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ABSTRACT

Intertidal seaweeds are peviodically exposed to air where
they experience a variety of potentially stressful environ-
mental conditions, including nutrient limitation, high light,
high and low temperature, desiccation, and osmaolic stress.
This paper considers the current understanding of stress
tolerance in intertidal seaweeds and discusses ways
which future research could increase our understanding
of the role of environmental factors in the ecology and
physiology of these algae. We believe research is required
in at least three areas. 1) Laboratory physiological studies
have established that correlations exist between stress tol-
erance and the vertical distribution of species. However,
little information is available on the importance of stress
in determining community structure in nature. Field ex-
periments are essential to rvelate the impact of single or
multiple stresses on the survival, growth, and reproductive
output of macroalgae. In paticular, it is necessary to clarify

the role of sublethal stress in determining the outcome of

competitive intevactions. 2) With the exception of obuvious
lethal effects or damage associated with extreme environ-
mental conditions, such as unusually hot and dryweather,

i s fhj]fi‘tt(l to evaluate the occurrence and severity of

stress in natural populr:!imu of seaweeds. There is a need
to develop molecular and biochemical markers specific for
individual stresses or groups of stresses o allow the un-
ambiguous and direct determination of stress in situ. 3)
Despite the apparent importance of stress in intertidal
seaweeds, we are largely ignorant of the mechanistic basis
of tolerance. The application of currently available tools
of malecular and cell biology to the investigation of stress-
induced transeriptional and transtational changes conld
enormously increase our understa neing of both the sites
of, and pathways involved in, stress tolerance. In sumn-
mary, there are numerous u nanswered fundamental ques-
tions aboul the stress tolerance af intertidal seaweeds, pro-
viding apportunities for research ranging from field ecol-
agy to molecular biology and biochemistry.

Key index words: active oxygen; desiccation; freezing;
intertidal seaweeds; nutrient limitation; photoinhibition;
stress physiology

The communities of animals and plants that in-
habit the intertidal zone of rocky seashores are
fregently dominated by dense populations of mac-
roalgae that exhibit distinct patterns of vertical dis-
tribution. These patterns have interested ecologists
and phycologists for almost a century (e.g. Baker
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1909, 1910, reviews by Zaneveld 1969, Chapman
1986, Norton 1986), and the mechanisms underly-
ing species distributions and interactions are still the
subject of considerable research (Lubchencho 1978,
1986, Chapman and Johnson 1990). The ecology of
fucoid brown algae, a major component of many
intertidal communities, has recently been reviewed
by Chapman (1995). A major focus has been, and
remains, the effect of the physical environment on
intertidal organisms (which, with very few excep-
tions, are marine in origin). The reasons for this are
clear; intertidal communities are relatively simple
assemblages that exist in a habitat where a steep
gradient of environmental variation occurs over a
small (vertical) spatial scale, from marine to fully
terrestrial. Tidal emersion exposes intertidal organ-
isms to a variety of potentially adverse environmen-
tal conditions including high light, freezing, high
temperature, desiccation, and osmotic shock, and
also renders essential resources, such as nitrogen
and phosphorus, obtained from seawater temporar-
ily inaccessible, Here we review the literature on the
effect of these factors, and focus on those areas that
we believe provide new and important opportunities
for research. Our review is necessarily subjective;
there are undoubtedly many important avenues for
future research that are not covered here. However,
we will have succeeded in our objective if this paper
stimulates wider interest in the physiology of marine
macroalgae and results in an increase in our under-
standing of the mechanisms and ecological impor-
tance of stress tolerance. Wherever possible we refer
to earlier reviews or original papers that provide
good summaries of paticular topics. We have not
attempted to incorporate predictions about stress
into general models that seek to explain ecological
interactions in the intertidal zone because we believe
there is insufficient information to do so. However,
we do argue for the incorporation of careful and
quantitative determinations of stress into ecological
investigations and attempt to identify those areas
where more information is required.

WHAT IS STRESS?

It is clear that stress must be defined in terms of
the response of an individual rather than the value
of a particular environmental variable. For example,
optimum temperatures for growth of tropical sea-
weeds may exceed the upper lethal limit of many
Antarctic species. Grime (1989: p. 4) defined stress
as “‘external constraints limiting the resource aquis-
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ition, growth or reproduction of organisms.” Al-
though broadly speaking we have retained Grime's
definition in this paper, we have found it useful to
differentiate between reductions in growth rate that
occur because of an inadequate supply of resources
(= limitation stress) and those which result from
damage due to adverse conditions (or the allocation
of resources to prevent damage), which we refer to
as disruptive stress. Examples of limitation stresses
include low light and insufficient levels of inorganic
nutrients such as nitrate or phosphate. Disruptive
stresses include conditions such as freezing or des-
iccation that either cause cellular damage or require
the allocation of resources to prevent and /or repair
damage. Note that a particular factor is defined as
nonstressful, limiting, or disruptive by the response
of the individual, population, or species, and not by
the environmental variable itself.

There is some overlap between our definition of

disruptive stress and Grime’s (1979: p. 39) definition
of disturbance (“mechanisms that limit the plant
biomass by causing its partial or complete destruc-
tion™). The loss of tissue that results from frost dam-
age to Laminaria is an example of a process that is
both a disruptive stress and a disturbance. However,
damage due to Littorina grazing is a disturbance but
not a disruptive stress, whereas a reduction in growth
due to severe desiccation that does not result in loss
of tissue or biomass could be an example of disrup-
tive stress that would not be recognized as a distur-
bance. The distinction is important because subtle
effects of adverse environmental factors that reduce
growth but do not result in obvious damage are
likely to be particularly important in, for example,
influencing the outcome of interspecific competi-
tion.

One problem with Grime’s definition of stress is
that it is comparative and requires information on
performance under unstressed conditions. Measure-
ments of performance (e.g. growth or reproductive
output) at a single location can not establish if stress
is occurring. Not only is information required on
growth rates and reproductive output of the same
species under other conditions, but one must also
consider the possibility of genetic differences be-
tween populations. For example, suppose that in-
dividuals of the kelp Laminaria digitata grow more
slowly in upper-shore rock pools than at the sublit-
toral fringe. There are two possible explanations:
tide pool algae may be subject to greater limitation
or disruptive stress or, alternatively, the difference
in growth may reflect genetic differences between
the two groups. Reciprocal transplant experiments
could differentiate between the two possibilities.
However, if these support the hypothesis that tide
pool plants are subject to greater stress, it would be
uncertain, and difficult to determine, which factors
were responsible (e.g. high temperature, photo-
inhibition, C or N limitation). A further problem
with Grime's definition is that growth rates cannot

be measured instantaneously (an importam consid-
eration for slow-growing speues) and in many field
situations it is difficult, if not impossible, to measure
growth at all. This discussion indicates the difficulty
ecologists face when considering the occurrence and
consequences of stress. As discussed below, one of
the challenges for seaweed physiologists is to devel-
op unambiguous molecular or biochemical markers
for specific stresses that can be used to determine
the occurrence and severity of stress in nature.

The overall ability of an organism to cope with
adverse conditions (commonly called stress resis-
tance) is a function of stress tolerance at the cellular
level and/or avoidance mechanisms that prevent
stress affecting cells. Desiccation resistance of sac-
cate seaweeds such as Colpomenia and Halosaccion is
based on stress avoidance that depends upon central
sacs of seawater that prevent cellular dehydration
(Oates 1985, 1986, 1988). In contrast, desiccation
resistance in the upper-shore species Fucus spiralis
depends upon the ability to recover from a high
degree of cellular dehydration (Dring and Brown
1982, Madsen and Maberly 1990). With the excep-
tion of a few seaweeds, such as young thalli of the
saccate species noted above, the degree of resistance
of most intertidal seaweeds to physical stress de-
pends on tolerance of cellular stress. Although dif-
ferences occur in the rates of water loss between
different species due to thallus morphology, despite
initial controversy (e.g. Dorgelo 1976), it 1s now es-
tablished that the difference between desiccation re-
sistant and susceptible species is not related to the
rate of water loss during emersion (Dromgoole 1980,
Schonbeck and Norton 1980a, Dring and Brown
1982, Lipkin et al. 1993). Similarly, freezing resis-
tant and susceptible species freeze at the same tem-
perature indicating that resistance is based on cel-
lular tolerance rather than avoidance (Pearson and
Davison 1993).

THE IMPORTANCE OF STRESS IN
THE INTERTIDAL ZONE

Disruptive Stress

Most research on stress in intertidal algae has fo-
cused on stresses that are disruptive in the species
studied, including high light (Henley et al. 1992),
h:gh temperature (Bell 1993, Kiibler and Davison

1993), freezing (Pearson and Davison 1993, 1994),
and desiccation (Lipkin et al. 1993) (earlier refer-
ences can be found from these papers); desiccation
has received by far the most attention. The ability
to withstand emersion is a major determinant of
whether an alga can occur in the intertidal zone,
and sublittoral algae are excluded because they have
a very limited resistance to desiccation and freezing
when compared to intertidal species (e.g. Dring and
Brown 1982, Davison et al. 1989). The key question
is: To what extent are interspecific differences in
stress tolerance important in structuring commu-
nities within the intertidal zone? In the case of the
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upper shore species Pelvetia canaliculata and Fucus
spiralis, it is apparent that the upper distributional
limits observed in nature are at, or very close to, the
limits of the fundamental niche (see Chapman 1986).

Plants close to the upper limit exhibit visible damage
during hot dry spells and plants transplanted higher

on the shore die (Schonbeck and Norton 1978). This
work has been extended by Chapman and Johnson
(1990), who employed transplant experiments in-
volving both adult and early post-settlement stages
(three-day-old germlings). However, it is important
to realize that, although transplant experients may
provide support for the hypothesis that physical fac-
tors are responsible for the observed upper distri-
butional limits of certain species, they do not test
alternative hypotheses such as the failure to recruit
higher on the shore (see Underwood 1986, Under-
wood and Fairweather 1989). Future studies should
incorporate tests of alternative hypotheses that can-
not be rejected by simply finding stress limitation.
Another example of lethal stress controlling upper
distributional limits is the effect of freezing on sub-
littoral fringe species of Laminaria (Todd and Lewis
1984). These studies emphasize the importance of
considering the effect of seasonal changes in envi-
ronmental factors on the ecology of species. For
example, in Maine L. digitata and L. saccharina are
essentially summer annuals in the lower intertidal
zone, with sporophytes recruiting from the peren-
nial popul‘ll:ml of subtidal plants in the spring and
surviving until the first severe frosts in the fall (pers.

obs.).

The importance of the episodic nature of stress
over smaller temporal scales was demonstrated by
Brawley and Johnson (1991) and Davison et al.

(1993). Zygotes of Pelvetia fastigiata displayed age-
specific_survival patterns (Brawley and Johnson
1991). Furthermore, survival in the habitat where
successful recruitment occurs (a red algal turf) was
dependent upon the occurrence of “recruitment
windows,” when emersion coincided with benign
(nondesiccating) climatic conditions. Until recently,
ecologists and physiologists interested in the inter-
tidal zone have focused almost exclusively on the
behavior of adult seaweeds. Although recruitment
is now an active area of research, there is a need for
more information on the physiological responses of
Jjuvenile stages and their potential role in determin-
ing the distribution of adults. Because of their small
size, microscopic stages of seaweeds can occupy dis-
tinct microhabitats at a single tidal elevation (e.g
Brawley and Johnson 1991), a factor that needs to
be considered when designing physiological exper-
iments. Emersion stress is likely to be particularly
important in propagules and juvenile stages of mac-
roalgae because 1) they settle over a wider range
than that occupied by the adults (e.g. Schonbeck and
Norton 1979b), 2) Lhe\ are more suscepuble than
adults, and 3) stress tolerance changes during early
development (Brawley and Johnson 1991, Davison

et al. 1993). For example, Brawley and Johnson
(1991) found that 6-h-old zygotes and 1-wk-old em-
bryos of P. fastigiata exhibited greater survival than
94-48-h-old embryos during natural emersion. Fur-
thermore, even those P. fustigiata zygotes and em-
bryos that survived natural emersion experienced
reductions in photosynthesis on reimmersion indi-
cating that sublethal disruptive stress may be im-
portant (Davison et al. 1993). Sublethal stress delays
rhizoid development in P. fastigiata, possibly increas-
ing the susceptibility of zygotes to dislodgement by
water motion (Vadas et al. 1992),

Interactions occur between acclimation processes
and developmental stage. An example is provided
by some of our recent unpublished work on freezing
tolerance of Fucus spp. Adult plants grown at 5° C
were more freezing tolerant than plants grown at
15°C. However, the opposite was true for germlings,
with 15° C grown germlings being more freezing
tolerant than germlings of the same age grown at
5° C. The explanation is that freezing tolerance in-
creases rapidly during the first 48 h of development,
and that development, and hence the acquisition of
tolerance, occurs more rapidly at 15° C. In addition
to the intrinsic importance of the physiological re-
sponses of juvenile stages to stress, they are a more
tractable experimental system than adult plants in
which to address some of the fundamental questions
outlined below. For example, we are able to separate
proteins extracted from Fucus evanescens germlings
using SDS-PAGE but are unable to do so with adults
plants, presumably because of interference from
large quantities of mucus and/or polyphenolics.

Although pointed out by Schonbeck and Norton
(1978) and repeatedly since then (e.g. Hawkins and

Hartnoll 1985, Chapman and Johnson 1990), it is
worth reemphasizing that the evidence that upper
distributional limits are controlled by lethal stress
applies only to a few upper- and lower-shore species
such as Pelvetia canaliculata and Laminaria digitata,
and there is no evidence that this is a general mech-
anism controlling the upper limits of all, or even
most, species in the intertidal zone. This does not
necessarily mean that stress is unimportant but rath-
er that its ecological importance depends upon sub-
lethal rather than lethal effects. A key question in
intertidal ecology concerns the importance of sub-
lethal stress and the costs and benefits of stress tol-
erance in interspecific competition. Most intertidal
seaweeds are able to survive and grow below their
lower distributional limit provided that lower-shore
species are removed (see Chapman and Johnson
1990). However, with some exceptions, such as up-
per-shore species Pelvetia canaliculata and Fucus spir-
alis, this is also true for upper distributional limits,
i.e. algae are able to grow higher on the shore pro-
vided upper-shore species are removed (see Hawkins
and Hartnoll 1985, Chapman and Johnson 1990).
Although other explanations are possible (e.g. prop-
agule dispersal, settlement, and herbivory) and need
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to be tested, the available data are consistent with
the hypothesis that competitive exclusion controls
both upper and lower limits of many intertidal algae.
Furthermore, the outcome of the presumed com-
petition may be mediated by sublethal stress. For
example, one of the few studies of competition be-
tween intertidal macroalgae indicated that F. vesi-
culosus is the competitive dominant over F. spiralis
in the midshore region dominated by the former
species (Chapman 1990). However, F. spiralis ap-
pears to be the dominant species higher on the shore:
F. wvesiculosus can only colonize and grow in the F.
spiralis zone if F. spiralis is removed (Hawkins and
Hartnoll 1985, Chapman and Johnson 1990). Fucus
spiralis is less susceptible to sublethal stress from
desiccation and freezing (Dring and Brown 1982
Davison et al. 1989), suggesting that the reversal of
the competitive outcome in the F. spiralis zone may
occur because more frequent and prolonged emer-
sion reduces growth to a greater extent in F. vesi-
culosus than in F. spiralis. A similar mechanism (i.e.
the regulation of competitive interactions by sub-
lethal stress) has been proposed for the interaction
between the red algae Chondrus crispus and Masto-
carpus stellatus (Dudgeon et al. 1989),

Our understanding of the role of physical stress
in the ecology of intertidal macroalgae would be
greatly enhanced if future investigations more close-
ly integrated physiological measurements with field
manipulations. Well-designed field experiments can
be used to identify the role of factors such as her-
bivory, competition, and recruitment in controlling
community structure (see Chapman and Johnson
1990). However, it is often necessary to make in-
ferences about the occurrence and severity of stress,
and it is difficult to determine what physical factors
are most important because several environmental

factors covary from high to low shore. Knowing if

stress is due to, for example, desiccation or nutrient
limitation is important because different types of
stress induce different physiological responses and
may have different ecological outcomes. On the oth-
er hand, although laboratory physiological experi-
ments provide very precise information on the effect
of specific physical factors, it is often difficult to
apply the results to the natural environment because
insufficient attention has been paid to subjecting
plants to ecologically relevant conditions: the au-
thors of this review are by no means blameless in
this regard. The following discussion, together with
that on photosynthesis in air (see section on limi-
tation stress), provides some indication of the prob-
lems with the ecological interpretation of physio-
logical studies of stress tolerance. We should em-
phasize that we are not criticizing the papers we cite
but rather are using them to 1) illustrate the types
of problems that occur when relating the data from
laboratory studies to the situation in nature, and 2)
to indicate where further research is necessary.
Wiltens et al. (1978), Dring and Brown (1982),

and others (Smith and Berry 1986, Brown 1987, see
Zaneveld 1969 for a review of earlier work) dem-
onstrated that a direct relationship exists between
the effect of desiccation on photosynthesis and the
vertical distribution of species, with upper-shore sea-
weeds having the highest desiccation tolerance. Al-
though some differences occur in the degree of in-
hibition following desiccation, the primary differ-
ence between tolerant and susceptible species is in
the extent to which photosynthesis recovers when
algae are reimmersed in seawater. For example, the
percentage water loss that could be tolerated with
complete recovery of photosynthesis increased from
55% in the sublittoral fringe species Laminaria dig-
itata to 90% in the high-shore species Pelvetia can-
aliculata and Fucus spiralis (Dl'ing and Brown 1982),
In most cases, photosynthesis is significantly inhib-
ited immediately following desiccation, but com-
plete or partial recovery to control (nondesiccated)
rates occurs rapidly (\mhm 2 h). Where photosyn-
thetic rates do not regain control values within 2 h,
little subsequent recovery occurs over the following
14 to 22 h (Dring and Brown 1982, Brown 1987).
Similar patterns of recovery have been described
for HPO3~ uptake following desiccation and pho-
tosynthesis following freezing (Hurd and Dring 1991,
Pearson and Davison 1993). The prevailing para-
digm is that physiological differences in desiccation
and freezing tolerance are ecologically important
because they are correlated with vertical distribu-
tion patterns. While this is a reasonable hypothesis,
it requires rigorous testing. In most cases, the dif-
ferent species used in experiments were collected
from different tidal elevations and thus had different
histories of stress exposure. Therefore, it is not clear
if the physiological differences are the cause or a
consequence of vertical distribution patterns. It is
also unclear if sublethal effects reported in physio-
logical experiments are important in nature. The
transient reduction in photosynthesis and nutrient
uptake and the loss of cell contents (organic nitro-
gen, amino acids, HPO3;™) immediately following
sublethal desiccation or freezing stress (Moebus et
al. 1974, Dring and Brown 1982, Davison et al. 1989,
Dudgeon etal. 1989, Hurd and Dring 1991, Pearson
and Davison 1993, 1994) probably occur in nature,
as similar responses have been measured for plants
exposed to emersion stresses in situ (e.g. Davison et
al. 1993). The question is, are they important? Clear-
ly, reductions in primary productivity, impairment
of nutrient uptake, or loss of cell contents could
potentially affect growth or reproductive output and
hence competitive interactions between species.
However, to assess their importance, we need more
information on the frequency and severity of sub-
lethal effects in nature and to consider them in the
context of the overall physiology of the plant. For
example, transient reductions in photosynthesis fol-
lowing emersion may be relatively unimportant in
the overall carbon budget because productivity is
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regulated by fluctuations in other factors such as
light.

An additional problem is that many apparent ex-
amples of sublethal stress in laboratory studies may
be artifacts of experimental design and may not oc-
cur in nature. For example, the partial recovery of
photosynthesis in susceptible species following des-
iccation or freezing (e.g. Dring and Brown 1982,
Pearson and Davison 1993) is clearly sublethal stress
within the context of the experimental protocol (i.e.
single exposure to stress followed by a 24-h recovery
period), but what would happen if plants experi-
enced multiple exposures to stress as occurs in na-
ture? If repeated exposure to a suite of environ-
mental conditions ultimately results in death, then
data on the physiological response to a single ex-
posure is ecologically irrelevant. Despite this, with
the exception of Hodgson (1981), relatively little
attention has been paid to subjecting algae to eco-
logically relevant multiple exposures to a particular
stress. Recently we discovered that the partal re-
covery of photosynthesis in Fucus distichus following
freezing stress is associated with the death of a por-
tion of the cells in the thallus, suggesting that re-
peated exposure to the same stress would be lethal
unless the thallus could replace dead cells (Pearson
and Davison 1994).

The problems outlined above do not mean the
physiological studies are of no value. Laboratory
studies are required to determine the mechanistic
basis of stress tolerance and potentially can provide
valuable insights into the importance of stress in
nature. However, it is essential that physiologists
design ecologically relevant experiments. For ex-
ample, although LTy, values for freezing (the tem-
perature which kills 50% of the sample) indicate
freezing tolerance is correlated with vertical distri-
bution patterns (e.g. Frazer et al. 1988), the results
are difficult to apply to the natural environment
where the major difference between the high and
low shore is not air temperature but the frequency
and duration of exposure and freezing rate (Dudg-
eon et al. 1990, Pearson and Davison 1993). Wher-
ever possible, physiological experiments in the lab-
oratory should be based upon measurements of
physical factors encountered on the shore during
emersion. This consideration also applies to studies
on limitation stress; for example, as pointed out by
Hurd and Dring (1991), many experiments on nu-
trient uptake have used unnaturally high concen-
trations that make the data difficult to apply to na-
ture. An alternative is to perform in situ physiolog-
ical measurements on plants in the natural environ-
ment (e.g. Huppertz et al. 1990, Henley et al. 1992,
Davison et al. 1993). These studies can be per-
formed on seashores adjacent to marine laboratories
or make use of the impressive array of physiological
equipment (fluorometers, infrared gas analyzers,
etc.), designed primarily for crop plants, that can be
used in the field. Physiological investigations in the

field should be combined with careful monitoring
of environmental conditions, paying particular at-
tention to microhabitat effects. It is important to
emphasize that such investigations should be exper-
imental, incorporating treatments that allow specific
hypotheses concerning environmental factors to be
tested. For example, spraying emersed plants with
seawater could be used to separate the effects of
photoinhibition and desiccation. Ideally, with the
development of appropriate molecular markers for
stress, samples from in situ treatments could be an-
alyzed to determine the effects of particular envi-
ronmental variables.

Limitation Stress

In addition to disruptive stress, tidal emersion iso-
lates algae from the source of essential nutrients
such as nitrogen and phosphorous and exposes them
to a very different environment for photosynthesis.
Considerable attention has been paid to the effect
of emersion on photosynthesis (see Maberly and
Madsen 1990, Lipkin et al. 1993), and it is clear that
the response to emersion is not simply a matter of
tolerating disruptive stress, but that under certain
circumstances intertidal seaweeds achieve high rates
of photosynthesis in air. Although initial studies
found that lower-shore species exhibit lower rates
of photosynthesis in air than in water, with the op-

osite being true for upper-shore species (Johnson
et al. 1974, Quadir et al. 1979), this is not a general
pattern; rather, as noted by Lipkin et al. (1993: p.
517), “there seems to be no causal relationship be-
tween photosynthetic performance of various spe-
cies during emergence and the level at which they
grow.” Two points are worth noting here. First, the
apparent lack of a general relationship between
emersed photosynthesis and vertical distribution does
not preclude this being an important factor in the
interaction between a specific species pair, such as
the brown algae Hesperophycus harveyanus and Pel-
vetia fastigiata (Oates and Murray 1983). Although
photosynthetic rates of these species are similar in
water, photosynthetic rates of fully-hydrated H.
harveyanus in air are four times those of P. fastigiala
which occurs lower on the shore. Furthermore, al-
though both species exhibit a similar percentage re-
duction in photosynthesis when subjected to the same
percentage desiccation, H. harveyanus loses water
more slowly than P. fastigiata because of its smaller
surface area :volume ratio. Second, it is important
to differentiate between physiological differences
between sublittoral fringe or subtidal species and
eulittoral species, and differences among eulittoral
species. Although Dring and Brown (1982) found
no relationship between the photosynthetic perfor-
mance in air and position on the shore for four Fucus
spp., net photosynthesis in air declined more rapidly
in the sublittoral fringe species Laminaria digitata
because respiration was desiccation sensitive in Fu-
cus but not Laminaria. Physiological processes that
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exclude susceptible species from the intertidal are
not necessarily important in structuring communi-
ties within the eulittoral.

Several studies have compared photosynthetic
light use characteristics (P1 parameters; see Henley
1994) of submerged and fully-hydrated plants in air.
Although PI parameters do appear to vary between
air and water, as with light-saturated photosynthesis
discussed above, no general patterns are evident and
these data will not be discussed further (Oates and
Murray 1983, Johnston and Raven 1986, Madsen
and Maberly 1990). However, this is an area which
may require more study. Although dark respiration
and light harvesting efficiency (a: photosynthesis per
incident photon) and possibly quantum yield (: pho-
tosynthesis per absorbed photon) are different in air
and water (e.g. Madsen and Maberly 1990), the eco-
logical significance and mechanistic basis of these
changes are not understood.

Regardless of the absolute rates of photosynthesis
in air compared with water, most workers have re-
ported an increase in photosynthesis following mod-
erate desiccation (compared to the fully hydrated
emersed state) (Brinkhuis et al. 1976, chhr et al.
1979, Johnston and Raven 1986, Lipkin etal. 1993),
presumably because of a reduction in the aqueous
diffusion barrier for CO,. The response of photo-
sythesis to inorganic carbon concentration in air
(CO,) and water (CO, + HCOj) has been studied
by several authors (see Madsen and Maberly 1990).
In general, the results suggest that ph()msymhesls
is limited to a similar extent by inorganic carbon
availability under ambient conditions in both air and
water; the greater substrate affinity for CO; in air
appears to compensate for the lower concentrations
of inorganic carbon relative to water (Kerby and
Raven 1985, Johnston and Raven 1986, Madsen and
Maberly 1990). Surif and Raven (1989) discovered
that the affinity for inorganic carbon was greater in
intertidal fucoids than in subtidal or sublittoral fringe
members of the Laminariales, with photosynthesis
in the former, but not the latter, being saturated for
inorganic C in ambient seawater. This may be re-
lated to differences in extracellular carbonic anhy-
drase (CA) activities, which is involved in HCOy
uptake in seaweeds (Haglund et al. 1992); CA activ-
ities were higher in intertidal fucoids. Carbon lim-
itation may be potentially more important in the
intertidal than the sublittoral because more light is
available. However, as with most physiological stud-
ies on intertidal seaweeds, it is not known if the
differences in CA represent genetic adaptations that
may control zonation patterns or phenotypic accli-
mation in response to differences in carbon avail-
ability associated with vertical zonation. The latter
is possible because it is known that the affinity for
photosynthetic carbon assimilation can be influ-
enced by the availability of inorganic carbon and
growth irradiance (Johnston and Raven 1990, Kii-
bler and Raven 1994). An example of the possible

interaction or tradeoff between the increased avail-
ability of inorganic carbon for growth and emersion
is provided by the intertidal red alga Acanthophora
najadiformis, which has a relatively low affinity for
HCO; relative to most seaweeds (Einav and Beer
1993 ¢f. Reiskind et al. 1989) and is absent from the
sublittoral zone. Affinity for CO; in air was found
to be much higher and emersed rates of photosyn-
thesis were five times greater than those in water.
However, A. najadiformis is intolerant of desiccation,
which confines it to a narrow zone in the lower eu-
littoral where it has access to CO, but where wave
action prevents desiccation (Einav and Beer 1993),
Although laboratory studies on photosynthetic
performance in air and water provide an indication
of the probable physiological responses to emersion
and immersion, they do not answer two critical ques-
tions: 1) to what extent do air and water contribute
to the overall carbon budget in intertidal algae, and
2) do differences in productivity due to emersion
play a role in regulating vertical distribution? Based
on a very simple model, Oates (1985, 1986) esti-
mated that emersed photosynthesis contributed be-
tween 17 and 32% of total productivity for Colpo-
menia /)rngrma and 60 to 85% of total pr()ducunl\
in Halosaccion americanwm; in both cases productivity
increased with increasing tidal elevation. Because
both species are saccate it was not necessary to con-
sider the effects of desiccation. By far the best es-
timate of the effect of emersion on the carbon bud-
get of an intertidal seaweed is that of Maberly and
Madsen (1990) on Fucus spiralis, which was based on
a sophisticated model that incorporated the effect
of desiccation. Desiccation had a major effect, with
air contributing ca. 50 and 75% (April and July) of
total productivity at the minimum levels of desic-
cation measured on the shore, but only ca. 20 and
40% (April and July) when desiccation was high. The
model indicated that productivity increased lower
down the shore, with maximum values occurring 1-
3 mbelow the zone where F. spiralis occurs naturally,
This is consistent with the observation of Schonbeck
and Norton (1980b) that growth rates were highest
in plants transplanted 0.85 m below their normal
zone. It is therefore clear that the absence of F.
spiralis from the lower shore is not controlled by
carbon balance. Maberly and Madsen (1990) found
that water type (clarity) had little effect on calculated
productivity. In contrast, in the absence of desic-
cation effects in saccate seaweeds, calculated pro-
ductivity declines lower on the shore because of the
attenuation of light through the water column (Oates
1985, 1986, Matta and Chapman 1991). The role
of light may become more important lower on the
shore. For example, Huppertz et al. (1990) sug-
gested that the lower-shore species F. serratus was
light limited during immersion, while Dring (1987)
suggested that fucoids were absent from the lower
intertidal in the Bristol Channel because light levels
were below the compensation point for growth due
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to turbid water and large tidal amplitude. Other
factors that need to be considered are the actual
light environment experienced in nature, and in
particular the effect of the canopy. The light envi-
ronment during immersion is characterized by high
frequency fluctuations due to wave focusing and
movement of the canopy and these may increase
productivity (Greene and Gerard 1990, Wing et al.
1993, Wing and Patterson 1993). The dense stands
of species such as Fucus vesiculosus and Ascophyllum
nodosum collapse during low tide: plants or sections
of plants at the canopy surface may experience des-
iccation and photoinhibition (e.g. Huppertz et al.
1990) while those beneath the canopy are protected
from desiccation but are in darkness or very low
light.

There is good evidence that tidal emersion leads
to nutrient limitation. Laboratory culture studies by
Schonbeck and Norton (1979a) indicated that the
brown algae Pelvetia canaliculata and Fucus spiralis
grow more rapidly when immersed for 20 h than 4
h but that this difference disappeared when addi-
tional nutrients were added to the seawater. Trans-
planting the red alga Gigartina pacifica to higher tidal
elevations led to a reduction in tissue nitrogen con-
tent and an increase in NOj uptake rates and nitrate
reductase activities suggesting that plants were more
nitrogen limited higher on the shore (Thomas et al.
1987¢). Recent work by Hurd et al. (1993) on the
production of hyaline hairs by Fucus spp. is also con-
sistent with more severe nutrient limitation higher
on the shore. Hyaline hairs increase HPO3 ™ uptake
and are produced during the late winter (January
or February) and disappear in the fall when nutrient
levels increase. The cessation of hair production is
correlated with tidal elevation; hairs disappear from
the low shore F. serratus before the midshore F.
vesiculosus, which in turn stops hair production be-
fore the upper shore. F. spiralis. Despite the evi-
dence that nutrient limitation is more severe higher
on the shore, it is not known to what extent this
influences vertical distribution, nor if interspecific

differences occur in the response to limitation. If

upper-shore species have an enhanced ability to ac-
quire, and/or a lower requirement for, the limiting
resource, it might enable them to outcompete and
exclude low-shore species from the upper intertidal.
This hypothesis is difficult to test because of the
difficulty in determining limitation under field con-
ditions. Demonstration of enhanced growth of plants
in fertilized plots relative to unfertilized controls
provides unambiguous evidence of limitation by a
specific nutrient (e.g. Chapman and Craigie 1977).
However, experiments to measure competitive in-
teractions in the field in fertilized and unfertilized
treatments with adequate replication would be ex-
tremely labor intensive. A large number of labora-
tory studies have defined critical tissue concentra-
tions of specific elements that are indicative of lim-
itation (see Wheeler and Bjornsiter 1992). Unfor-

tunately, critical concentrations have not proved
useful for indicating limitation under field condi-
tions (e.g. Fujita et al. 1989), presumably because,
as pointed out by Lapointe and Duke (1984), factors
such as light modify the nitrogen requirements for
growth. The same problem precludes the use of
many biochemical components of seaweeds as in-
dicators of nutrient limitation. For example, al-
though photosynthetic pigments respond to nitro-
gen limitation (e.g. Lapointe and Duke 1984), they
are also affected by light and temperature (Henley
and Ramus 1989, Davison et al. 1991). There is a
need to develop specific indicators of limitation stress.
For example, alkaline phosphatase has been used as
an indicator of P limitation (Weich and Granéli
1989), while the ratio of in vive nitrate reductase
activity measured with and without the addition of
NO; can be used as an indicator of N limitation
where NOj is the major source of nitrogen (Davison
et al. 1984). Bacteria, cyanobacteria, and eukaryotic
unicellular algae produce nutrient stress proteins in
response to sulfur, iron, phosphorus, and nitrogen
limitation that are specific for the limiting element
(Coleman et al. 1988, Atkinson and Fisher 1991,
LaRoche et al. 1993). To date there is little infor-
mation on nutrient stress proteins in macroalgae.
The iron stress protein flavodoxin has been report-
ed in the red macroalga Chondrus crispus (Fitzgerald
et al. 1978). Flavodoxin does not contain iron and
replaces Fe-containing ferrodoxin in the photosyn-
thetic electron transport chain of iron-limited phy-
toplankton (LaRoche etal. 1993). However, in Chon-
drus it is not known if flavodoxin is constitutive or
only expressed under iron limitation. A systematic
search for nutrient limitation proteins in seaweeds
can be justified by the considerable benefits that
would result if such proteins were identified. Not
only would information on the physiological func-
tion of stress proteins significantly increase our un-
derstanding of the metabolic response of macroal-
gae to limiting nutrients, but antibodies for such
proteins or cDNA probes for the transcripts encod-
ing them could form the basis of specific assays for
nutrient limitation that could be used in ecological
studies.

There is no obvious correlation between uptake
kinetics for NO; and HPO3 ™ and vertical distribu-
tion patterns (Thomas et al. 1987a, Hurd and Dring
1990). Desiccation enhances the uptake of NO3y and
NH; in Fucus distichus and has a similar effect on
HPO3~ uptake when P limitation is induced by N
enrichment (Thomas and Turpin 1980). Photosyn-
thetic rates in air are generally enhanced by mod-
erate desiccation (see Madsen and Maberly 1990),
and studies on the activities of a variety of enzymes
suggest that emersion produces a general stimula-
tion of several aspects of metabolism (Murthy et al.
1986, 1988, Murthy and Sharma 1989). The in-
crease in N uptake following emersion may be a
mechanism to counteract an N deficit that occurs
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when metabolically active plants are isolated from
their source of nutrients. Thomas et al. (1978a) found
that there was a correlation between the stimulation
of N uptake following emersion and vertical distri-
bution patterns. Upper shore species 1) exhibited a
greater stimulation of N uptake following desicca-
tion, 2) achieved maximum uptake at higher levels
of desiccation, and 3) were able to take up NOjy
following severe desiccation that inhibited uptake
in low-shore species, It is tempting to speculate that
these differences in the ability to acquire an essential
resource following emersion is a causal factor con-
trolling vertical distribution patterns. However, as
with the response of photosynthesis to desiccation
and freezing, the critical question is, to what extent
do the observed differences in NOy uptake reflect
rather than contribute to the observed distribution
of plants in natural communities? In the case of the
red alga Gracilaria pacifica, rates of NOj uptake,
internal NO3 content, NOj reductase activities, and
the response of uptake to desiccation were related
to tidal elevation and could be modified by trans-
planting algae up or down the shore (Thomas et al.
1987b). Changes in desiccation, freezing, and high
temperature tolerance induced by acclimation to
moderate levels of stress have also been reported in
intertidal seaweeds (e.g. Schonbeck and Norton
1979, Dudgeon et al. 1990, Kiibler and Davison
1993, Pearson and Davison 1994), as have seasonal
changes in stress tolerance (Parker 1960), and it is
premature to presume that physiological differences
between upper- and lower-shore species are neces-
sarily adaptive. Wherever possible, physiological re-
sponses should be compared for plants collected at
the same tidal elevation (e.g. Dudgeon et al. 1989),
or where this is not possible on plants transplanted
to the same tidal height or grown in the laboratory
under common garden conditions (e.g. Dudgeon et
al. 1990). Conversely, the physiological differences
that are frequently reported between members of
the same species from the upper and lower parts of
their distribution range (e.g. Parker 1960) are not
necessarily due to phenotypic acclimation but may
be due to genetic differences between high-and low-
shore members of the same species (e.g. Innes 1988).
There are several interesting questions that could
be addressed about intraspecific genetic differences
associated with tidal elevation: 1) How widespread
are such genetic differences? 2) Do genetic differ-
ences represent stable ecotypes that result from
strong selection pressure and limited gene flow be-
tween high- and low-shore populations of the same
species? 3) Do the genetic differences result from
differential selection pressures associated with the
vertical gradient of stress acting on each generation
of juvenile plants? Genetic differences are unlikely
to occur in species (e.g. Pelvetia canaliculaia) with a
narrow vertical distribution range but may be com-
mon in species that occupy a wide vertical zone (e.g.
Fucus vesiculosus or Ascophyllum nodosum). Inherited

genetic differences might occur in species with self-
fertilization and/or limited dispersal distance,
whereas they are more likely to be the result of
selection on a single generation in species in which
successful recruitment occurs over a wide area.

MECHANISMS OF STRESS TOLERANCE

We have a reasonable mechanistic understanding
of the physiological response of the photosynthetic
metabolism to desiccation, freezing, and high tem-
perature stress (e.g. Wiltens et al. 1978, Smith et al.
1986, Nultsch et al. 1987, Bose et al. 1988, Dudgeon
et al. 1989, Kiibler and Davison 1993) and of the
response of seaweeds to photoinhibition (e.g. Her-
bert and Waaland 1988, Herbert 1990, Franklin et
al. 1992, Benet et al. 1994, Franklin 1994). In con-
trast, we have a very limited understanding of the
mechanisms of tolerance at the cellular /molecular
level or the control of tolerance. Light-limited pho-
tosynthesis appears to be more susceptible to emer-
sion stress than light-saturated photosynthesis (Pear-
son and Davison 1993), possibly because desiccation
and freezing both disrupt the transfer of energy
from antenna pigments to the photosystem I1 (PSII)
reaction center (Smith et al. 1986, Dudgeon et al.
1989). Intertidal seaweeds are potentially suscepti-
ble to photoinhibition because they alternate be-
tween a submerged environment where light levels
may limit photosynthesis (Dring 1987) and full sun-
light when emersed in air. In most intertidal sea-
weeds the photochemical apparatus operates to op-
timize photosynthesis at low light levels associated
with immersion, with the result that emersed plants
are exposed to a large excess of light energy. This
could be exacerbated by desiccation and freezing,
which reduce the ability to utilize light, requiring a
corresponding increase in processes that dissipate
excess solar energy if damage is to be avoided. In
desiccated Porphyra there is a transfer of excitation
energy away [rom PSII (thereby presumably avoid-
ing photoinhibitory damage of the D, reaction cen-
ter protein) towards photosystem 1 (PSI) where it
appears to be dissipated as heat associated with cyclic
PSI electron transport (Fork and Oquist 1981, Oqu-
ist and Fork 1982, Fork et al. 1986). Huppertz et
al. (1990) suggested that desiccation may confer pro-
tection against photoinhibition in Fucus serratus. Un-
fortunately, because of the nature of the experi-
mental dexign, which involved monitoring fluores-
cence in a natural population, other explanations of
the data of Huppertz et al. (1990) are possible (see
Henley et al. 1992), and a more detailed examina-
tion of the interaction between desiccation and pho-
toinhibition is required. A recent study on the des-
iccation-resistant tern Polypodium polypodioides sug-
gested that desiccation may confer protection against
photoinhibition, with desiccated plants in which all
photochemical activity had ceased being less dam-
aged than partially desiccated plants in which PSII
charge separation, but not electron transport, was
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functional (Muslin and Homann 1992). Desiccation
has also been reported to increase high-temperature
tolerance in Parphyra (Smith 1984), possibly because
PSII has a greater thermal stability in plants that
are dry (Havaux 1992). Caution is necessary when
using changes in quantum efficiency of photosyn-
thesis (#), frequently measured as the ratio of vari-
able to maximum fluorescence (F,/F,), as an indi-
cator of photoinhibition. As discussed by Long et
al. (1994), reductions in ® may either reflect damage
to the photochemical apparatus or the operation of
mechanisms, such as the quenching of excess energy
via the xanthophyll cycle or inoperative PSII reac-
tion centers, that direct energy away from functional
PSII centers to avoid damage. The relative impor-
tance of damage and protective mechanisms in con-
tributing to reductions in F,/F can be assessed by
monitoring changes in F, and F, (e.g. Henley et al.
1992).

Although photosynthetic metabolism appears to
be an important determinant of the ability of inter-
tidal seaweeds to survive emersion stress, other pro-
cesses are involved. Differences in desiccation and
freezing tolerance of high-and low-shore species are
not dependent on light and occur when plants are
subject to stress under low light or in darkness (Smith
and Berry 1986, Davison et al. 1989). With the ex-
ception of the data on photosynthetic metabolism
discussed above, we have very little information on
the mechanisms that confer tolerance to desiccation
and other emersion stresses in intertidal seaweeds.
For example, we have no idea why some members
of the genus Fucus (e.g. Fucus spiralis) are highly
tolerant of levels of desiccation or freezing stress
that would kill lower-shore members of the same
genus (e.g. Fucus evanescens). This is a fundamental
question in seaweed biology that has important im-
plications for both physiology and ecology. Al-
though macroalgae have been largely neglected, they
do represent a useful system for studying freezing
and desiccation tolerance. 1) In most species, stress

resistance depends upon tolerance at the level of

cellular physiology, and tolerance mechanisms can
be studied in the absence of complicating factors
such as stomatal conductance. 2) Intertidal seaweeds
inhabit a relatively simple and predictable environ-
ment, whereas most terrestrial plants are simulta-
neously exposed to two different environments in
air and soil. 3) Congenerics (e.g. Porphyra spp. and
Fucus spp.) occur at different tidal heights and ex-
hibit different degrees of tolerance, allowing stress
physiology to be studied in closely related species
and offering potential insights into the evolution of
tolerance. 4) Upper-shore seaweeds have a high de-
gree of tolerance to desiccation and freezing (e.g.
Porphyra linearis can survive emersion for three
weeks; Lipkin et al. 1993) and are perhaps unique
in that they recover very rapidly from a frequent
and predictable exposure to stress once or twice each
day (e.g. Bell 1993). Perhaps the major disadvantage

of intertidal macroalgae as model systems for the
study of stress tolerance is their reputation as diffi-
cult subjects for physiological, biochemical, and mo-
lecular research. Although seaweeds do present
technical problems, most can probably be overcome,
and our general lack of knowledge of the basis of
stress physiology in intertidal macroalgae is un-
doubtedly due to neglect rather than the intractable
nature of the problem.

Elucidating the mechanisms responsible for stress
tolerance would be of benefit to ecologists because
it would allow the costs as well as the benefits of
stress tolerance to be considered. There is a general
tendency towards decreasing plant size with increas-
ing tidal elevation. For example, individuals of the
upper-shore species Pelvetia canaliculata and Fucus
spiralis are smaller than fucoids from the mid- and
low shore. There are at least three possible expla-
nations (these are not mutually exclusive): 1) Upper-
shore species may be smaller because more frequent
and severe stress reduces productivity (e.g. Madsen
and Maberly 1990). 2) The energetic and capital
cost of the greater degree of stress tolerance reduces
resources available for growth. 3) There is an adap-
tive advantage in small stature for high-shore spe-
cies. Although the first possibility may also be im-
portant, the observation that upper-shore fucoids
grow more slowly than low-shore species under com-
mon garden conditions (e.g. Schonbeck and Norton
1980a), despite having similar rates of photosynthe-
sis (Dring and Brown 1982, Davison et al. 1989),
provides indirect support for the hypotheses that
growth rates are genetically constrained either be-
cause of the cost of stress tolerance (hypothesis 2)
or because small stature confers an adaptive advan-
tage (hypothesis 3). However, it is also possible that
reduced growth rates of high-shore species in com-
mon garden experiments occurs because immersion
acts as a stress. The upper-shore species Pelvetia can-
aliculata died when transplanted lower on the shore
or immersed for 50% of the time in laboratory cul-
ture, although disease rather than immersion per se
appeared to be responsible (Rugg and Norton 1987).
However, there is no evidence that immersion is a
stress for other intertidal seaweeds; isolated individ-
uals are often found well below their normal zone,
and they may grow more rapidly below their normal
range (Schonbeck and Norton 1980b).

Some studies have shown that upper-shore species
maintain a permanent high level of stress tolerance,
whereas lower-shore species exhibit acclimation,
modifying the degree of tolerance depending upon
prevailing conditions, although they are always less
tolerant than upper-shore species (e.g. Schonbeck
and Norton 1979a), Dudgeon et al. 1990). These
strategies are presumably adaptive given the differ-
ence i frequency and severity of emersion stress
encountered at different tidal heights. Upper-shore
species maintain a constant high degree of tolerance
to cope with frequent yet stochastic exposure to se-
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vere stress but achieve this at the expense of growth
rate. Conversely, lower- and midshore species achieve
faster growth by altering the allocation of resources
between growth (during benign periods) and tol-
erance (e.g. during winter when exposed to freezing)
but are susceptible to sudden or unusually severe
stresses.

Hypotheses that relate competitive ability to stress
tolerance are difficult, if not impossible, to test in
the absence of information on the mechanisms of
stress tolerance. In theory, it is possible to calculate
the costs of stress and stress tolerance from a carbon
budget (i.e. primary production = growth + repro-
duction + respiration + storage -+ loss of dissolved
and particulate organic carbon + cost of tolerance
mechanism). However, carbon budgets are difficult
to balance (and require several assumptions) even
in plants grown under nonstressful, defined condi-
tions in laboratory culture, and this approach is un-
likely to prove successful in natural communities. If
stress tolerance has a high energetic cost and re-
quires a considerable investment in fixed carbon,
this should correspond to measurable differences in
biochemical composition or metabolic activity be-
tween stress tolerant and susceptible species; our
goal should be to identify these differences.

There is an extensive literature on the stress tol-
erance of higher plants, especially crop species, to
physical stresses that are important in the intertidal
(e.g. high and low temperature, desiccation and
freezing) (e.g. see reviews by Guy 1990, Vierling
1991, Demmig-Adams and Adams 1992, Li and
Christersson 1993, Close and Bray 1993, Long et
al. 1994). It seems logical and expedient to use the
higher plant literature as a starting point by ad-
dressing the question: To what extent are the stress
tolerance mechanisms used by higher plants used by
macroalgae? The danger in this approach is that
potentially important processes unique to macroal-
gae may be ignored. The advantage is that is offers
the best prospect for rapid progress. If it can be
demostrated that stress tolerance depends upon the
same mechanisms in intertidal macroalgae and high-
er plants, it would be possible to use antibodies and
c¢DNA probes developed for higher plants to address
ecological questions in seaweeds. The limited evi-
dence available does suggest that macoalgae respond
similarly to plants. For example, Vayda and Yuan
(1994) discovered that Antarctic isolates of the red
alga Plocamium cartilaginewm produced mRNA for
the 70 kDa heat shock protein when transferred to
temperatures above those encountered in the nat-
ural environment, and unpublished data suggests
that Fucus spp. contain dehydrins (Pearson, Li, and
Brawley, unpubl.), highly conserved proteins in-
volved 1n desiccation tolerance (Close and Lammers
1993). Similarly, photoinhibition appears to involve
similar mechanisms in seaweeds as in higher plants
(e.g. xanthophyll cycle, D, damage and repair)
(Franklin et al. 1992, Benet et al. 1994). However,
even in the unlikely eventuality that stress tolerance

in macroalgae is identical to that of higher plants,
research on intertidal seaweeds would still be worth-
while in order to understand how these mechanisms
function in a unique environment. For example, al-
though many plants experience desiccation, few, i
any, are exposed to severe desiccation on a twice-
daily basis, although this is the situation experienced
by many intertidal seaweeds. It is worth noting that,
although there is an extensive literature on proteins
produced by higher plants in responses to specific
stresses (e.g. Guy 1990, Vierling 1991, Liand Chris-
tersson 1993, Close and Bray 1993), with the ex-
ception of heat shock proteins, the function of these
proteins is not understood.

As one would expect, there is a positive correla-
tion between the ability of species to tolerate dif-
ferent stresses, e.g. desiccation resistant upper-shore
species are also freezing tolerant (Mathieson and
Burns 1971 cf. Dudgeon et al. 1989, Dring and
Brown 1982 c.f Davison et al. 1989). Recently we
demonstrated that, as with higher plants, there is a
mechanistic linkage between the ability to withstand
those stresses that involve cellular dehydration (des-
iccation, osmotic dehydration, and freezing). For ex-
ample, Fucus distichus grown at high salinity (51%)
exhibits an increased tolerance to freezing stress rel-
ative to plants grown in seawater at salinities of 8.5,
17, or 34%c (Pearson and Davison 1994). Similarly,
F. vesiculosus plants grown at 5° C exhibit increased
freezing and desiccation tolerance relative to plants
grown at 15° C, with the tolerance to both stresses
increasing further in plants subjected to moderate
daily freezing stress (Davison et al., unpubl.). Other
examples of acclimation of stress tolerance are pro-
vided by Dudgeon et al. (1990) and Kiibler and Dav-
ison (1993).

Because so little information is available on the
mechanistic basis of stress tolerance in seaweeds,
there is little point discussing in detail all of the
mechanisms known to be important in conferring
stress tolerance in higher plants. Instead, we have
decided to focus on a single mechamism, active ox-
ygen metabolism, that is the subject of ongoing re-
search in Davison's laboratory. There are two rea-
sons for this. First, based on information in the lit-
erature, we believe that active oxygen metabolism
may be important in stress tolerance of intertidal
seaweeds. Second, it outlines the steps we believe
are required to demonstrate that any mechanism is
important in conferring tolerance; correlations are
no more indicative of causality in physiology than
they are in ecology. All aerobic organisms generate
active oxygen-containing species such as singlet ox-
ygen ('0,), superoxide (Oy), and peroxides (e.g
H,0,), together with hydroxyl radicals (OH") pro-
duced from O; and H,O, (Asada and Takahashi
1987, Bowler et al. 1992). Active oxygen-containing
species and hydroxyl radicals are highly reactive and
denature essential components of cells including
proteins, membrane lipids, and nucleic acids, and
are formed in both respiration and photosynthesis
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(Bowler et al. 1992). For example, plants generate
O; in the Mehler reaction when electrons are trans-
ferred from PSI to O, (Asada and Takahashi 1987)
and may also generate active oxygen and OH from
PSII (Tschiersch and Ohmann 1993). Any factor
that disrupts respiratory or photosynthetic metab-
olism can lead to the production of active oxygen,
including desiccation, freezing, chilling, and high
light, and active oxygen is a major cause of metabolic
damage associated with these stresses (Wise and Nay-
lor 1987, Schéner and Krause 1990, Bowler et al.
1992, Mishra and Singhal 1992, 1993, Mishra et al.
1993, Tschiersch and Ohmann 1993). Plants em-
ploy two basic mechanisms to prevent damage once
active oxygen species are formed. 1) Antioxidants
with a high affinity for active oxygen species (ascor-
bic acid (vitamin C), glutathione, and a-tocopherol
(vitamin E)) efficiently scavenge them before they
can react with susceptible components of the cell
(Asada and Takahashi 1987, Bowler et al. 1992,
Fryer 1992). 2) Enzymes, including superoxide dis-
mutase (SOD), catalase, and the enzymes of the Hal-
liwell-Asada pathway, convert active oxygen species
into harmless products (Bowler et al. 1992). There
is good evidence that the ability of higher plants and
bryophytes to tolerate photoinhibition, high tem-
perature, desiccation, and freezing as well as at-
mospheric pollutants (e.g. ozone) depends, in part,
upon the ability to process active oxygen (Dhindsa
and Matowe 1981, Wise and Naylor 1987, Malan et
al. 1990, Dhindsa 1991, Tsang et al. 1991, Mishra
and Singhal 1992, 1993, Seel et al. 1992a, b). The
relative importance of the two mechanisms varies
between species, with some plants depending pri-
marily on antioxidants and others on enzymic de-
fenses (e.g. Buckland et al. 1991). Recent work with
transgenic plants containing additional copies of the
gene for SOD has provided definitive evidence that
this enzyme confers the ability to tolerate freezing
and photoinhibition (Gupta et al. 1993, McKersie
et al. 1993).

A limited amount of evidence suggests that sea-
weeds contain both the antioxidants vitamin C and
E and the enzymes SOD and peroxidase (Jensen
1964, Liso and Calabrese 1974, Liso et al. 1978,
Marsden et al. 1984, Jayasree et al. 1985, Munda
1987, Lindstrom 1988, 1993, Murthy and Sharma
1989). However, most of these studies either used
enzyme polymorphism as a taxonomic tool or were
concerned with the potential food value of seaweeds,
and no specific information is available on the role
of active oxygen metabolism in conferring emersion
tolerance. Circumstantial evidence that active oxy-
gen might be important in intertidal seaweeds is
provided by several studies. 1) Peroxidase activities
in Ulva lactuca increase during desiccation (Murthy
and Sharma 1989) and similar increases in activities
of active oxygen processing enzymes are believed to
be involved in desiccation tolerance of bryophytes
and higher plants (Bewley and Krochko 1981, Buck-
land et al. 1991). 2) Munda (1987) reported that

contents of ascorbic acid in brown algae in the Adri-
atic appeared to be correlated with species’ vertical
distributions, being higher in the eulittoral Fucus
viroides than the sublittoral fringe Cystosira compressa,
which in turn had more ascorbic acid than the sub-
littoral Cystosira crinita. There are also pronounced
seasonal changes in ascorbic acid content, which is
generally high in the winter, declining throughout
the summer (Jensen 1964, Munda 1987). 3) Both
freezing and desiccation cause membrane damage
(Davison et al. 1989, Hurd and Dring 1991), which
is consistent with damage due to lipid peroxidation
by active oxygen species (Bewley and Krochko 1981).

The evidence outlined above clearly does not pro-
vide compelling support for the hypothesis that ac-
tive oxygen metabolism is involved in emersion tol-
erance of intertidal macroalgae but does suggest that
critical experiments are justified. There are several
predictions, based on the hypothesis, that can be
used to test if this or any other potential mechanism
is important in immersion tolerance. 1) There should
be a correlation between damage from active oxy-
gen (e.g. malonyaldehyde release, a product of lipid
peroxidation) during emersion stress and suscepti-
bility to stress, with stress-susceptible, low-shore spe-
cies suffering more damage than stress-tolerant, high-
shore species. In fact, preliminary experiments in-
dicate that this is the case, with severe desiccation
resulting in lipid peroxidation in the rock pool spe-
cies Fucus distichus but not in the upper-shore species
F. spiralis (Grant and Davison, unpubl.). 2) There
should be a correlation between susceptibility to
stress and protective mechanisms against active ox-
ygen, and upper-shore species should contain more
antioxidants and/or protective enzymes than low-
shore species. 3) Treatments that increase active ox-
ygen production (e.g. DO or herbicides such as
paraquat) or reduce contents of antioxidants or pro-
tective enzymes (Wise and Naylor 1987, Malan et
al. 1990) should increase susceptibility to emersion
stress. 4) Changes in stress tolerance induced by ac-
climation (e.g. Dudgeon et al. 1990, Pearson and
Davison 1994) should be associated with corre-
sponding changes in the ability to process active ox-
ygen. Assuming the data from these experiments
support the hypothesis, it would be appropriate to:
1) develop biochemical indicators of stress for use
in ecological studies (e.g. activities of, or antibodies
against, SOD or nucleic acid probes for transcripts
encoding this enzyme), and 2) investigate how active
oxygen metabolism responds o stress in nature (e.g.
how do levels of antioxidants and enzyme activities
change over a tidal cycle?)

SUMMARY
A perusal of the papers by Baker (1909, 1910)
leads to the sobering conclusion that, despite 85
years of additional research, relatively little progress
has been made towards elucidating the mechanisms
that confer stress tolerance in intertidal seaweeds or
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in understanding the role that physiological factors
play in controlling ecological interactions within the
intertidal zone. One major area where progress is
needed is in the application of modern molecular,
biochemical, and physiological techniques, not only
toallow us to understand how seaweeds tolerate tidal
emersion but to provide diagnostic probes that can
be used to measure the occurrence of stress in the
natural environment. There are opportunities for
large numbers of innovative, exciting, and reward-
ing research projects. Hopefully, it will be possible
for us to write another review on this topic in twenty-
five years time and face the problem of a surfeit,
rather than a deficit, of information.
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