second, intertidal forms are more tolerant of 
freezing than sublittoral or rock pool species (Biebl 
1972, Frazer et  al. 1988); and third, there is a distinct 
seasonality in freezing tolerance, suggesting pheno- 
typic acclimation (Parker 1960, Bird & McLachlan 
1974). However, information is lacking in several 
important areas. One key question concerns the possi- 
bility that eulittoral seaweeds exhibit a vertical gra- 
dient of freezing tolerance analogous to that estab- 
lished for drought tolerance (Dring & Brown 1982). 
Recent studies have suggested that such a gradient 
may exist, with upper shore forms being more resistant 
than species from the lower-eulittoral (Frazer et al. 
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1988, Dudgeon et al. 1989). However, more research is 
necessary to establish the generality of this relationship 
since both studies are based upon data for a single 
lower-eulittoral species (Frazer et al. 1988, Dudgeon et  
al. 1989). 

Information is also required on the role of freezing as 
a stress (sensu Grime 1979). Previous research has 
focused on lethal effects of freezing, i .e .  freezing as a 
disturbance (sensu Grime 1979). Stress is potentially 
important because it may influence competitive 
abilities of species (Wilson & Keddy 1986). Although 
freezing is known to have a profound impact on photo- 
synthetic metabolism in higher plants (Oquist 1983, 
Strand & Oquist 1985, Bauer & Kofler 1987, Delucia 
1987), little is known about the effects on seaweed 
photosynthesis. Recently, w e  have established that 
sublethal freezing exposure has different effects on 
primary productivity of the red algae Chondrus crispus 
and Mastocarpus stellatus suggesting that freezing 
may influence competitive interactions between these 
species (Dudgeon et  al. 1989). Finally, little 1s known 
about the mechanisms responsible for freezing toler- 
ance,  e.g. why are some seaweeds killed by a single 
exposure to sub-zero temperatures, whereas others 
s u ~ v e  repeated freeze/thaw cycles? 

This paper describes a study of freezing tolerance in 
several common perennial intertidal seaweeds of the 
NW Atlantic. The objectives of the study were to 
address the 3 questions outlined above, namely: (1) do 
intertidal seaweeds exhibit a vertical gradient of freez- 
ing tolerance; (2)  is freezing potentially a sub-lethal 
stress; and (3) what mechanisms confer freezing toler- 
ance? These questions were addressed by studying the 
effect of freezing on photosynthesis, a key aspect of 
metabolism, which is positively correlated with growth 
(e.g. Davi.son & Davison 1987, Hanisak et al. 1988). 

MATERIALS AND METHODS 

Plant material. Plants were collected by hand from 
the shore at Long Cove Point, Chamberlain, Maine, 
USA, (43"56'N, 69"54' W) between March and Sep- 
tember 1988. Species identified after South & Hooper 
(1980) and used in experiments are Listed in Table 1. 

Plants were transported to the laboratory in sea 
water, cleaned of visible epibionts and mln ta ined  at  
5 "C in plexiglass aquaria containing 6 1 of aerated 
GF/C (Whatman) filtered Provasoli (1968) enriched sea 
water (PES). The photon flux density (PFD) was 70 to 
80 pm01 photons m-' S- '  in a 1 6 : 8  h L:D cycle. The 
PES was changed every 4 to 5 d. Plants were used in 
experiments within 14 d of their collection from the 
shore. 

Experimental treatments. Plants were exposed to 3 
treatments: air at 5 'C, air at  -20 "C and sea water at  
5 "C. All treatments were performed in darkness in 
closed plexiglass boxes. In long term experiments, 
plants were returned to the conditions described above 
(PES, 5 "C, 70 to 80 ymol photons m-' S-') between 
freezing treatments. Intact small plants were used in 
long term experiments, with sections being excised 
immediately prior to making measurements of photo- 
synthesis and respiration. Short term experiments were 
performed on excised sections of tissue. 

Photosynthetic measurements. Photosynthesis was 
measured using a Clark type oxygen electrode (Rank 
Bros. Botisham, UK) at  saturating PFD (500 l~mol  
photons m-2 S- ')  in 5 m1 of 15 "C sea water. This 
temperature was selected because it supports high 
(easily measurable) rates of photosynthesis in all 
experimental species. Although 15 "C is above the 
normal winter sea water temperature at  Long Cove 
Point (0 to 5 "C), the magnitude of experimental tem- 

Table 1 S p e c ~ e s  used in experiments and location on shore 

l Algae Specles Location 

Brown Chordana flagelljformis (0. F. Mueller) C. . , igardh 

L a n ~ i n a r ~ a  digitata (Huds.) Lamour. 

Alana esculents (L.) Grev. 
Ascophyllun~ nodosum (L.) Le Jol. 
Fucus dlatithus spp dishchus L. 
Fucus dicti~ hus spp. edentdtus (de  la Pylaie) Powell 
Fucus spiralis L. 
Fucus vesiculosus L. 

Recl Dumontia incrassata 0. F Mueller 
Chondrus cnspus Stackhouse 
Palmaria palmata (L  ) Kuntze 
~\/lasfocarpus stellatus (Stackhouse in With.) Guir), 

Sub-littoral fnnge,  
rock pools 
Su.b-littoral fringe, 
rock pools 
Sub-littoral fringe 
Upper-eulittoral 
Rock pools 
Lower-eulittoral 
Upper-eulittoral 
Upper-eulittoral 

Rock pools 
Lower-eulittoral 
Lower-eullttoral 
Upper-eulittoral 
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perature difference (35 'C :  -20 "C to 15 'C )  is within 
the range expected at this site. The output of the 
electrode was recorded on a chart recorder connected 
to a Bailey Instruments RC-1 zero suppressor. This 
increased the sensitivity of the measurements by allow- 
ing the output of the electrode (ca 10 mV full scale) to 
be recorded on a chart recorder set at 1 mV full scale 
deflection. The light source was a tungsten-halide 
lamp in a Kodak slide projector, attenuated with Schott 
neutral density filters. In all species except Alaria 
esculenta, Laminaria digitata and Palmaria palmatra 1 
to 1.5 cm long apical sections of the thallus were used 
for respiration/photosynthesis measurements. In A. 
esculata, L. digitata and P. palmata, disks ( 1  cm diam.) 
were punched out of the blade with a cork borer. In 
experiments on the short term effect of freezing on 
photosynthesis measurements were made 5 min after 
re-immersing plants in sea water. In other experiments 
measurements were continued until a stable rate of 
respiration or photosynthesis was achieved (usually 
within 5 to 10 min). 

Amino acid release. Damage to the plasmalemma 
was assessed by measuring the efflux of amino acids as 
described previously (Dudgeon et  al. 1989). Plant sec- 
tions for these experiments were cut 12 to 18 h prior to 
use, because of loss of amino acids from freshly cut 
tissue. Total cellular amino acid contents were deter- 
mined by extracting ca 0.5 g of tissue twice with hot 
80 % ethanol. Amino acids were assayed in the pooled 
extracts as described by Rosen (1957). 

Frozen cellular water. The percentage of frozen cel- 

lular water in seaweeds was measured by calorimetry 
as described by Kanwisher (1955, 1957). 

Statistical analyses. Data on the effect of treatments 
within a species were analyzed using Student's t-test. 
Differences in the responses between species and 
habitats were analyzed by analysis of variance 
(ANOVA) with multiple comparisons being analyzed 
by the Student-Newman Keuls (SNK) test. Percentage 
data were arcsine transformed prior to analysis. 
ANOVA was performed using the Statistical Analysis 
System (SAS - version 5.16). 

RESULTS 

Long term effect of freezing on photosynthesis and 
respiration 

Rates of photosynthesis and respiration were mea- 
sured in a variety of intertidal brown and red algae 
after a single 12 h exposure to -20 OC followed by a 7 d 
recovery period in sea water at 5 "C (Table 2). There 
were significant differences in the response to freezing 
depending on habitat (i.e. sub-littoral fringe and rock 
pool species compared with eulittoral forms) (F = 15.87, 
p = 0.0004). All seaweeds from the sub-littoral fringe 
and rock pools exhibited significant reduction in photo- 
synthetic rates after a single 12 h freezing event. The 
reduction in photosynthesis in species from these 
habitats ranged from 67 % in Dun~ontia incrassata to 
100 % in Laminaria digitata. In the case of L. digitata 

Table 2. The effect of a single 12 h freezing event on photosynthesis and respiration in a variety of intertidal brown and red 
macroalgae. Photosynthesis and respiration were measured after a 7 d recovery period in sea water. Data is expressed in terms of 
pm01 Oz g fr wt-' h-' Values in parentheses are standard deviation of mean (n = 3). ' denotes values which differ from controls at 
0.05 level (Student's t-test) Letters denote species which exhibited the same percentage change in photosynthesis after 12 h at 

-20 "C (relative to controls) (p = 0.05, ANOVA) 

Species Photosynthesis Respiration 
Control -20 "C Control -20 "C 

Sub-littoral fringe/Rock pool 

Dumontia incrassata 28.2 (2.70) 3.00' (4.08)" -8.40 (8.58) -1.20 (4.80) 
Chordaria flagelhformis 22.8 (3.66) 4.80' (2.70)' -8.40 (2.70) -9.60 (7.38) 
Laminaria digita ta 17.4 (7.02) 0.00' (0.00)" -6.60 (8.58) 0 00 (0.00) 
Fucus distichus 35.2 (10.6) 18.0' (5.40)a -17.4 (2.58) -15.6 (1.14) 

Lower-eulittoral 

Chondrus crispus 46.2 (5.52) 19.2' (8.34)a -13.2 (2.28) -9.00 (2.28) 
Palmaria palmata 21.0 (4.92) 23.4 (4.381~ -4.80 (1.14) -7.20 (1.92) 
Fucus eden tatus 31.8 (6.48) 33.0 ( ~ . 2 2 ) ~  -9.60 (1.26) -10.8 (3.42) 

Upper-eulittoral 

Mastocarpus stellatus 60.6 (14.3) 90.6 (41.5)~ -12.0 (5.46) -14.4 (2.34) 
Ascophyllum nodosum 24.6 (4.86) 23.4 (1.92)~ -7.80 (1.02) -10.8 (3.60) 
Fucus vesiculosus 31.8 (7.86) 41.4 (12.1)~ -7.20 (1.62) -7.20 (2.16) 
Fucus spiralis 34.8 (6.24) 35.4 ( 9 . ~ 4 ) ~  -11.4 (2.58) -12.6 (3.66) 
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Table 3.  The effect of repeated exposure to freezing on photosynthesis and respiration on several brown and red euhttoral algae. 
Plants were frozen daily for 3 h at -20 'C  for 7 d .  Data are expressed in pm01 O2 g fr wt h - ' .  Values in parentheses are standard 
deviation of mean (n = 5) .  ' denotes values which differ significantly from unfrozen controls at  0 05 level (Student's t-test) 
Percentage change in photosynthesis at -20 "C (relative to controls) did not differ significantly between species with same letter 

(p  = 0.05, ANOVA) 

Species Photosynthesis Respirat~on 
Control -20 O C  Control -20 "C 

Lower-eulittoral 

Chondrus crispus 
Palmaria palmata 
Fucus edentatus 

Upper-eulittoral 
Mastocarpus stellatus 16.8 (7.02) 15.4 ( 5 . 6 ~ ) ~ '  -7.26 (1.62) -7.75 (2.37) 
Fucus vesiculosus 11.5 (2.79) 13.7 (4.83)' -3.29 (0.60) -3.48 (1.33) 
Fucus spiralis 11.6 (4.62) 13.0 (3.02)~'  -2.7 0 (0.82) -5.21 ' (1.79) 

and Alaria esculenta (data not shown) plants were 
clearly dead and had disintegrated. A similar pattern 
was obtained 1 wk after a single 6 h exposure to -20 OC 
(data not shown). With the exception of Chondrus cris- 
pus none of the eulittoral seaweeds exhibited a signifi- 
cant reduction in photosynthesis. Respiration was less 
affected than photosynthesis even in sub-littoral fringe 
and rock pool species and there was no significant 
effect of freezing on respiration in any of the species 
tested. The differences in control rates of photosyn- 
thesis between experiments (e.g. Table 2 cf. Table 3) 
are probably due to differences between batches of 
plants collected at different times and to different 
periods of maintenance in laboratory culture. 

Subsequent experiments were performed to evaluate 
the effect of repeated freeze/thaw cycles on the more 
resistant eulittoral algae. Plants were frozen daily for 
3 h at  -20 "C for 7 d but were not frozen on the day that 
photosynthesis and respiration were measured. Photo- 
synthesis in the 3 eulittoral fucoids (Fucus vesiculosus, 
F. edentatus and F. spiralis) was not adversely affected 
by daily freezing and the same was true for the upper- 
eulittoral red alga ~~Iastocarpus stellatus (Table 3 ) .  
However, photosynthesis in the lower-eulittoral red 
algae Chondrus crispus and Palmaria palmata was 
significantly reduced by daily freezing (by 70 and 76 O/O 
of controls, respectively). As with the single freezing 
exposure, respiration was not affected by repeated 
freezing at  -20 'C ,  except in F. spiralis where frozen 
plants had significantly higher rates of respiration than 
controls. 

Fucus ves~culosus immediately following a time course 
emersion at 5 "C or -20 "C (Fig. 1). Rates of photosyn- 
thesis were measured 5 min after transferring plant 

150 - r A  

TIME: h 

Fia. 1. Time course of ~hotosvnthesis in- IA)  the red alqa 

Short term effect of freezing on  photosynthesis ~ i r n o n t i a  ~ncrassata and ( R )  'the brown d l j a  Fucus L&- 

iculosus. Plants were: immersed in sea water dt 5 "C (open 
circlesl, ~ m e r s e d  in air at  5 'C (open triangles) or  frozen in dir 

Photosynthesis was measured in the freezing Sus- at -20 e~ (closed circles,. Vertical bars denote 95 -,, confi. 
ceptible Dumontia incrassata and freezing tolerant dence limits of mean (n - 4 ,  Dun~ontia; n = 4 Fucusl 
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sections from experimental conditions to 15 "C sea - 
water in the oxygen electrode chamber. Photosynthetic 'C 40 

rates of control plants held in sea water at 5 "C 
remained constant (relative to initial values) in both 1, 30 

species. Photosynthesis in D. incrassata declined to - 
50 % of control values within 1 h at 5 "C, remaining at t 20 
approximately this level up to 6 h (Fig. 1A). D. incras- 
sata was incapable of achieving net photosynthesis 10 

after 1 h incubation at -20 "C. Photosynthesis of F. " vesiculosus held at 5 'C in air dld not differ significantly E 
from controls (data not shown), whereas photosynthesis 
in plants held at -20 "C declined to 55 % of initial 2 -l0 

0 
values after 1 h and did not vary significantly from this 3 
value up to 12 h (Fiq. 1B). 

10 20 30 

TIME: min 
. W  . 

All species except Fucus spiralis and Mastocaipus 
stellatus exhibited significant reductions in photosyn- 
thesis after 3 h at -20 "C similar to those shown in Fig. 1 
(Table 4) .  There were significant differences in the re- 
sponse to freezing depending on habitat. When species 
were grouped according to habitat, sub-littoral fringe 
and rock pool species were found to be more severely 
inhibited than eulittoral forms (F = 10.39, p < 0.0001). 
None of the species studied exhibited a significant 
change in photosynthesis after 3 h in air at 5 OC. 

Effect of freezing on membrane permeability 

The time course of amino acid release from Dumontia 
~ncrassata was monitored following re-immersion in 
sea water at 15 "C after 3 h in air at 5 "C or -20 'C 
(Fig. 2). Plants emersed at 5 "C only released a small 

Fig. 2. Time course of amino acid release from the red alga 
Durnonha incrassata following transfer to 15 "C sea water after 
3 h in air at 5 "C (open circles) or 3 h in air at  -20 "C (closed 
circles). Vertical bars denote 95 % confidence limits of mean 

(n  = 5) 

quantity of amino acids, whereas a massive release 
occurred from plants exposed to -20 "C. Most amino 
acid release occurred within 5 min of transferring 
plants to sea water. The pattern of release shown in 
Fig. 2 was typical of all species examined, although 
there was considerable variation in the proportion of 
the cellular amino acid content lost due to freezing 
damage to the plasmalemma (Table 5).  The percentage 
of total cellular amino acids lost after 3 h at -20 "C 
varied between habitats, with sub-littoral fringe and 
rock pool species releasing significantly more (70 to 
100 % loss) than eulittoral forms (0 to 50 % loss) (F = 

199, p < 0.0001). The amino acid release measure- 

Table 4. The effect of 3 h in air at 5 'C or -20 "C on photosynthesis of several intertidal brown and red macroalgae. Photosynthesis 
was measured immediately after plants were transferred to sea water at 15 "C. Control plants were maintained in sea water at 
5 "C. Data are expressed in terms of btmol O2 g fr wt-' h-' Values in parentheses are standard deviation of mean. ' denotes 
significant difference from control values at 0.05 level (Student's t-test). Percentage change of photosynthesis at -20 OC (relative 

to controls) did not differ significantly between species with same letters (p = 0.05, ANOVA) 

Species No Control 5 "C air -20 "C air 

Sub-littoral tringe1Rock pool 

Dumontia incrassata 4 20.2 (3.96) 16 4 (8.40) -3.60' (1.74)' 
Chordaria flagelliforrnis 4 16.3 (5.10) 14 5 (4.14) -2.40' (1.44)' 
Laminaria digitata 4 6.66 (1.68) 7.44 (3 30) -1.20' (1.68)' 
Alaria esculen ta 4 24.5 (8.76) 31.4 (10.9) -13.8' (16.6)' 
Fucus distichus 4 28.6 (8.82) 18.8 (3.66) 0.30' (1.08)' 

Lower-eulittoral 

Chondrus crispus 9 20.1 (10.8) 15.3 (5.11) -3.58' (5.55)' 
Palmaria palmata 9 12.2 (5.10) 14.1 (5.81) -1.10' (4.74)C 
Fucus edentatus 9 21.9 (8.48) 27.6 (12.0) 0.73' (4.12)' 

Upper-eulittoral 

Mastocarpus stellatus 5 8.70 (2.77) 7.07 (2.17) 6.26 (4.08)"b 
Ascophyllum nodosum 4 12.9 (2.22) 12.6 (1.95) 6.07' (4.54)" 
Fucus vesiculosus 8 18.4 (10.1) 17.7 (12.3) 8.66' (7.76)hc 
Fucus spiralis 9 14.0 (4.55) 12.2 (4.97) 14.0 (5.21)" 
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Table 5. The effect of 3 h freezing at -20 "C on amino acid release from a variety of brown and red macroalgae. Release is 
expressed as a percentage of the total cellular amino acid content (pm01 g fr wt-') lost during a 30 min incubation in sea water at 
15 'C. Control plants were held in sea water at 5 "C. Values In parentheses are standard deviation of mean (n = 5). ' denotes 
values which differ from control at 0.05 level (Student's test). Percentage release of amino acids at -20°C did not differ 

significantly between plants wlth same letters (p = 0.05, ANOVA) 

I Species Amino acid Percentage amino acid release 
content Control -20 "C 

I Sub-littoral fringe/Rock pool 

Dumontia incrassa ta 
Chordaria flagelliformis 
Laminaria digitata 
Alaria esculenta 
Fucus distichus 

Lower-eulittoral 

Chondrus crispus 
Palmaria palrnata 
Fucus edentatus 

Upper-eulittoral 
Mastocarpus stellatus 
Fucus vesiculosus 
Fucus spiralis 

ments may include amino acids released as a result of 
freezing induced protein hydrolysis. In view of this, we 
have used the term 'apparent amino acid release' to 
denote losses of free amino acids plus additional amino 
acids which may have been produced by protein 
hydrolysis. This consideration does not preclude the 
use of apparent amino acid release a s  a cold stress 
indicator since free amino acids from the cytoplasm or 
those produced by proteolysis can only be liberated to 
the surrounding medium if plasmalemma integrity is 
lost. 

Table 6. Percentage of tissue water frozen in several different 
intertidal brown and red macroalgae after 3 h at -20°C. 
Values in parentheses are standard deviation of mean (n = 3). 
There were no significant differences in the percentage of 

frozen water between specles 

Species Frozen (Oh) 

Sub-littoral fringefrock pool 

Dumontia incrassata 81.2 (13.1) 
Chordaria flagelliformis 73.3 (2.72) 
Laminaria digita ta 78.2 (13.1) 
Alaria esculenta 82.2 (7.67) 
Fucus distichus 71.6 (6.73) 

Dehydration and frozen thallus water 
Chondrus crispus 
Palrnaria palrnata 

Table 6 present data on the percentage of tissue 
water (extracellular plus intracellular) frozen after 3 h 
a t  -20 "C. In brown algae between 70 and 80 O h  of 
tissue water was frozen after 3 h at  -20 ' C .  The red 
alga Dumontia incrassata exhibited a similar percent- 
age  of frozen water, whereas 50 to 60 % of tjssue water 
was frozen in other red algae. There was no apparent 
correlation between percentage of frozen water and 
freezing tolerance. 

Upper-eulittoral 

Mastocarpus stellatus 
Fucus vesiculosus 

and photosynthesis measured either 7 d after a single 
12 h freezing event (Fig. 3A) or immediately after 3 h at  
-20 "C (Fig. 3B) .  In both cases apparent amino acid 
release was higher in freezing susceptible than in 
freezing tolerent species. 

Correlation between effect of freezing on 
photosynthesis and plasma membrane permeability DISCUSSION 

An apparent correlation was observed between the The data presented in this paper support earlier 
freezing tolerance of the plasmalemma (assayed as observations that sub-littoral and rock pool algae are 
apparent amino acid release following 3 h at -20 "C) more susceptible to freezing damage than eulittoral 
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Fig. 3. Relationship between percentage cellular amino acid 
release following 3 h a t  -20 'C and (A) photosynthesis mea- 
sured 7 d after 12 h at -20 'C, or (B) photosynthesis measured 
immediately after 3 h a t  -20 'C (see text for further details) 

0\./8-0 Palman'o Chordorio Dumontio - 
Fucus edentatus 

. FUCUS vesiculosus 
I 

species (Biebl 1972, Frazer et a1 1988). Exposure to a 
single 6 or 12 h freezing event was sufficient to inhibit 
photosynthesis In all sub-littoral fringe and rock pool 
species even after a 1 wk recovery period (Table 2 ) .  
The inability to tolerate freezing may be 1 mechanism 
which excludes sub-littoral fringe and rock pools 
species from the eulittoral. This is supported by field 
observations in Maine, where Alaria and Laminaria 
spp, recruits colonize the low-intertidal every spring, 
survive and grow until winter when they are killed by 
the first severe frosts coincident with spring tides 
(unpubl. observations). Similar winter mortality of 
L. digitata associated with freezing temperatures has 
been reported previously (Todd & Lewis 1984). 

The low freezing tolerance of sub-littoral and rock 
pool seaweeds has long been established (see Biebl 
1972). Thus, a more interesting question concerns the 
freezing tolerance of eulittoral species. Data presented 
in this paper suggest that a correlation may exist 
between freezing tolerance and vertical zonation of 
eulittoral algae analogous to that previously estab- 
lished for desiccation tolerance (Schonbeck & Norton 

1978, Dnng & Brown 1982). Although there was no 
significant differences between the response of most 
eulittoral algae to repeated freezing, photosynthesis 
was significantly more inhibited in Chondrus crispus 
(the most susceptible eulittoral species) than species 
from the upper-eulittoral (Table 3). Similarly, the only 
species in which photosynthesis was significantly more 
susceptible to daily freezing than Fucus vesiculosus 
(the least susceptible species), were C, crispus and 
Palmar-ia palmata from the lower-eulittoral (Table 3). A 
similar correlation between vertical zonation and freez- 
ing susceptibility was apparent in the ability of sea- 
weeds to resume photosynthesis immediately after 
freezing (Table 4) .  For example, in the fucoids the 
percentage reduction increased from 0 % in Fucus 
spiralis (which occurs highest on the shore) to 39 and 53 
% in the upper-eulittoral Ascophyllum nodosum and F. 
vesiculosus, with F. edentatus from the lower-eulittoral 
experiencing a 97 % reduction. These data suggest that 
freezing may operate as an important physiological 
stress, with reductions in photosynthesis and hence 
growth affecting competitive abilities. Species such as 
F. spiralis may have an advantage in the upper inter- 
tidal because of their ability to resume photosynthesis 
immediately following freezing and hence maximize 
photosynthesis during periods of immersion. This view 
is supported by the observation that repeated daily 
freezing reduces growth rates in the freezing suscept- 
ible C. crispus, but not in the freezing tolerant Mas- 
tocarpus stellatus (Dudgeon et al. unpubl.). The role of 
freezing as a physiological stress may be accentuated 
by the fact that photosynthesis is more severely 
affected than respiration (Tables 2 and 3). 

The above discussion presupposes that inter-specific 
differences in freezing tolerance are genetic and not 
due to phenotypic acclimation, i.e. is the greater toler- 
ance of Fucus splralis due to genetic differences 
between this species and F. edentatus, or to phenotypic 
acclimation to the more frequent freezing experienced 
higher on the shore? This question is germane in view 
of reports of seasonal and vertical differences in freez- 
ing tolerance (Parker 1960, Bird & McLachlan 1974), 
both of which are consistent with phenotypic acclima- 
tion. Laboratory experiments indicate that acclimation 
does occur in Chondrus crispus, with freezing tolerance 
increasing in response to moderate daily freezing- 
exposure (Dudgeon et al. unpubl.). In contrast, freezing 
tolerance does not increase in Mastocarpus stellatus, 
which is inherently more freezing tolerant than C. 
crispus (Dudgeon et al. unpubl.). In view of the above, 
all that can be said at present is that freezing tolerance 
potentially contributes to observed zonation patterns, 
with more research being required on plants main- 
tained under similar conditions to separate genetic and 
environmental components of freezing tolerance. 



130 Mar. Ecol. Prog. Ser. 

On the basis of previous research with Chondrus 
crispus and A/Iastocarpus stellatus it was proposed that 
the plasmalemma played a major role in controlling 
freezing resistance (Dudgeon et al. 1989). This is con- 
sistent with the situation in higher plants (Lyons et  al. 
1979) and is supported by the relationship between 
apparent amino-acid release and freezing tolerance 
with freezing susceptible species releasing more amino 
acids than tolerant forms (Table 5; Fig. 3). Freezing 
appears to produce a breakdown of plasmalemma 
integrity, leading to a loss of cell contents on re-immer- 
sion. The majority of apparent amino acid release 
occurs within 5 min of re-immersion (Fig. 2) .  In eulit- 
toral species, which lose less than 50 O/O of total amino 
acids (Table 5), the cessation of release within 5 min 
suggests that membrane integrity is rapidly restored 
following re-immersion. In the case of sub-littoral 
fringe and rock pool species, the absence of additional 
release after 5 min is probably due to the complete loss 
of all free amino acids within this time, rather than 
recovery of the plasmalemma (Table 5 ) .  

The data in Fig. 3 suggest that the freezing stability 
of the plasmalemma can be used as an indicator of the 
freezing tolerance of seaweeds. This assumption is 
implicit in the work of Frazer et  al. (1988), although 
these workers did not attempt to correlate plas- 
malemma breakdown with either s u ~ v o r s h i p  or 
metabolic dysfunction. Frazer et al. (1988) used a con- 
ductivity technique developed for higher plants to 
assess freezing damage to the plasrnalemma. However, 
this technique 1s destructive and also exposes plants to 
a second stress (immersion in deionized water) which 
may cause lysis and release of ions. The non-destruc- 
tive amino acid technique described previously (Dud- 
geon et al. 1989) is preferable because it models natural 
re-immersion in sea water, and being non-destructive 
is suitable for long-term studies in which plants are 
repeatedly exposed to freezing. 

Previous research on Chondrus crispus and Mas- 
tocarpus stellatus suggested that the degree of freezing 
damage may be correlated with the proportion of fro- 
zen water (Dudgeon et al. 1989). However, a larger 
data set (Table 6) indicates that no general correlation 
exists between freezing tolerance and percentage of 
tissue water frozen. Thus, freezing tolerance in inter- 
tidal seaweeds is not based on freezing avoidance, but 
rather on differences in the ability of species to tolerate 
the same conditions. In this respect freezing and desic- 
cation tolerance are similar (Schonbeck & Norton 
1979b, Dromgoole 1980). 

In summary, the data suggests that intertidal seaweeds 
exhibit a vertical gradient of freezing tolerance, with 
upper shore species being more tolerant thanlower shore 
forms. The degree to which this reflects genetic adapta- 
tion or phenotypic acclimatlon was not ~nvestlgated, 

although other studies suggest that both are important 
(Dudgeon et al. unpubl.). Plasmalemma stability plays a 
major role in freezing tolerance, with freezing suscept- 
ible species experiencing massive losses of cellular 
contents as a result of breakdown in membrane integrity. 
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