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Intertidal Organisms, Particularly Limpets1

GEORGE M. BRANCH, PETER BORCHERS,
CHRISTOPHER R. BROWN, AND DI DONNELLY

Department of Zoology, University of Cape Town,
Rondebosch 7700, South Africa

SYNOPSIS. In intertidal animals rates of oxygen consumption span an order of magnitude
(even when standardised for body size and temperature). This may reflect different adap-
tations to this variable habitat. Temperatures range widely and potentially increase met-
abolic expenditure during the heat of the day, while periods of feeding may be restricted.
The balance between intake and expenditure of energy may limit zonation, body size,
and even mode of reproduction. One pattern is that species suffering shortage of food
("conservers") have low rates of oxygen consumption while those with abundant food
("exploiters") have high rates. Conservers appear to have several means of reducing
metabolic costs, but exploiters maintain high (seemingly wasteful) rates of oxygen con-
sumption.

Oxygen consumption cannot, however, be considered separately, since it reflects turn-
over, including growth rate and reproductive output. There is also the question whether
differences between species are genetically controlled, or simply phenotypic responses to
food availability. Comparisons of populations with different amounts of food suggest that
exploiters substantially reduce oxygen consumption when food is scarce, but conservers
are relatively fixed in their pattern of slow growth and low reproductive output, even if
food is experimentally increased.

Growth and reproduction are positively correlated, at least within taxonomically related
groups (as exemplified by patellacean limpets) but both are inversely related to longevity.
Thus growth and reproduction are not necessarily "traded off," but are both low in
"conservers" and both high in "exploiters."

INTRODUCTION

Intertidal organisms are probably sub-
jected to greater environmental fluctua-
tions than are experienced in any other
habitat. The rise and fall of the tide sub-
merges and then exposes them daily; tem-
peratures range widely; desiccation,
osmotic stress and anoxia occur in certain
situations; and feeding time can be circum-
scribed by the tides. The adaptation of
aerobic metabolism to these circumstances
is but one of many evolutionary responses
that can be anticipated.

Metabolism is, of course, regulated by
many factors (Fig. 1). In the first instance,
behavioral responses may remove the ani-
mal from a situation of stress, or activity
may be curtailed so that metabolism is
reduced. For example, Houlihan and Innes
(1982) have shown that the oxygen con-

1 From the Symposium on Mechanisms of Physiolog-
ical Compensation in Intertidal Animals presented at the
Annual Meeting of the American Society of Zoolo-
gists, 27-30 December 1985, at Baltimore, Maryland.

sumption of four trochid gastropods
increases in linear proportion to their
crawling speed, doubling or trebling the
rate of consumption over that of resting
animals (although the cost of crawling over
a given distance actually declines with
increased speed). Two of these gastropods
are lowshore species, and they remain inac-
tive in air. Since air temperatures may rise
considerably during the day, inactivity dur-
ing periods of exposure to air can reduce
metabolic costs. A more dramatic example
is the sandy-beach isopod Tylos granulatus,
which has remarkable rhythms of activity
and oxygen consumption. Emerging from
the sand only by night and only during the
low tide, T. granulatus forages for about 3
hr before burying itself to a depth of about
30 cm. Even when T. granulatus is held at
a constant temperature, its oxygen con-
sumption is five times higher during activ-
ity than when it is at rest. Furthermore,
the surface temperature of the sand reaches
40°C during the day, while being only 22°C
at 30 cm; by night, when the animals emerge,
the surface temperature is about 14°C.
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FIG. 1. Synopsis of the factors influencing metabolic rates. (Modified from Blackstock, 1984.)

Thus the reduction of oxygen consump-
tion accompanying inactivity is enhanced
because active animals experience low tem-
peratures (Marsh and Branch, 1979).

Metabolism can also be altered by short-
term modification of rate-controlling
enzymes, mediated by hormones. There
may be changes in the ease with which
compounds bind to enzymes, or alterations
in the tertiary or quaternary structure of
the enzymes (see Blackstock, 1984, for a
review of biochemical metabolic regula-
tion). Some metabolic pathways have
branch points at which alternative routes
may be followed. For example, the metab-
olism of phosphoenolpyruvate during gly-
colysis can involve two routes, catalysed by
either pyruvate kinase or phosphoenolpy-
ruvate carboxykinase. These alternatives
may regulate the flux of carbon through
the glycolytic pathway (Zwaan, 1976, 1977)
and thus modify metabolic rate. Metabo-
lism is also reduced by starvation (e.g.,
Marsden et al., 1973).

In the longer term, enzyme expression
or activity may be altered, either because
the enzymes are impaired by stress or

because of biochemically controlled accli-
mation. This can involve modulation of the
kinetic properties of enzymes, modifica-
tion of enzyme structure, induction of dif-
ferent enzymes, changes in the combina-
tion of monomers making up enzymes
(creating different allozymes), or the cre-
ation of multiple forms of enzymes (iso-
zymes).

Finally, there can be genetic changes due
to selection for particular metabolic path-
ways and rates that are most effective for
the circumstances normally encountered
by a given species.

Much has been written about the anaer-
obic and aerobic metabolism of intertidal
animals (for reviews, see Newell, 1973,
1976, 1979;SomeroandHochachka, 1976;
Zwaan, 1976, 1977; Newell and Branch,
1980; Innes and Houlihan, 1981; Black-
stock, 1984). But in spite of considerable
work, it remains difficult to pinpoint when
metabolic responses or patterns are truly
adaptive and genetically controlled. In the
first place, metabolism may be an inciden-
tal effect of some other function such as
growth or reproduction. To draw an anal-
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ogy, shell shape and structure have often
been analysed in adaptive terms, but Kemp
and Bertness (1984) have shown that vari-
ations in the thickness and shape of Litto-
rina littorea shells vary in a manner explain-
able by differences in growth rate, and need
not be adaptive. Secondly, metabolism may
change because stress impairs the control-
ling enzymes. Thirdly, the degree to which
metabolic rate may vary phenotypically
needs to be clarified before adaptive pat-
terns can be identified with any confidence.

In this paper we focus on the oxygen
consumption of intertidal animals, review
some instances in which differences be-
tween species have been considered adap-
tive, link metabolic rate with other ele-
ments of the energy budget and, finally,
outline tests that may distinguish whether
any particular pattern of oxygen consump-
tion is adaptive and genetically fixed.

AEROBIC METABOLISM AND THE
ENERGY BUDGET

The familiar energy budget equation can
be rearranged as: C — F — R = Pg + Pr
(where C = consumption, F = faeces, R =
respiration, and Pg and Pr = production
due to growth and reproduction, and all
the units are measured as rates of energy
flow). Intuitively, any saving in respiratory
energy losses should result in higher pro-
duction; but this is a simplistic view since
much of the energy spent during metab-
olism is linked to growth and reproduction.
Nevertheless, it is true that an inflated rate
of oxygen consumption (as could happen
if an organism is exposed to high temper-
atures during a daytime low tide) will
deplete energy reserves unless the intake
of food is also high. Many intertidal organ-
isms are also limited in when they can feed,
so the intake of food becomes one of the
key elements against which the (presum-
ably adaptive) regulation of metabolic rate
needs to be gauged.

As an example, Sebens (1980, 1981,
1982) has analysed the food intake and
metabolic costs of three species of anem-
ones as a function of body size. In the case
of Anthopleura xanthogrammica, both the
quantity and size of prey rise with body
size. Intake of food therefore increases with

body weight. In small animals it exceeds
metabolic costs, but with increasing size it
is overtaken by the costs because they
increase as a higher power of body weight
than does prey capture. Sebens predicts that
body size should be set at the (optimal) size
at which food intake maximally exceeds
costs. It follows that in habitats where food
is short or where metabolic costs rise, that
body size should be smaller. Indeed, he
demonstrated that higher on the shore {i.e.,
shorter feeding time, higher tempera-
tures), or in areas where wave action is
reduced {i.e., reduced availability of wave-
tumbled prey), A. xanthogrammica is smaller.
In a similar manner Griffiths (1981) has
described how the body size and growth
rate of Choromytilus meridionalis are reduced
in the upper shore where metabolic costs
rise and feeding time declines.

Sebens contrasts A. xanthogrammica with
A. elegantissima, in which prey size remains
constant irrespective of the size of the
anemone. The intake of food therefore
increases as a smaller power of body weight
than it does in A. xanthogrammica, and the
optimal size for A. elegantissima is much
smaller. Small size restricts reproductive
output, but Sebens suggests that A. elegan-
tissima circumvents this limitation by asex-
ual fission, forming clones of similar sized
animals. While the size of the individual
anemones may be constrained by meta-
bolic costs, no such limitation faces the
aggregate colony.

For anemones such as A. xanthogrammica,
any reduction of metabolic costs will clearly
be of value. Such savings may be achieved
by lowering the level of metabolism, by
reducing the temperature dependency of
oxygen consumption, by acclimatory
changes that compensate for longer-term
increases in temperature, or by having a
lower rate of aerial oxygen consumption
compared with the aquatic rate.

For instance, Griffiths (1977) has shown
that a high-shore anemone, Actinia equina,
has a metabolic rate about one third that
of a low-shore species, Anemonia natalensis;
that its oxygen consumption is virtually
temperature-independent over the range
19°C to 33°C; and that it acclimates in sum-
mer, displaying a reduction in metabolic
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rate and an extension of the temperature-
independent range up to 36°C. By com-
parison, Ammonia natalensis has high val-
ues of Q10 and shows no sign of seasonal
acclimation. Similarly, Barnes and Barnes
(1969) compared the rates of oxygen con-
sumption of seven species of barnacles and
showed that the subtidal species have the
highest rates, followed by low-shore species,
with mid-shore species having even lower
rates and high-shore species the lowest rates
of all.

PATTERNS OF OXYGEN CONSUMPTION

The examples given above suggest that
when food is short, or feeding time
restricted, or when physical conditions are
likely to inflate metabolic costs, that it may
be adaptive to have a low metabolic rate.
With this in mind, we compared the oxy-
gen consumption of a series of four South
African Patella species (Branch, 1978;
Branch and Newell, 1978; Newell and
Branch, 1980). We deliberately chose
closely related species to minimise differ-
ences in oxygen consumption that could
be related simply to morphological differ-
ences—for example the use of an air-
breathing lung versus a gill for aquatic res-
piration (McMahon and Russell-Hunter,
1977; Innes etal., 1984).

One of the four limpets, Patella granu-
laris, is a high-shore species, known to suf-
fer from a food shortage because of intra-
specific competition and because barnacles
interfere with its feeding. For convenience
it can be contrasted with Patella oculus, a
mid-shore species that has abundant food.
P. granularis has a low rate of metabolism,
about half that of P. oculus; and has low
Q)0 values of 1.32 to 1.92 compared with
2.50 to 3.90 in P. oculus. More interest-
ingly, it respires at different rates in air and
water. Small animals respire slower in water
than in air, while larger individuals reverse
this pattern, consuming oxygen slower in
air than in water. The significance of this
is that P. granularis migrates upshore as it
grows, so that small animals are submerged
for much of the tidal cycle, while larger
animals live high on the shore and are
exposed to air most of the time. Thus oxy-
gen consumption is kept low in a number

of ways in this species. P. oculus has almost
the opposite pattern of oxygen consump-
tion in air and water, enhancing its already
high respiratory rate. Thus P. oculus
appears almost profligate in its use of oxy-
gen, a number of processes maintaining
very high rates of consumption, with atten-
dant losses of energy.

A third species, Patella cochlear, is known
to suffer from acute intraspecific compe-
tition, for although it lives low on the shore
it occurs in dense populations of up to 2,000
m~2. It too has a low metabolic rate. A
fourth species, Patella granatina, is almost
the exact counterpart of P. oculus, living in
a similar zone and having an apparently
abundant food supply. Its metabolism is
high.

These comparisons led us to advance the
concept of "conservers" and "exploiters"
(Newell and Branch, 1980), contrasting
those species that have abundant food and
maintain high metabolic rates with those
that are food-limited and appear to have
reduced their metabolic costs by a variety
of mechanisms. This does not imply that
intermediates should not occur—indeed a
continuum is to be expected.

There are two corollaries to this con-
cept. The first is that oxygen consumption
cannot be considered in isolation. In part,
it is a manifestation of other activities such
as growth rate and reproductive output.
For example, Parry (1978), in an astute
analysis that deserves wider recognition,
has shown that seasonal changes in the oxy-
gen consumption of the limpet Cellana
tramoserica can be predicted solely on the
basis of increased growth and development
of gonads in winter. The increase of
metabolism recorded in winter was there-
fore not an acclimatory compensation for
lower temperatures but explainable on the
grounds of increased production. This is
not to deny that acclimation can occur.
Detailed biochemical work shows quite
clearly that it does occur, and explains some
of the mechanisms behind the process. But
Parry's point is well taken. It is easy to
measure oxygen consumption and to
ascribe differences to acclimation, and
equally easy to jump to the conclusion that
any shift in oxygen consumption is adap-
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OXYGEN CONSUMPTION OF INTERTIDAL ORGANISMS 141

FIG. 2. Comparison of the oxygen consumption of Helcion pectunculus (A in air, B in water) with that of
Patella compressa (C in water). H. pectunculus is a high-shore species that has a limited food supply; P. compressa
lives on the stipes of kelp and has superabundant food. (Data from P. Borchers, unpublished.)

tive, when it may simply be an effect of
increased production (which may in itself
by dictated by fluctuations in food supply).

In this light, the difference between con-
servers and exploiters needs to be
rephrased to ask why there are differences
in the "rate" at which species may live,
including their rates of growth and repro-
duction. To exemplify, P. cochlear grows
about 3 mm yr~', P. oculus 30 to 60 mm
yr"1; P. cochlear puts out 10% of its somatic
weight as gametes each year while P. grana-
tina releases 80%—in spite of their being
closely related coexistent species.

If food is short, it may pay an animal to

feed at a low rate (typically associated with
a high assimilation efficiency), because a
higher rate of feeding may increase the
costs of foraging more than the gains. Con-
comitant with this will be a low growth rate
and low reproductive output, and a "con-
servationist" pattern of metabolism. Con-
versely, if food is abundant, it may be most
profitable to feed rapidly, and to have a
high growth rate and high reproductive
output, associated with a seemingly ineffi-
cient high rate of oxygen consumption with
its attendant "waste" of energy (Branch et
al, 1979).

There still remains a second question
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FIG. 3. Daily expenditure of metabolic energy by six patellid limpets. Patella compressa, living on kelp stipes,
has a superabundant food supply; P. oculus and P granatina live in the low to midshore at low densities and
have plentiful food; P cochlear occurs at high densities and suffers from acute intraspecific competition; Helcion
pectunculus and P. granularis occupy the highshore where food is limited. (Data from Branch, 1978; Branch
and Newell, 1978; Borchers, unpublished.)

about these patterns. Do they represent
genetically determined adaptations or are
they simply phenotypic reflections of pre-
vailing circumstances? To draw another
analogy, Parry (1982) has measured the
reproductive effort of four species of lim-
pet, and considered the differences between
the species to be species-specific adapta-
tions to differing rates of mortality. But
when Fletcher (1984a) subsequently exam-
ined one of these species {Cellana tramo-
serica) he found it to be so phenotypically
variable that its reproductive output
encompassed the extremes previously
described for all four species.

There are at least three ways that this
problem can be approached. Firstly, fur-
ther interspecific differences can be sought,
to test the hypothesis that species normally
associated with a food shortage are "con-
servers" while those with an excess of food
are "exploiters." For instance, one of us
(P.B.) has compared the oxygen consump-
tion of Patella compressa, which lives singly
on the stipes of the giant kelp Ecklonia max-
ima and has more food than it can possibly
eat, with that of Helcion pectunculus, a high-
shore patellid that has a very low food sup-
ply. Figure 2 shows that P. compressa has
an extremely high rate of aerobic metab-
olism while H. pectunculus achieves only one
third the rate. Figure 3 compares all six
South African patellids so far examined,
and shows that the daily metabolic expen-

diture of energy is predictably related to
food supply. Similar conclusions can be
drawn from work on other limpets. In New
Zealand, Notoacmea pileopsis, a high-shore
species, consumes oxygen at about 60% of
the rate of Cellana radiata, a mid-shore
species (Innes, 1984). A more critical test
of the conserver/exploiter concept is cur-
rently being undertaken by C. Bach (per-
sonal communication) who has measured
the food supply, growth and oxygen con-
sumption of two North American limpets,
Notoacmea persona and N. scutum. The for-
mer lives high on the shore, has relatively
little food, and metabolises at half the rate
of the low-shore N. scutum. The pattern
thus seems consistent, at least when phy-
logenetically similar animals are com-
pared.

A second approach is to measure the
amount of variability that occurs in the
oxygen consumption of natural popula-
tions, to assess the possible range of phe-
notypic responses to different conditions
of food availability. One might expect
species that are always short of food to be
genetically locked into a pattern of slow
growth, low reproductive output and low
oxygen consumption, while exploiters may
be more flexible, since their normally
abundant food supply may alter seasonally
or spatially and become limiting at times.
Patella cochlear, considered a "conserver,"
occurs in a narrow band very low on the
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shore and is submerged most of the tidal
cycle, thus experiencing a narrow range of
physical conditions. At higher densities it
suffers acutely from intraspecific compe-
tition, experiencing reduced growth,
reproduction and survival. Since it occurs
at densities ranging from 50 to 2,000 m~2,
measurements can readily be made of the
oxygen consumption of animals living
under grossly different conditions of food
availability. P. cochlear also occurs on both
the warm south coast of South Africa (sea
temperatures 16°C to 22°C) and the cold
west coast (10°C to 14°C), permitting fur-
ther comparisons. Two of us (D.D. and
G.M.B.) have compared populations from
both coasts, covering seven densities from
139 to 1,200 m"2. Figure 4 clearly shows
that there is remarkably little variability
over the normal temperature range (10°C
to 25°C if the brief night and daytime expo-
sures to air are included). Only at higher
temperatures, which will occasionally be
experienced on unusually low tides during
hot days, is oxygen consumption signifi-
cantly reduced in high versus low density
populations.

A more critical test of phenotypic plas-
ticity is to manipulate conditions and then
test for changes in oxygen consumption
relative to that in control populations.

Patella oculus, an "exploiter," normally
occurs at a density of about 1 m~2. If this
density is experimentally increased to 50

~2 and held there for a month, oxygenm
consumption drops considerably, both in
air and in water (Fig. 5B, C). It is not pos-
sible to experimentally increase the density
of P. cochlear because it is so intimately asso-
ciated with its home scars that transplanted
animals rarely survive if shifted to an area
where other P. cochlear are already estab-
lished. But it is easy to thin existing pop-
ulations. Figure 5A shows the oxygen con-
sumption of control animals (1,000 m~2)
and that of experimental animals reduced
to densities of 50 and 1 m~2. No statistical
difference exists between them.

So it appears that P. cochlear, the con-
server, is relatively fixed in its metabolic
rate, but that/3, oculus, an exploiter, reduces
its oxygen consumption (coupled with
reduced growth) when faced with a food
shortage. Despite this reduction of growth
and metabolism, if the density off. oculus
is increased above 100 m~2 it starves to
death, and is clearly incapable of living at
the extraordinarily high densities experi-
enced by P. cochlear. Conversely, P. cochlear
seems locked into its conservationist pat-
tern of relatively slow growth, small repro-
ductive output and low oxygen consump-
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tion, even when food availability is
experimentally increased.

A good deal more evidence from other
species is now required before any firm
statements can be made, but at this point
our working hypothesis is that conservers
may be restricted in their metabolic
responses and incapable of achieving the
high rates displayed by exploiters, while
the latter are phenotypically more plastic
and can reduce their oxygen consumption
down to, or even below, the range dis-
played by the slower growing conservers.
If they have a "strategy," it is to be able
to achieve high levels of metabolism,
growth and reproductive output when food
is abundant.

Just as oxygen consumption is a symptom
of the "rate" at which an animal lives, so
it is also questionable whether growth rate
and reproductive output should be consid-

ered as separate entities. Organisms are
often considered to "trade off" reproduc-
tion against growth, but a plot of growth
rate (quantified as the growth coefficient,
k) against reproductive output (measured
as the female reproductive output relative
to somatic weight) for patellacean limpets
reveals that the two are positively corre-
lated, both in intraspecific and interspecific
comparisons (Fig. 6A and see Fletcher,
1984a, b). Equally striking is the inverse
correlation between longevity and both
growth and reproduction (Fig. 6B, C). This
suggests that growth and reproduction are
not being "traded off' but, rather, that
exploiters with a characteristically high rate
of turnover will have both high growth and
a high reproductive effort (and low lon-
gevity), and that both growth and repro-
duction will be low in conservers (and asso-
ciated with high longevity). Nevertheless,
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a good deal more work is needed to sepa-
rate genotypic constraints from pheno-
typic plasticity.

Thus it seems that rates of oxygen con-
sumption may be related primarily to the
availability of food, and reflect patterns of
turnover. Seen in this light, the conserver/
exploiter concept has obvious parallels with
other approaches to the "strategies" of
organisms—for instance whether they are
r- or /^-selected (see Stearns, 1976, for a
review) or "time minimisers" versus
"energy maximisers."
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