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ABSTRACT

Biotic interactions in marine invertebrates were analyzed under laboratory conditions. An oxygen debt was observed for the
intertidal mussel Perumytilus purpuratus (Lamarck) in contact with the gastropod predator Nucella crassilabrum (Lamarck).
This response was detected after a short contact with the snail. The oxygen debt was similar to that determined after anoxia
(N2 supply). Mussels maintained in the presence of whelks and control animals without predators, were sequentially subjected
to high temperatures during 2 h of air exposure. The mortality rate was higher in experimental individuals (previously in
contact with predators) than in controls. Experimental animals (previously exposed to predators) experienced greater water
losses (weight drop) than controls, after high emersion temperature treatment. The results suggest that predators could be the
cause of mortality not only when organisms are directly consumed, but also due to cumulative sublethal effects.
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RESUMEN

En el presente trabajo se analizaron interacciones biéticas en dos invertebrados marinos, bajo condiciones de laboratorio. Se
observé débito de oxigeno en el mitilido intermareal Perumytilus purpuratus (Lamarck) al ser puesto en contacto con el
gastrépodo depredador Nucella crassilabrum (Lamarck). Esta respuesta fue detectada luego de un periodo de 30 minutos con
el caracol. El débito de oxigeno fue similar al observado luego de anoxia (burbujeo de nitrégeno en inmersién). Mitilidos
mantenidos en presencia del caracol y ejemplares controles (en ausencia del depredador), fueron sometidos posteriormente a
altas temperaturas de emersién durante 2 h. La mortalidad fue mayor en el grupo experimental (previamente en contacto con
Nucella) que en los ejemplares controles. Los animales experimentales del bivalvo (previamente expuestos al depredador)
experimentaron mayor pérdida de agua (disminucién del peso corporal) que los animales controles, luego de ser expuestos a
alta temperatura en emersion. Los resultados sugieren que los depredadores pueden causar mortalidad en las presas, no sélo
por consumo directo de ellas, sino también debido a efectos subletales.

Palabras clave: desecacién, Nucella, débito de oxigeno, Perumytilus, efectos subletales de depredacién.

INTRODUCTION

Explanations of the distribution and
abundance patterns of marine organisms
inhabiting coastal areas have emphasized
the action of biotic factors such as predation
(Paine 1974, Menge 1976), herbivory
(Lubchenco 1978, 1983), and interspecific
competition (Connell 1961, 1975, Dayton
1971, Menge & Sutherland 1987). Abiotic

factors such as temperature, desiccation and
exposure to wave action, have also been con-
sidered (Doty 1946, Stephenson & Stephen-
son 1972, Newell 1979). These factors have
been evaluated individually, measuring the
effects that are easily identifiable and clearly
reflected by variations in mortality rates.
However, the consequences of sublethal
effects operating sequentially have not
been considered. If the factors that produce
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sublethal effects (factors affecting the
animal’s fitness) operate one after another
their individual effect can be increased.
Thus, when these factors operate indivi-
dually, they may not affect the survival of
sessile organisms, but when they operate in
sequence, they could be an important cause
of mortality.

Various biochemical and physiological
properties have been used to assess the
sublethal effects of different environmental
factors (Ivanovici & Wiebe 1981). The
adenine nucleotid concentration has been
successfully employed in diagnostic studies
evaluating the response of organisms to
changes in the environment (Rainer et al.
1979, Zaroogian et al. 1982). In the intertidal
zone, temperature, desiccation and low
oxygen availability have proved to be the
factors that cause greatest physiological
stress in sessile invertebrates (Newell 1979).
However, there is little information about
the physiological or biochemical effects
generated by biotic factors such as nonlethal
contact with predators or competitors.

This study suggests that nonlethal contact
with predators can produce detrimental
sublethal effects in intertidal sessile
organisms. In addition, the study tests the
hypothesis that when biotic and physical
factors (temperature) operate sequentially in
time, they can become potential sources of
mortality.

MATERIALS AND METHODS
Animals

The mussel Perumytilus purpuratus
(Lamarck) dominates the mid-upper in-
tertidal zone in Chile (Paine et al. 1985).
Mussels 3.0-3.5 cm long were collected in
Metri Bay (41 °36’S; 72 °42’W) and then
maintained in the laboratory in circulating
and well-aerated seawater during 1-3 days,
at 15 °C, without feeding. The gastropod
Nucella crassilabrum (Lamarck) is an
abundant species in southern Chile, co-
habiting with the mussel at the same in-
tertidal height (Dye 1991), with high
densities at the middle intertidal level of
Metri Bay (5-30 individuals/m?; between 1-4
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m of tidal height). The snail was maintained
in the laboratory as P. purpuratus.

Oxygen consumption of Perumytilus
purpuratus

The oxygen consumption in immersion was
measured with a WTW-530 oxygenmeter
(0.01 mg/l of sensitivity), as described pre-
viously (Vial et al. 1992). Mussels were ex-
posed during either 30 min or 4 h to the
following experimental conditions: 5 mussels
in the presence of 5 snail specimens in a 11
glass aquarium, with aerated and 0.45 pm
filtered seawater (15 °C); S mussels ina 11
aquarium, supplied with a constant bubble
of N,, for 4 h (anaerobic condition in im-
mersion); 5 mussels in emersion during 4 h
(7590 % RH, 15 °C); 5 mussels in a 1 1
aquarium (15 °C) with aerated and filtered
seawater (control). After these periods,
mussels were removed from the aquarium,
and placed in a second 1 1 aquarium, with
anew supply of filtered and well-aerated
seawater (at the same temperature): “rest”
condition. After increasing periods of reim-
mersion at this “rest” condition, mussels
were placed individually in the oxygenmeter
chamber (155 ml), and the oxygen con-
sumption was monitored during 20-40 min
periods (in 0.45 pm filtered and well-aerated
seawater). N. crassilabrum did not consume
any mussel specimen during the experimen-
tal treatments applied. The oxygen consump-
tion was standardized considering the dry
weight of the total soft tissue of the mussel,
determined in each case by a regression
equation (Vial et al. 1992).

Sequential exposure to predators and high
emersion temperatures

Mussels were assigned to two groups: “expe-
rimental group”, kept in 5 1 aquarium for 2 h
(mussels in aerated circulating seawater) and
exposed to the predator Nucella crassilabrum
(equivalent number of specimens); the “con-
trol group” was kept under identical condi-
tions, but in the absence of whelks.

Survival to high temperatures during a 2-h
period of aerial exposure was determined for
mussels previously in contact with the
predator Nucella crassilabrum (2 h) and for
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the control animals. The experiments were
conducted in a thermal chamber at tempera-
tures ranging from 36 °C to 56 °C, with 60%
RH. After exposition to high emersion tem-
peratures, the animals were reimmersed in
aerated, circulating seawater, at the acclima-
tion temperature, for a period of 24 h. Sur-
vival of experimental and control groups
under these conditions was evaluated after
this 24 h reimmersion period.

The water loss of specimens exposed to a
high emersion temperature (44 = 1 °C) (ex-
perimental or control group) was calculated
by weighing individuals before and after this
treatment.

Statistical comparisons were performed by
the Student t-test and the chi-square test.

RESULTS

Oxygen debt of Perumytilus purpuratus after
exposure to Nucella crassilabrum

In the laboratory valve closure of the mussel
P. purpuratus occurred a few minutes after
exposure to the predator N. crassilabrum.
As a result of valve closure, respiration of
mussels previously exposed to the snail was
low at the beginning of the “rest” period
(Fig. 1; Table 1). Nevertheless, when the
mussels opened their valves again, respira-
tion increased, exceeding that of control in-
dividuals (without previous exposition to
the gastropod). This oxygen debt was even
observed after 4 h exposure to the presence
of N. crassilabrum (Fig. 2). The oxygen debt
was similar in magnitude to that observed
after 4 h of anoxia (N, support in im-
mersion). After 4 h of emersion, the mussel
showed no oxygen debt during the entire
reimmersion period (Fig. 2).

Responses of mussels to high emersion
temperatures after being exposed to the
predator

When Perumytilus purpuratus was exposed
to high temperatures during emersion, dif-
ferences were observed in the mortality be-
tween individuals previously exposed to
predators (experimental) and control spec-
imens. The mortality rate was greater in ex-
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Fig. 1: Oxygen consumption of Perumytilus
purpuratus previously exposed to Nucella
crassilabrum for 30 min. After exposure to the
snail, each mussel was immediately placed in the
oxygenmeter chamber, and the oxygen concen-
tration was measured during 40 min. (e) Mussel
previously in contact with N. crassilabrum; (o)
Control mussel.

Consumo de oxigeno de Perumytilus purpuratus expuesto
previamente a Nucella crassilabrum por 30 min. Luego de la

exposicién al caracol, cada mitilido fue colocado inmediata-
mente en la cdmara del oxigendmetro y la concentracion de

oxigeno fue medida durante 40 min. (®) Mitilido previamen-
te en contacto con N. crassilabrum; (o) Control.

TABLE 1

Oxygen consumption of experimental
specimens of Perumytilus purpuratus during
the first 20 min and the second 20 min in the

oxygenmeter chamber, immediately after
exposure to the experimental conditions
(contact with predator)
Consumo de oxigeno de especimenes
experimentales de Perumytilus purpuratus durante los
primeros 20 minutos y los segundos 20 minutos en un

oxigendémetro, inmediatamente después de la exposicién a
condiciones experimentales (contacto con depredador)

Oxygen consumption of P. purpuratus in immersion
(ml 0,/h/gdry wt)

0-20 min 20-40 min

0.175 £0.070 0.976 £ 0.173*

(Mean = SE, n = 4)

* t = 3.43; P < 0.05, with respect to control respiration
value, Fig. 2 (0.383 £ 0.086, n = 10).

perimental organisms, reaching 100% at
45 °C (Fig. 3). The total mortality of P. pur-
puratus exposed to this experimental treat-
ment (35-56 °C during 2 h of emersion) was
48.8 % for the control group, and 67.1 %, for
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Fig. 2: Oxygen consumption of Perumytilus
purpuratus previously exposed to the predator
Nucella crassilabrum during 4 h, to anoxia and to
emersion. After this period, mussels were
reimmersed (“rest” condition). (mean * SE; n
indicated at each point).

(®) Contact with predator in immersion.

(- ) Emersion condition
(0) Anoxic condition (N, supply in immersion)
(%) Control respiration in immersion
*  Values statistically different in relation to the control;
P < 0.05.

Consumo de oxigeno de Perumytilus purpuratus, previa-
mente expuesto al depredador Nucella crassilabrum durante
4 h, a anoxia y a emersién. Luego de este periodo, los mitili-
dos fueron reinmersos (condicién de “reposo”). (media +
ES; n indicado en cada punto).
(®) Condicién de inmersion en contacto con depredador
(+) Condicién de emersién
(0) Condicién de anoxia (burbujeo de N,)
(%) Respiracién control en inmersién

*  Valores estadisticamente significativos en relacién al

control; P < 0,05.

the experimental group (x% 10.43; P < 0.05;
df: 49); the LT50 was 2 °C lower for the
experimental group (Fig. 3).

The high mortality rates of P. purpuratus
observed in the experiments could be at-
tributed to water loss during exposure to high
emersion temperatures. Dead organisms of
the control group after 70 min of emersion
at 44 °C showed a higher water loss than the
surviving organisms (Table 2; Fig. 4), sug-
gesting that dessication could be the origi-
nating factor (as well as the consequence) of
death. This result was similar between dead
and surviving specimens of the experimental
group (data not shown).

Individuals that had previously been
exposed to predators exhibited a significantly
higher water loss than the control animals
(Fig. 4). Higher water loss was also detected
in dead organisms of the experimental group
than dead specimens of the control group
(110, 120 and 170 min of emersion at 44 °C,
Fig. 4). This suggests that animals previously
exposed to predators remained with their
valves open during emersion for longer
periods and thus this was reflected in higher
water losses. The same result could be
explained by an earlier death of experimental
specimens than that of the control group.
The fact that experimental surviving animals
showed higher water losses than the
surviving animals of the control group (Fig.
4), provide an evidence supporting the first
alternative.

DISCUSSION

Little evidence exists indicating that Nucella
crassilabrum is an active predator of Peru-
mytilus purpuratus in the intertidal zone of
southern Chile (Dye 1991). However, field
observations during low tide, gave evidence
of consumption of P. purpuratus by N. cras-
silabrum. In a previous work it was esta-
blished that the mussel P. purpuratus closes
it’s valves when it perceives the presence of
Nucella, as an escape mechanism from
predation, inducing an hypoxic condition
(Vial et al. 1992). Several mechanisms have
been identified whereby organisms perceive
the presence of predators, thus obliging them
to close their valves or opercula (Bullock
1953, Philips 1975). Fig.1 shows that after a
period as short as 30 min of exposure to the
predator Nucella, an oxygen debt has been
observed. The magnitude of this oxygen debt
was similar to that obtained after anoxia (N,
bubbled seawater, Fig. 2). The oxygen debt
for P. purpuratus exposed to Nucella was si-
milar in magnitude to the values reported
previously for different marine invertebrates
submitted to emersion or anoxic conditions
(Widdows et al. 1979, Widdows & Shick
1985, Meinardus-Hager & Gade 1987). After
4 h of emersion, no oxygen debt was observ-
ed for P. purpuratus. This result contrasts
with the oxygen debt observed previously for
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Fig. 3: Mortality rates (%) of Perumytilus purpuratus exposed to presence of the
predator Nucella crassilabrum and of control animals (not exposed to predators),
subjected to temperatures above 35 °C for a 2-h emersion period (60 % RH, in all
cases). (n = 21-26 individuals at each temperature).

Tasas de mortalidad de Perumytilus purpuratus, expuesto a la presencia del depredador Nucella
crassilabrum y de animales controles (no expuestos al depredador), sometidos a temperaturas sobre 35 °C
por un periodo de 2 h en emersién. (n = 21-26 individuos a cada temperatura).

TABLE 2

Water loss of dead and surviving
specimens of Perumytilus purpuratus of the
control group, exposed to 44 °C in emersion

(60% RH), for 70 min

Pérdida de agua en especimenes muertos y
sobrevivientes de Perumytilus purpuratus del grupo
control, expuestos a 44°C en emersién
(60 % HR), por 70 minutos

n Water loss
(g / specimen)

Dead 27 0.640 + 0.340
Survivors 16 0.040 + 0.002
Mean + SD; t=9.17; P<0.001

Mytilus edulis exposed to emersion for 5 h
(Widdows & Shick 1985). Nevertheless, P.
purpuratus aerial rates of respiration are
higher than those of M. edulis (Widdows et
al. 1979), or M. chilensis (Vial et al. 1992,
Simpfendorfer et al. 1995). This difference in
aerial respiration rates could explain the
absence of oxygen debt after emersion for P.
purpuratus.

In addition to valve closure, the sub-
jection, perforation and manipulation mech-
anisms of predators (Carriker & Williams

1978, Carriker 1981), must also affect the
energy levels of organisms that are not
actually consumed. These organisms will
experience a decrease in the amount of
energy at their disposal to respond to other
sources of perturbation or stress, which was
apparent when the animals were exposed to
high temperatures. There was a significant
difference in the response to high tempera-
tures between individuals that were pre-
viously in contact with predators and control
animals kept without predators. Thus, indivi-
dual sublethal effects acting upon the mussel
without affecting survival can constitute a
significant cause of mortality when operating
sequentially.

Responses of organisms to high tem-
perature regimes usually involve heat loss
through evaporation, when relative humidity
is high. Nevertheless, at low levels of
relative humidity, desiccation is greater and
the organisms must maintain their valves
closed; this escape mechanism to desiccation
generally requires energy. In Perumytilus
purpuratus, a relationship between mortality
and water loss could be established. The
“contact with predators” and “high temper-
ature” factors may cause sublethal effects.
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Fig. 4: Water loss at increasing periods of ex-
posure to 44°C in experimental (2 h with Nucella
crassilabrum) and control mussels.

(a) 100 % mortality for experimental group.

(b) 100 % mortality for control group.

(Mean + SD; n = 48).

*P <0.05; ** P <0.001.

Pérdida de agua en periodos crecientes de exposicién a 44
°C en individuos experimentales (2 h con Nucella crassila-
brum) y en controles.

(a) 100 % mortalidad en grupo experimental
(b) 100 % mortalidad en controles (media + DS; n = 48)
* P <0,05; ** P<0,0011

However, mortality rates will increase sig-
nificantly when these factors occur in
sequence. This can be attributed to the fact
that, previous to emersion, the experimental
animals remained closed during the period of
exposition to the predator (Vial et al. 1992).
This involves an additional expenditure of
energy, which would limit the organisms
capacity to respond to the second sublethal
factor of high temperature during emersion.
A high tolerance was observed for the oyster
Crassostrea rhizophorae, after exposition to
high emersion temperatures: 100 % survival
after 2-h exposition to 45° C in emersion,
and after 5 h, at 42° C (Littlewood 1989).
This high temperature emersion should
cause mortality, when it occurs sequentially
with a second sublethal factor. This type
of interaction of biotic and abiotic factors
can contribute to the comprehension of
some variations observed in the distribution
and abundance patterns of intertidal sessile
organisms in their natural environment.
In Metri Bay during the summertime,

temperatures of the rock during emersion
are as high as 40 °C - 50 °C, and frequently
exceed 45 °C. For this reason it can be as-
sumed that predation should be the cause
of mortality not only when organisms are
directly consumed by predators, but also due
to cumulative sublethal effects.
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