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oxygen consumption rate following immersion in water. The signifi- 

cance of these findings in relation to the position of the species in the 

intertidal is discussed. 
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respiration rates are discussed. 
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A STUDY OF THE EFFECTS OF EXPOSURE 
TO AIR ON THE RESPIRATION OF 

TWO INTERTIDAL SNAILS 

INTRODUCTION 

Prosser (1955) has stated, 

. . . comparison of physiological adaptations should 
contribute much to an understanding of interspecific 
relations, intraspecific variation and the bases for 
ecological ranges. The selective value of new genetic 
patterns depends on functional adaptation . . . 

An interesting area to study physiological adaptations is the 

marine intertidal region where the vertical zones present a large 

variety of environments to the animals within a small area. Yonge 

(1963) says the shore holds special interest because of the "diversity 

and 'beauty' of the adaptations which have fitted its inhabitants for 

life on the shore ". 

Gastropods inhabit a variety of niches in the intertidal and are 

exposed to various combinations of temperatures, wave actions and 

periods of exposure to food, air and light. The black turban snail, 

Tegula funebralis (Adams, 1854) is found clustered in sea weed and 

on rock surfaces in the mid to high tide regions. Calliostoma 

costatum (Martyn, 1784) is found on bare rock, usually alone in crev- 

ices, in the low intertidal region. An obvious difference in the habi- 

tat of these two snails is the difference in time of exposure to air and 
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submergence in water. Calliostoma is exposed only when the tides 

are -1.0 o'r lower, which is approximately one or two hours at a 

time. Tegula may be exposed for a period of six hours or more in a 

tide cycle. 

Several physiological studies on invertebrates from low and 

high littoral zones have been reported recently. Augenfeld (1967) 

found differences in the effects of exposure on barnacles, Chthamalus 

fossus, Balanus glandula, B. tintinnabulum and Tetraclita squamosa, 

from different intertidal zones. Those naturally found in higher zones 

had greater respiratory rates, greater cytochrome oxidase activity, 

more glycogen and were able to withstand periods of exposure better 

than those of the lower levels. Wieser (1963) found higher respira- 

tory rates in water than in air for both Campecopea hirsuta and Naesa 

bidentata, intertidal isopods which occupy upper and lower littoral 

zones, respectively. Vernberg (1956) studied tissue oxygen uptake 

and found the highest consumption rate in the more terrestrial forms 

of decapod crustacea. 

Relatively little has been done on the metabolism of intertidal 

gastropods. Sandison (1966) studied the respiratory rate of four gastro- 

pods, Thais lapillus, Littorina littorea, L. littoralis, L. saxatilis, from 

successively higher intertidal zones. He found that respirationwas higher 

in air than in water in all species but if the snails were dryed first, 

this relationship reversed. Sandison feels that since the low 
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and high tide forms are exposed to air for different periods of time, 

the respiratory reaction to alternating periods of exposure and sub- 

mergence could be a factor in determining their position on shore. 

The purpose of this study was to investigate the respiratory 

rate of Calliostoma costatum and Tegula funebralis during exposure to 

air and on subsequent immersion in sea water. Since these animals 

are naturally exposed for differing periods of time, it was felt they 

might differ in their respiratory responses to various periods of 

exposure to air, indicating some adaptation to their position in the 

intertidal. 
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MATERIALS AND METHODS 

The over -all protocol involved measuring the respiration rate 

of Calliostoma costatum and Tegula funebralis during two, six and 

twelve hour periods of exposure to air, followed by recording of the 

respiration rates for four additional hours with the animals submerged 

in sea water. In the field, both animals are exposed to air for at 

least two hours during low tides. Calliostoma might occasionally be 

exposed for six hours during a -2. 0 tide while Tegula is frequently 

exposed that long. Only rarely, during very low tides, is Tegula 

exposed for twelve hours. The results of groups of the same species 

exposed to air for the same time period, but tested on different days, 

were combined. 

Calliostoma and Tegula were collected at Yaquina Head (44°39' 

- 12401') on the Oregon Coast, during the summer of 1967. Low 

tides of at least -1.0 were needed to obtain Calliostoma while Tegula 

could be found at higher tides. The snails were placed on moist sea 

weed and transferred to filtered sea water at the Oregon State 

University Marine Science Center where they were kept submerged in 

aerated sea water at 10 -13°C until the testing occurred. 

A GME Differential Respirometer was used to measure respira- 

tion rates of the snails by directly measuring the volume of oxygen 

consumed. The water bath was maintained at 10°C for all trials. 
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The flasks were prepared with 10% KOH in the side arm to absorb the 

carbon dioxide given off by the snails during the tests. Filter paper, 

saturated with water, was placed in the flasks to maintain the humid- 

ity. The snails were transferred from their sea water baths to the 

flasks with a minimum amount of exposure to room temperature. On 

three occasions, two to three smaller snails occupied a single flask 

but in all other trials there was one snail per flask. The snails were 

blotted with absorbent paper and then placed on the bottom of the flask. 

The respiration rate for animals exposed to air was measured for a 

one hour interval, with readings taken every 15, 20, or 30 minutes. 

This allowed a rough check to see if the rates were uniform during the 

hour period. The respiration rate was measured during the second 

hour when the animals were exposed to air for two hours; during the 

second, fourth and sixth hours when the animals were exposed for six 

hours; and during the third, sixth, ninth and twelfth hours when the 

animals were exposed for 12 hours. The total oxygen consumed 

for each one hour testing interval was reported. 

After the designated exposure period, four ml of filtered 

sea water at 10oC were added to the flasks. A half hour was allowed 

for the system to reach equilibrium and then the rate was measured 

for three 30 minute intervals, followed by a one hour rest and a final 

one hour measuring period. Many of the snails remained submerged 

in the water while some moved up the side of the flasks, possibly 
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carrying water in the mantle cavity. 

The flasks were gently shaken throughout the exposure and sub- 

mergence periods. Morton, Boney and Corner (1957) found oxygen 

uptake rate independent of shaking (50 -100 oscillations per minute) 

for the bivalve Lasaea rubra in the Warburg apparatus. The influence 

of the shaking rate was not tested for the experiments with Tegula and 

Calliostoma. 

After the tests, the animals were removed from their shells 

and dried for five days at approximately 60°C. After this time period 

there was less than a 1% change in the weight. The volume of oxygen 

consumed was corrected to 0oC and 760 mm Hg, standard tempera- 

ture and pressure. 

Table 1 summarizes the experimental protocol for this study. 

A regression equation describing the oxygen consumption rate and 

animal weight was calculated for each time interval over which respi- 

ration was measured and the rate of a standard 0. 1 gram dry weight 

animal was calculated. This rate was used as the average rate of all 

the animals during that time interval. The standard deviation of the 

log rate was calculated as an estimate of the variance of the mean of 

the log rate (Petersen, 1967) using the formula: 

-2 
V(y) = sc 

1 
+ 

(x-x) 
2 

(Ex2 _ (dx) 

(1) 

n 
- ) 
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"i 
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where: 

y = log respiration rate 

x = log dry tissue weight (0. 1 gm) 

x = log average dry tissue weight used 

n = number of animals 

2 
s = variance 
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Table 1. Experimental protocol 

Hours of 
exposure 

to air 

Series 

Species 
Total no. 
of animals 
in series 

Number of 
Snails in 

group 

Group 

Test 
date 

Days 
in lab 
before 
testing 

2 Calliostoma 20 11 9 -4 -.67 1 

9 9 -5 -67 2 

Tegula 32 12 7 -12 -67 5 

14 7 -12 -67 5 

2 9 -4 -67 1 

4 9 -5 -67 2 

6 Calliostoma 39 10 7-24-67 3 

15 7-25-67 4 

14 7-26-67 5 

Tegula 80 13 7-18-67 0 

14 7-19-67 1 

13 7-20-67 2 

12 7-24-67 3 

14 7-25-67 4 

14 7-26-67 5 

12 Calliostoma 20 14 8-9-67 2 

6 9-5-67 2 

Tegula 21 14 8-10-67 3 

7 9-5-67 2 



RESULTS 

Figures 1 and 2 illustrate the type of metabolic rate -weight 

relationships found in this study. The graphs show the results of 

measurements made during the second hour of exposure to air. The 

regression equations describing the relationships are, respectively: 

log rate = O. 5250 log wt. + 1. 8399 (2) 

log rate = 0. 4802 log wt. + 1. 6981 (3) 

The calculated rate for a 0.1 gram dry weight Tegula (20.6 p.l /hour) 

was higher than that for the same size Calliostoma (16. 5 p.l /hour) and 

this trend continued throughout all measurements made during ex- 

posure to air. 

The values for all animals of the same species and at compa- 

rable time periods in the experiment were combined, and the equation 

of the line describing the metabolic rate -weight relationship was 

found. The values of respiration rates calculated for a 0.1 gram dry 

weight animal were plotted in the exposure experiments (Figures 3, 

4, 5, 6 and 7). One standard deviation is indicated by the vertical 

line at each point. The number of values used to calculate each 

point is indicated next to each point. 

Figures 3, 4 and 5 show the results of the groups of pooled 

data for exposure to air for two, six and twelve hours, followed by 

the addition of water to the respiratory flasks. In all cases, Tegula 

shows an increase in respiration rate following the addition of water 

9 



10 

to the flasks. The rate then decreases. The pattern of response in 

Calliostoma is not consistent. After water was added to the respira- 

tion flasks the rate dropped (Figure 3) or tended to remain at the 

same level as it was during the period of exposure to air (Figures 4 

and 5). In all cases there is an increase in respiration rate of 

Calliostoma after four hours with water in the respiration flasks. 

This probably represents a return to the respiration rate level shown 

for submerged animals (see below). 

Figure 6 shows the results obtained for animals in four ml of 

sea water over a twelve hour period. The rates for Calliostoma are 

higher than those for Tegula and considerably higher than the rates of 

Calliostoma exposed to air. The rates for Tegula in water are simi- 

lar to the rates for Tegula in air. 

Figure 7 shows the sample pattern of male and female 

Calliostoma exposed to air for six hours and then immersed in sea 

water. The combined results for males and females are shown in 

Figure 4. 

The respiration rates after the first hour of exposure to air in 

the two hour and twelve hour exposure experiments (Figures 3 and 5) 

are approximately the same while the respiration rates after the first 

hour of exposure to air in the six hour exposure experiments (Figure 

4) are lower. 
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DISCUSSION 

The term respiration is used to refer to several phases of 

physiological activity. In the more common sense it is used to indi- 

cate the total uptake of oxygen by the animal, whether through the 

skin, gills or lungs. The term may also be applied at the actual 

respiratory surfaces, where oxygen and carbon dioxide exchange 

occurs with the respiratory pigment. Respiration may also be 

thought of as the actual incorporation of oxygen into the biochemical 

events occurring inside the animal cell. In this paper, respiration 

and oxygen consumption refer to the uptake of oxygen by the entire 

animal. 

The objective of this study was to compare the respiratory 

rates, measured in air and in water, of two intertidal snails; noting 

differences which could suggest adaptations to their ecological niches. 

Since there are numerous factors which influence oxygen consumption 

rate, these will be considered before the data is interpreted 

Factors Influencing Respiration Rate 

Size of Animal 

It has been demonstrated repeatedly that larger animals have 

a lower oxygen consumption per unit time per unit size (weight, sur- 

face area, nitrogen content, volume or whatever parameter is being 
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used to indicate the size of the animal) than smaller animals. Zeuthen 

(1953) and Hemmingsen (1960) review this relationship throughout the 

animal kingdom. 

The relationship can be demonstrated intraspecifically as well 

as interspecifically. Sandison (1966) has shown this relationship for 

several marine snails; Littorina saxatilis, L. littoralis, L. littorea 

and Thias lapillus. Duerr (1967) showed this relationship for Lymnaea 

stagnalis and von Brand, Nolan and Mann (1948) report the metabolic 

rate -size relationship for various aquatic snails. 

Zeuthen (1953) describes the relationship between size and 

metabolic rate as follows. 

Y= aXb (4) 

where Y represents the volume of oxygen consumed per unit time, 

and X represents the size of the animal. The constant "a" represents 

the intercept on the Y axis and "b" is the power function of weight to 

which the oxygen consumption is related. In performing respiration 

studies where various sizes of animals are being studied, correction 

for this source of variation should be made. Because the quantities 

are logarithmically related, simply correcting all rates to volume of 

oxygen consumed per unit size per unit time will not give as true a 

picture of the average rate as would a correction based on equation 4. 

Data from 72 Tegula and 38 Calliostoma are shown in Figures 1 

and 2. All animals were treated identically with the exception that 
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they spent from zero to five days in the laboratory prior to testing. 

The first respiration rate measured during exposure to air was 

plotted for each animal. The equation representing the relationship 

has the form: 

log rate = log a + b log weight (5) 

The equations describing the line in Figures 1 and 2 are given previ- 

ously (equations 2 and 3). 

Similar regression analysis were performed for each series of 

animals at each time period. The rate for a 0. 1 gram dry tissue 

snail was calculated from equation 5 and used as the rate during that 

time period. This weight was chosen because it was a convenient 

value, approximately in the middle of the range of various weights 

used and because it is easier to then convert rates in p,l /hr to µl /gm/ 

hr, which is a form commonly used in the literature. 

Considerable scatter is evident in the data of Figures 1 and 2, 

and lessens confidence in the significance of the relationship. The 

range in weights of animals used was small, mostly limited by the 

apparatus. Nonetheless, because of the frequently demonstrated 

relationship of size to metabolic rate in related molluscs, it was felt 

that a mean rate based on regression analysis would be more meaning- 

ful than a simple average of the values obtained. 
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Tidal and Circadian Rhythms 

Bohn (1904) showed increasing activity periods in the laboratory 

corresponding to high tide periods for Littorina rudis, a high tide 

gastropod. Gompel (1938) demonstrated periodic variation in oxygen 

consumption rates of several invertebrates, corresponding to tidal 

rhythms, which could be maintained in the laboratory for long periods 

of time. Brown, Bennet and Webb (1954) found daily and tidal rhythms 

in oxygen consumption for the fiddler crab, Uca pugnax. Sandeen, 

Stephens and Brown (1954) found daily and tidal rhythms in oxygen 

consumption in two separate marine snails, Littorina littorea and 

Urosalpinx cinereus. Wieser (1963) however found no correlation 

between respiration in the intertidal isopod Campecopea hirsuta and 

tidal cycles. Sandison (1966) found a diurnal rhythm of respiration 

for Littorina saxatilis in water; a possible tidal rhythm for L. littorea 

in water and a diurnal rhythm in air. The other two species of snails 

tested did not show a rhythm and he suggests that activity may have 

masked any existing periodic cycle. Though different procedures 

were used in all cases, the evidence from the literature does suggest 

that endogenous rhythms are present in a number of marine inverte- 

brates. 

Respiratory patterns of Calliostoma and Tegula for 12 hours 

periods, both in water and in air, are shown in Figures 5 and 6. No 
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regular pattern which would suggest a tidal or circadian rhythm is 

observed in either case. 

Sex 

On many occasions a difference in respiration rates has been 

noted between males and females of the same species. A record was 

kept of whether the animals were male (indicated by a creamy yellow- 

ish white gonad) or female (indicated by gonads full of green eggs) 

when a definite distinction could be made. It was difficult to differ- 

entiate sex in some of the smaller animals (which were probably not 

yet sexually mature) and only the mature male or female animals 

were used for the study. A comparison of the metabolic patterns of 

each sex for Calliostoma is shown in Figure 7. Both patterns are 

similar. 

Activity 

During the times that respiration measurements were being 

made, snails were observed to move about in the flasks. Occasion- 

ally, in the flasks containing four ml of sea water, a snail would 

temporarily climb out of the water on the side of the vessel. It is not 

known to what extent these variations in movement affect the respira- 

tion rate of the animals. Any variations in rate would be incorporated 

into the total oxygen consumed in the time interval (30 minutes or 
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one hour. ) 

Morton, Boney and Corner (1957) found that the number of bi- 

valves, Lasaea rubra, in the Warburg flasks, influenced the rate of 

oxygen uptake. Wieser (1963) found similar effects with two inter- 

tidal isopods. In the present study, with three exceptions, snails 

were tested individually in their respiratory flasks. 

Nutritional State 

Von Brand, Nolan and Mann (1948), working with a variety of 

aquatic snails, have indicated that starvation influences respiration 

rates, a rapid decrease occurring the first five or six days with lack 

of food. Calliostoma and Tegula are both herbivores. Prior to test- 

ing, they were kept submerged in filtered sea water with no visible 

food source. At the end of the test periods, bits of feces were found 

in the water, indicating that the snails were still digesting food mate- 

rials, For this study it was assumed that the degree of feeding prior 

to testing was kept to a minimum and that the "starvation state" had a 

uniform influence on the snails during the experiment. 

Oxygen Tension 

Von Brand, Nolan and Mann (1948) found that Australorbis 

glabratus was able to maintain an approximately steady rate of oxygen 
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consumption over a wide range of oxygen tensions. Ghiretti (1966) 

feels there is a wide variation in molluscs regarding dependence of 

oxygen consumption on oxygen tension. It was assumed in these 

experiments that any change in oxygen tension which did occur during 

the experiment did not influence the respiration rates. If any changes 

were present, both species were stressed similarly. If it were 

studied further it may be found that each species reacts to oxygen 

stress differently. 

Interpretation of Results 

No attempt was made in this study to assume that the periods of 

exposure to air in the Erlenmeyer flasks correspond exactly to the 

conditions of the snails when the tide is out, nor does the sudden addi- 

tion of water from a syringe correspond to the flow of the tide in the 

field. The objective was to maintain conditions constant in the labo- 

ratory for both species and note possible differences in response to 

the laboratory stress conditions imposed on the animals. 

A difference in behavior in the two species was noted after 

12 ho urs of exposure to air. Tegula seemed to clamp down to the 

glass, foot extended and shell pulled down tightly over the animal 

(Figure 8). Calliostoma, on the other hand, was usually found with 

the foot limp and extended from the shell, the snail often lying on its shell 

side - -in an unnatural state (Figure 9). Calliostoma continues however to 
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Figure 8. Appearance of Tegula funebralis 
after twelve hours of exposure to air. 

Figure 9. Appearance of Callistoma costatum 
after twelve hours of exposure to air. 
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respire in air at a rate similar to that in the two and six hour expo- 

sure experiments (Figures 3 and 4). Upon reimmersion in water, 

Calliostoma assumed a normal posture, indicating that the previous 

unnatural condition was not permanent. Morton, Boney and Corner 

(1957) found low tide bivalves, Lasaea rubra, were less able to keep 

shells tightly closed over long dry periods as high tide forms. 

The difference in behavior of the two snails in air might affect 

the snails method for taking in oxygen. Cutaneous respiration is 

present to some extent in all aquatic mollusca (Ghiretti, 1966) and 

oxygen uptake from this route depends on the permeability of the skin 

and the difference in oxygen tension between the respiratory fluid, 

tissue and external medium. Calliostoma and Tegula both posses a 

single ctenidium in their mantle cavity where cilia move water over 

the filaments and exchange may take place using a counter current 

principle (Light, et al. , 1961). Barnes and Barnes (1957) report that 

the barnacle Balanus balanoides, during periods of exposure to air, 

retains a drop of water in the mantle cavity while a "micropylar- like" 

opening to the atmosphere remains patent. This activity may permit 

access to oxygen while preventing dessication. Tegula's "clamping" 

behavior and the absence of it in Calliostoma may suggest a behavior 

response that Tegula uses to survive long periods of exposure to air 

while maintaining a fairly high metabolic rate. 
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Differences were noted in the metabolic responses of the ani- 

mals, during exposure to air and when immersed in water. Figures 

3, 4 and 5 show that Tegula has a higher respiration rate than 

Calliostoma in air. When the respiration is measured in water, the 

picture is reversed (Figure 6). After either two, six or twelve hours 

of exposure to air (Figures 3, 4 and 5) water was added to the flasks. 

After four hours in the added water, the respiration rate of 

Calliostoma either approaches, or in one case surpasses, the rate 

of Tegula. It is suggested that if enough time had been allowed after 

the water was added to the flasks, the respiration rates of both 

Calliostoma and Tegula would approach the levels shown in Figure 6. 

Sandison (1966) also observed that snails from higher in the 

intertidal had higher respiration rates in air. In contrast to the 

present study, however, forms from higher in the intertidal also had 

higher respiration rates in water. He found a general decrease in 

respiration rate for all animals in air after a 16 hour d r yin g 

period. In water, Sandison found the rates increased from the initial 

values after drying 16 hours. Vernberg (1956) found that the 

oxygen consumption of both whole animal and gill tissue, was greater 

in terrestrial crabs than in crabs lower in the intertidal. Morton, 

Boney and Corner (1957) found the bivalve Lasaea rubra from low 

levels possessed a respiration rate in water about 50% of those from 

higher levels. They found no detectable oxygen consumption for dry 
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and damp animals tested in moist air but found an oxygen uptake 

equivalent with control groups (completely submerged) when animals 

were submerged in three ml of sea water. Wieser (1963), working 

with isopods from different zones, found that Naesa bidentata respired 

faster in air than the higher intertidal Campecopea hirsuta. This is 

correlated with a behavioral difference in these two species when 

exposed to air. Wieser (1963) found the ability Campecopea hirsuta 

to roll into a ball, made an effective defense against dessication. He 

also reinvestigated the bivalve, Lasaea rubra, studied by Morton, 

Boney and Corner (1957) and found a very low oxygen consumption 

rate when the animal was placed on moist filter paper. However the 

rate increased 2. 5 times if a few drops of water were added to cover 

the animal with a thin film. Augenfeld (1967) found that high tide zone 

barnacles, removed from the shell, had a higher respiration rate in 

water than shelless barnacles found lower in the intertidal. 

It appears, therefore, that there is no consistent pattern ob- 

served in comparisons of respiration rates between the same, or 

related, species from different levels of the intertidal. Tegula can 

perhaps maintain a high respiration rate in air because of its ability 

to clamp down tightly onto the substrate and possibly retain water 

within the mantle cavity. Calliostoma, although able to tolerate 12 

hours exposure in the laboratory, may obtain most of its oxygen 

cutaneously, and thus has a considerably lower respiration rate in air. 
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The respiration rates for both snails exposed to air compare 

quite closely for the experiments representing two and 12 hour 

exposure periods. These values are higher than the initial values for 

animals of the six hour exposure period. The former sets of experi- 

ments were performed in August and September while the latter were 

performed in July. These differences may represent changes in 

breeding season. Emerson (1965) observed 100% ripe gonads in 

Tegula funebralis in August. Belick (1965) noted Tegula brunnae and 

T. funebralis to spawn in August. The gonads were observed to be 

quite developed in the latter months of the experiments though no 

actual comparison was made with the gonads of the July animals. 

Bullard (1964) says that during a severe depletion of oxygen, 

molluscs may call on non - oxidative energy sources to varying extents. 

Products such as lactic acid are usually formed which can be stored 

or excreted or oxidized when oxygen is again available. An increased 

oxygen consumption immediately following a period of oxygen deple- 

tion (oxygen debt) has been taken as indirect evidence of the ability of 

an organism to derive energy anaerobically. Some animals may 

increase oxygen consumption beyond the "deficit" accumulated while 

others repay only part of the debt, and eliminate the rest of the prod- 

ucts by excretion. Von Brand and Mehlman (1953), in a variety of 

snails, show a long -lasting increase in oxygen consumption after 16 

hours of anaerobiosis. McMahone and Nolan (1948) found that post 
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anerobic metabolic products could be removed by excretion or chem- 

ical changes which were probably total oxidation rather than partial 

resynthesis. Mehiman and von Brand (1951) found volatile acids 

produced by freshwater snails exposed to anerobic conditions. These 

products were excreted into the medium or accumulated in the tissues. 

Figures 3, 4 and 5 show that Tegula increases its respiration 

rate when placed in water after exposure to air, which suggests that 

Tegula may be able to build up some oxygen debt. Calliostoma, with 

the exception of the 12 hour exposure test, does not show a compensa- 

tory increase in oxygen consumption and, in fact, in some cases 

shows an initial decline in respiration upon reimmersion in water. 

Since Tegula has a fairly high rate of oxygen consumption in air, one 

might expect it to depend less on anaerobiosis in these conditions. 

Augenfeld (1967), for example, finds that barnacles from high in the 

intertidal, accumulate less lactic acid upon exposure than those from 

lower down, and suggests that high tide barnacles have respiratory 

adaptations better enabling them to use atmospheric oxygen when 

exposed. Further understanding of the sources of energy utilized by 

Tegula must await analysis of metabolic products accumulating during 

exposure, along with measurements of energy stores, such as 

glycogen. 
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