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Abstract

NUTRIENT STORAGE AND ADENYLATE ENERGY CHARGE 
IN LITTORINA LITTOREA (L.)

by
Cary M. Otsuka 

Adviser: Professor Linda H. Mantel
Seasonal changes in stored nutrients (lipids, carbohy­

drates, and proteins), the adenylate pool (ATP, ADP, AMP), 
and adenylate energy charge (AEC) were examined in the 
marine gastropod Littorina littorea (L.). Populations from 
two locations, Orchard Beach, a rocky intertidal site, and 
Breezy Point, a sand flat, were compared because the latter 
population exhibited a disrupted reproductive cycle for the 
two consecutive years prior to 1984. During 1984, animals 
from both populations released eggs in the laboratory. 
Although differences existed in population size and compo­
sition, no significant differences existed in the measured 
biochemical components during the reproductive phase. The 
disrupted reproductive cycle of the previous years had no 
apparent effect on the ability of the Breezy Point popula­
tion to reproduce during 1984.

The Orchard Beach population was followed for two 
consecutive reproductive cycles. Reductions in lipid and 
carbohydrate composition coincided with the events of 
gametogenesis, fertilization, and egg release. Monthly 
fluctuations in the ADP and AMP concentrations were not 
directly related to any seasonal pattern. Reduced ATP/ADP
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ratios coincided with the reproductive phase, indicating 
the high ATP demand during this period. This is supported 
by the significant positive correlation coefficients that 
existed between the visceral ATP-lipid composition and 
between the visceral ATP-carbohydrate composition. The 
calculated AEC (a ratio based on ATP, ADP, and AMP concen­
trations used to indicate whether an organism is in an 
optimal or stressed condition) appeared to be independent 
of season and reproduction. Low AEC values did not consist­
ently coincide with the reproductive period indicating that 
reproduction was not a stressful event in terms of AEC.

Littorina littorea was exposed to sublethal concentra­
tions of benzene (1 ppm) in the laboratory to examine the 
effect of this hydrocarbon on the AEC, adenylates, and 
stored nutrients. After a three week dosing period, no 
significant differences existed in AEC between control and 
experimental animals. Adenylate concentrations, lipid, and 
carbohydrate compositions were slightly greater in experi­
mental animals. Protein composition was greater in control 
L. littorea. L. littorea is a very resistant organism that 
is able to maintain its levels of stored nutrients and 
adenylates at relatively constant levels and release viable 
eggs even when exposed to short term hydrocarbon perturba­
tion.
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Introduction

The common periwinkle, Littorina littorea (L.) is a 
marine prosobranch gastropod that most often inhabits rocky 
coasts of the northern Atlantic. Due to its abundance, 
relatively large size, and ease of care in the laboratory, 
L. littorea has been the subject of extensive study for the 
past century (Fretter and Graham 1962; Grahame 1973; Hayes 
1927; Lebour 1937; Newell 1958; Tattersall 1920; Thorson 
1946; Williams 1964, 1970). Several recent studies have 
examined the ecology of New England populations of 
L. littorea (Bertness 1984; Brenchley and Carlton 1983; 
Hunter and Russell-Hunter 1983; Lubchenco 1978, 1982, 1983; 
Lubchenco and Menge 1978; Petraitis 1982, 1983). Littorina 
littorea is the most abundant and important herbivore in 
the mid and low intertidal zones of New England rocky 
shores (Lubchenco 1978). This species is common at both 
Orchard Beach and Breezy Point, two sites in the metropol­
itan New York City area. To examine the relationship 
between patterns of nutrient storage and reproduction in 
L. littorea, I monitored both populations for egg produc­
tion and seasonal changes in biochemical composition for 
the past three breeding seasons. The two populations 
differ in number of animals, size of animals, and in the 
frequency of the reproductive cycle. Although determina­
tion of the exact nature of these differences is not 
feasible, it provides a unique opportunity to investigate
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two apparently physiologically different populations under 
natural conditions.

Hypotheses of the study

To examine the seasonal changes in stored nutrients 
(lipids, carbohydrates, proteins), adenylate concentrations 
(ATP, ADP, AMP), and AEC in Littorina littorea, I sampled 
animals from the field at monthly intervals between 
November 1983 and June 1985 and assayed the snails for the 
above biochemical components. I hypothesized that:
1. reproduction, i.e., gametogenesis, fertilization, and 

egg release, would represent a physiologically expensive 
period, which would be reflected in changes in these 
biochemical components.
a. the known seasonal fluctuation in gross biochemical 

components would be positively correlated with ATP 
and negatively correlated with ADP and AMP.

b. the monthly adenylate energy charge (AEC) values 
would decrease with the onset of the reproductive 
phase and would only increase following this period.

2. overall AEC values of Littorina littorea from Orchard 
Beach would be greater than those of the snails from 
Breezy Point reflecting the disrupted reproductive cycle 
of the latter population. The lipid composition and 
carbohydrate composition of the snails from Breezy Point 
would not exhibit reductions during the reproductive 
cycle as would the L. littorea collected from Orchard 
Beach.

The potential for short term or chronic hydrocarbon 
perturbation is very real for both Littorina littorea popu­
lations because each is located along waterways regularly 
used by power boats. To examine the effects of such a 
physiological stress on the gross biochemical components 
and adenylates of L. littorea, I exposed animals in the
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laboratory to sublethal concentrations of benzene and DMN 
for three weeks. I hypothesized that the AEC would 
decrease and that there would be reductions in the stored 
nutrient pool, especially the lipids and carbohydrates.

Biology of Littorina littorea

The body plan of Littorina littorea is presented to 
illustrate the general organization of this prosobranch 
(Pig. 1). The gill of L. littorea is located on the left 
side of the mantle cavity and is composed of ciliated 
lamellae. Water enters on the left side, passes through 
the lamellae, and exits on the right side of the mantle 
cavity. Alongside the gill is the osphradium, which is 
thought to be a receptor for chemical stimuli or particu­
late matter in the water. Other sense organs include the 
tentacles (tactile and olfactory), the eyes (at the base of 
the tentacles), tactile receptors in the skin, and stato- 
cyst (influenced by gravity). The tentacles and eyes are 
located on the head, which is situated at the anterior of 
the mantle cavity. Located below the head is the foot and 
operculum. At the anterior end of the head, situated with­
in the buccal cavity, is the radula, a feeding organ which 
employs a conveyor belt like action to carry food into the 
gut. On the right side of the mantle cavity are located 
the rectum and terminal portion of the reproductive duct.

Littorina littorea is an herbivore capable of grazing 
Aufwuchs, filamentous algae, and foliose algae (Hunter and
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Figure 1. Littorina littorea female removed from the 
shell. After Fretter and Graham 1962.
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Russell-Hunter 1983; Steneck and Watling 1982). Littorina 
littorea also grazes the shoots and rhizomes of Spartina 
alterniflora; this grazing activity may effectively reduce 
the expansion of S. alterniflora (Bertness 1984) . Ulva 
and Enteromorpha appear to be the preferred food of 
L. littorea (Lubchenco 1978; Watson and Norton 1985).

The estimated onset of sexual maturity for Littorina 
littorea occurs at a shell height of 10-14 mm (Hughes and 
Roberts 1980; Fish 1972). Following copulation, the eggs 
are enclosed in a capsule (1-5 eggs/capsule) and released. 
Female L. littorea can produce more than 200 egg capsules 
2 to 12 hours after copulation. The estimated total number 
of egg capsules per female per season is approximately 5000 
(Thorson 1946). The reproductive apparatus becomes reduced 
during non-reproductive periods and enlarges with the 
approach of the next reproductive period.

In Europe, the spawning period of Littorina littorea 
is variable according to location but has been recorded as 
being as early as December and as late as September 
(Alifierakis and Berry 1980; Fish 1972; Tattersall 1920). 
Fish (1972) compared the spawning activity of an estuarine 
and open coast population (Wales) of L. littorea and found 
that the estuarine population matured earlier with maximum 
spawning activity in January; for the open coast popula­
tion, maximum spawning was in March. The difference in 
maximum spawning activity was attributed to the greater 
concentration of nutrients associated with the estuary.
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Using data from plankton hauls, Fish (1979) determined that 
a semi-lunar periodicity existed in L. littorea reproduc­
tion, and that oviposition occurred during full and new 
moon spring tides. In laboratory studies, Alifierakis and 
Berry (1980) found females released the largest number of 
eggs when exposed to a tidal regime and during periods of 
new and full moons (see also Grahame 1975).

Grahame (1973) investigated the breeding energetics of 
Littorina littorea and attributed a decline in calories 
during the late winter and early spring to loss of energy 
in the form of gametes. He also noted that the cost of 
sperm production was 60%-80% as great as that of egg pro­
duction. He speculated that the volume of sperm needed for 
successful fertilization may be so high that over-produc­
tion of sperm is a necessity. Williams (1970) has shown 
that the percentage of lipid and carbohydrate in Littorina 
littorea varies seasonally. Lipid and carbohydrate 
reserves increase during the summer feeding-growth phase 
and are used during the following nonfeeding winter period 
when gonad maturation occurs. Williams also indicated that 
the seasonal turnover in total protein was similar to the 
lipid and carbohydrate levels, and that the pattern was 
the same in both sexes.

Newell et al. (1971) studied the feeding rate of 
Littorina littorea under a variety of conditions. They 
showed that radular activity rates varied with temperature 
and with the period the snail was exposed to the atmosphere.
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Feeding rates of upper shore animals after immersion were 
faster than the rates of lower shore animals. They meas­
ured oxygen consumption in conjunction with radular activ­
ity at different temperatures and determined that thermal 
acclimation was achieved by maintaining a uniform energy 
expenditure, rather than by modification of the rate of 
radular activity. Newell and Pye (1970, 1971) determined 
that the standard rate of respiration in L. littorea was 
nearly independent of temperature and that active rate was 
temperature dependent. They also showed that the rate of 
oxygen consumption of cell-free homogenate was independent 
of temperature over a portion of the normal environmental 
temperature range of this snail. L. littorea has also been 
shown to be capable of respiratory regulation between 20 
and 30°C and to remain active when exposed to air (McMahon 
and Russell-Hunter 1977).

Adenylate energy charge

A relatively new means of evaluating the physiological 
condition of an organism and estimating whether the animal 
is under stress or in optimal condition is determination of 
the adenylate energy charge (AEC). The AEC is the meta­
bolic energy potentially available to an organism and is 
defined as (ATP + %ADP)/(ATP + ADP + AMP) (Atkinson and 
Walton 1967? Atkinson 1968). Adenylate energy charge 
values of 0.8 - 0.9 represent organisms in optimal physio­
logical condition, i.e., growing and reproducing (Ball and
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Atkinson 1975); lower values indicate organisms in sub- 
optimal condition (Ivanovici 1980a). The dynamics of the 
adenylate pool have been summarized by Lehninger (1977). 
The concentrations of ATP, ADP, and AMP over short periods 
are relatively constant when cells are in steady state. 
Under normal conditions, ATP concentrations exceed ADP and 
AMP concentrations, indicating the adenylate system is 
nearly full of phosphate groups. When a sudden work load 
is placed on a cell, ATP utilization increases, causing a 
reduction in ATP concentration and a rise in ADP concentra 
tion. This causes the acceleration of the ATP-generating 
reactions of glycolysis and respiration. When the work 
load is removed, the reverse occurs.

The AEC has been determined for a number of aquatic 
invertebrates (Cantelmo-Cristini et al. 1985; Dickson and 
Giesy 1981; Giesy et al. 1981; Skjoldal 1981; Skjoldal and 
Bakke 1978) , including freshwater and marine molluscs, 
subjected to a variety of conditions; Littorina littorea 
has not yet been studied. Giesy and Dickson (1981) inves­
tigated the effects of season on AEC of two freshwater 
bivalve species. Their findings indicated a seasonal vari 
ation in the concentration of the individual adenylates, 
total adenylate concentration, and AEC, all of which were 
related to reproductive periods in both species. The 
effect of reduced salinity on the AEC of three estuarine 
molluscs was monitored by Rainer et al. (1979). Following 
immersion into the lower salinity, the AEC of the three
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species decreased significantly, although the absolute AEC 
levels and the size of AEC reduction differed between 
species. Using the estuarine gastropod Pyrazus ebeninus, 
Ivanovici (1980b) showed that AEC responded within 24 hours 
to reductions in salinity. Ivanovici indicated that the 
measurement of AEC may. be useful in monitoring the response 
of P. ebeninus to environmental perturbation. Skjoldal and 
Barkati (1982) studied ATP content and AEC of Mytilus 
edulis. They concluded that seasonal variation of both ATP 
concentration and AEC ratio were a result of changing 
weight proportions of the different organs.

Some of the features of AEC have been demonstrated by 
field studies conducted by Ivanovici (1980a). These 
include:

1. ease of sample collection in the field
2. precision of AEC under field conditions is comparable 

with that in the laboratory
3. minimal seasonal and spatial variability
4. reduced AECs correlate with organisms in perturbed 

environments and at a presumed reproductive 
disadvantage.

Ivanovici (1980a) indicated that more studies are needed to 
elucidate the relationship of AEC with growth, reproduc­
tive potential, and viability of offspring. Likewise, 
Skjoldal and Barkati (1982) acknowledged the need for more 
information concerning the correlation between ATP level, 
AEC, and environmental and physiological conditions. The 
Orchard Beach and Breezy Point Littorina littorea popula­
tions, because of their differences in frequency of the 
reproductive cycle, population size, and size of animals,
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appear to provide an excellent opportunity to explore and 
clarify some of these topics.

Hydrocarbon perturbation

In its intertidal habitat, Littorina littorea can be 
exposed to hydrocarbons adhering to the substrate or mixed 
in the water column. A potential source of these hydro­
carbons is from passing boats or nearby marinas. A 
perturbed environment can be simulated in the laboratory by 
exposing L. littorea to sublethal levels of hydrocarbons. 
The effects of such a stress on L. littorea can be examined 
by comparing the gross biochemical composition, adenylate 
concentrations, and AEC of the experimental animals with 
the control animals. The results of such an experiment 
will help evaluate the ability of L. littorea to cope with 
additional environmental stress and the degree to which 
such a stress is reflected by the AEC.

The toxic effect of hydrocarbons on marine organisms 
is well documented. Aromatic hydrocarbons have been 
detected in seawater, polluted and apparently unpolluted 
(Gordon et al. 1974), and in marine sediments (Farrington 
and Quinn 1973; Youngblood and Blumer 1975). Benzene and 
dimethylnaphthalene (DMN) are two aromatic hydrocarbons 
which have entered the marine environment and have been 
shown to affect negatively the physiology of a variety of 
organisms (Anderson et al. 1974; Cantelmo et al. 1982; 
Whipple et al. 1981). These by-products of petroleum
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refinery have many industrial applications and are compo­
nents of various petroleum products including No. 2 fuel 
oil (DMN) and pesticides (benzene). Benzene is one of the 
most toxic components of the water soluble fraction of 
crude oil (Struhsaker et al. 1974). The effects of petro­
leum pollutants on marine molluscs and some of the inherent 
problems of such research was surveyed by Bayne et al.
(1982). Hydrocarbon pollution may detrimentally affect the 
reproductive cycle of molluscs (Bayne et al. 1982; Stekoll 
et al. 1980) but few studies have yet been reported. 
Stekoll et al. (1980) studied the sublethal effects of 
Prudhoe Bay crude oil on Macoma balthica. Growth was 
inhibited and gametes reabsorbed when these intertidal 
clams were subjected to the lowest concentration of oil in 
seawater analyzed (0.03 mg/ml). At higher concentrations, 
gonads were abnormal when compared to control animals after 
six months of exposure. They suggested that chronic expo­
sure at the lowest concentration would eventually result in 
population reductions. These adverse effects of hydro­
carbon perturbation should translate into reduced AEC 
values in Littorina littorea.
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Materials and Methods 

Sites and collection

Adult Littorina littorea (16-19 mm shell height) were 
collected from Breezy Point (BP) on Rockaway Inlet (Lat. 
40°33' 54"; Long. 73o54,10'') (November 1983-July 1984) and 
Orchard Beach (OB) (Lat. 40°52,10"; Long. 73°47'4") on the 
western end of Long Island Sound (November 1983-June 1985) 
(Fig. 2) during low tide. Average salinities at the two 
locations during 1983 and 1984 were 29.2 and 26.1 °/oo 
respectively (NYC DEP). The section of Orchard Beach where 
the animals were collected is a rocky intertidal site with 
scattered patches of Ulva, Enteromorpha, Fucus, and red 
algal species in residence during the spring and summer 
months. Snails were collected from rocks either lacking or 
with minimal macro algal cover. The Breezy Point site is a 
litter-strewn beach where L. littorea are found attached to 
old tires and other discarded debris. A portion of the 
area is covered with Spartina; L. littorea are found there 
attached to the root systems. Ulva and Enteromorpha are 
also found in scattered patches at this location during the 
spring and summer. At this site animals were collected 
from Spartina stands and a variety of hard substrata.

Average monthly air and water temperatures (November 
1983-June 1985) from Willets Point (Willets Pt. is 5.12 
miles south of Orchard Beach) are presented in Figure 3 
(National Ocean Service, NOAA). According to the NY Harbor
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Figure 2. Map of NY Harbor and vicinity indicating the 
locations of Breezy Point and Orchard Beach.
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Figure 3. Average monthly air and water temperatures (November 1983-June 1985) 
from Willets Point based on daily temperatures recorded by the 
National Ocean Service, NOAA. Willets Pt. is 5.12 miles south of 
Orchard Beach.
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Water Quality Survey (NYC DEP 1983, 1984), average water 
temperatures at Rockaway Inlet (Breezy Point) do not differ 
by more that 1° or 2°C from those in the vicinity of 
Willets Point.

Maintenance of animals

Animals not immediately sacrificed for assay of 
adenylates or gross biochemicals (total lipid, carbohydrate, 
protein) were maintained in the laboratory at 18°C with a 
10/14 hr light-dark schedule. These snails were used to 
monitor reproductive condition and for benzene exposure 
experiments (Orchard Beach animals only). Reproductive 
condition was determined by observations of egg release 
and examination of female gonads at time of sacrifice. 
Laboratory animals were maintained in artificial sea water 
(28-29°/oo) changed on alternate days and provided with 
frozen Ulva or Enteromorpha which they also ate. Littorina 
littorea used in dosing experiments were held in enclosed 
aerated vessels in which a daily dosing-water change regime 
was followed (see Cantelmo et al. 1982). Animals were 
allowed a one week period of acclimation prior to any 
dosing.

Bioassays

Benzene and dimethylnaphthalene (DMN) were used in 
preliminary bioassays to examine the effects of various 
concentrations of these hydrocarbons on Littorina littorea. 
Bioassays were conducted employing benzene concentrations

15



of 5,3,2,1 ppm and DMN concentrations of 5,2,1,.02,.01 ppm. 
Concentrations greater than 1 ppm benzene and 0.01 ppm DMN 
resulted in mass mortality or total inactivity. At the 
lowest concentration, animals survived for 21 days or more, 
thus I chose these levels as a chronic sublethal dose.
L. littorea exposed to these latter concentrations (1 ppm 
benzene, 0.01 ppm DMN) were assayed for adenylates and 
gross biochemical composition and compared. These prelim­
inary experiments revealed that the toxic effect of benzene 
was not significantly different than DMN. I chose to use 
1 ppm benzene for the remainder of the experiments.

Analyses

Eight field animals from each collection were analyzed 
in duplicate for adenylates. Three to six animals have 
been shown to be adequate to detect statistically signifi­
cant differences (Ivanovici 1980b; Rainer et_al. 1979). 
Twenty animals were pooled in four groups of five per col­
lection and analyzed for biochemical composition starting 
in April 1984. Prior to that time, only six animals had 
been used. Samples were run in triplicate for carbohy­
drates and protein analysis; lipids were duplicated. 
Analyses were performed on the combined head, foot, and 
columellar muscle (A), and on the remainder of the animal, 
called the viscera, including digestive and reproductive 
organs (B). The snail was bisected in this manner (see 
Fig. 1) to examine seasonal differences in biochemical
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composition of component A (primarily muscle) and the com­
bined visceral tissue of component B. Lipids, carbohy­
drates, and proteins are presented as percent dry weight.

Dosing experiments of three weeks duration were con­
ducted with animals collected in March, April, and May 1985. 
A six week dosing experiment was conducted with snails 
collected in April. At the end of the dosing period, 
animals were prepared for adenylate and gross biochemical 
analysis. Six dosed animals and six control animals were 
used for adenylate analysis. Ten animals in each category 
were used to determine biochemical composition. The 
reduced sample size was used to allow the simultaneous 
assay of controls and experimentals. During all experi­
ments, eggs were collected and examined under a microscope 
for signs of cleavage. Eggs were considered viable when 
cleavage was detected.

The AEC analysis, which includes ATP, ADP, and AMP 
assays, follow the method of Ivanovici (1981), with modi­
fications by Hospod and Cristini (personal communication). 
Animals were bisected (components A and B) and immediately 
frozen in liquid nitrogen. Following extraction of nucleo­
tides with perchloric acid, the supernatant was assayed in 
two stages, first for ATP and then ADP-AMP. The complete 
procedure is given in the appendix to this paper.

The assay is enzymatic, in which the ATP in the sample 
phosphorylates glucose to glucose-6-phosphate in the pres­
ence of hexokinase. The glucose-6-phosphate dehydrogenase-
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mediated reaction of glucose-6-phosphate and NADP+ produces 
NADPH and an increase in absorbance at 340 nm (monitored in 
the UV band of a spectrophotometer). Each mole of ATP in 
the sample produces one mole of NADPH.

The phosphorylation of ADP by phosphoenolpyruvate is 
catalyzed by pyruvate kinase and produces ATP and pyruvate. 
The lactate dehydrogenase-mediated conversion of pyruvate 
to lactate generates one mole of NAD+ from one mole of ADP. 
The resulting decrease in absorbency at 340 nm is caused by 
the formation of NAD+ from NADH. This is proportional to 
the amount of ADP in the sample. Myokinase is then used to 
catalyze the formation of 2 moles of ADP from one mole of 
AMP (in the sample) and ATP (in the buffer). Two moles of 
NAD+ are the result.

The methods for biochemical analyses represent modi­
fied versions of the procedures employed by Lambert and 
Dehnel (1974) and Emerson and Duerr (1967). Total lipids 
were first extracted from the dried tissue using a chloro- 
form-methanol extraction. Following lipid extraction, 
hexoses (considered as total carbohydrates) were extracted 
via the anthrone method (Keleti and Lederer 1974). This 
method is based on the condensation of anthronol which 
reacts with the sulfuric acid created furfural derivative 
of the sugars present. Proteins were determined by the 
Lowry method (Lowry et al. 1951). The detailed procedures 
for all of these analyses can be found in the appendix.
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Statistical Methods

Data collected were analyzed statistically between 
months and populations {OB vs BP) , and experimentals 
(benzene dosed) and controls using one-way ANOVA. Percent­
age and AEC data were arcsine transformed to meet the 
criteria of ANOVA. Correlation coefficients were used to 
determine the degree of association between biochemical 
components and adenylates. A value of p<.05 was taken to 
indicate significant differences.
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Results

In addition to the physical differences between the 
Orchard Beach and Breezy Point sites, differences existed 
in makeup of the populations of Littorina littorea. At 
Orchard Beach, L. littorea were always abundant, in con­
trast to the small population inhabiting Breezy Point. Each 
population was assessed for size frequency distribution 
several times during 1984 using h m2 plots (Table 1). The 
majority of L. littorea at Breezy Point were in the 16-24 
mm shell height range. Orchard Beach snails were of great­
est abundance in the 10-19 mm shell height range.

Egg release by Breezy Point animals was monitored in 
the laboratory from 1982 to July 1984. Until 1984, snails 
collected from this population either failed to release or 
released a very small number of eggs in the laboratory.
Eggs were released by animals collected between April and 
July 1984, after which time the number of egg carrying 
females decreased.

The release of eggs (in the laboratory) by Littorina 
littorea from Orchard Beach occurred yearly from March 
through July for the past three years (1983,1984,1985).
Eggs have been observed in the reproductive tract and col­
lected from the animals as early as February. In 1983, 
animals collected in January began releasing eggs in 
February; in 1984, eggs were not collected until April. 
During 1985, eggs, were first observed in the reproductive
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Table 1. Size frequency distributions of Breezy Point and 
Orchard Beach populations of Littorina littorea, 
totals of random h m^ sampling.

 Shell height (mm)------------

Date site %m2 n 5 6-9 10-15 16-19 20-24 25
5/84 BP 5 0 12 7 29 34 3

OB 5 11 31 88 100 1 0
6/84 BP 3 0 0 6 6 16 0

OB 4 1 36 45 100 0 0
7/84 BP 4 0 0 4 7 16 0

OB 4 0 50 77 50 0 0
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tracts of females collected 11 February but actual egg 
release was first recorded for animals from the March col­
lection. During the typical reproductive period of

littorea from Orchard Beach, average water temperatures 
rose from 4°C in March to 20°C by July (Fig. 2). Average 
air temperatures varied between 4°C and 24°C over this 
five month period (Fig. 2). Algae such as Enteromorpha sp. 
and Ulva sp. begin to appear by April and were observed in 
the intertidal region through October. During periods of 
extreme cold, L. littorea were found at the lowest inter­
tidal rather than spread throughout the low and mid inter­
tidal regions. Since collections took place during mean 
low water, animals used for all assays were exposed to 
ambient air temperatures and other local weather condi­
tions.

Adenylates, AEC, and biochemical composition;
Orchard Beach and Breezy Point

The first eleven months of OB data were analyzed to 
determine differences between males and females in terms of 
lipid, carbohydrate, and protein composition, as well as 
the AEC. There were no significant differences (p>.05) 
between the sexes; therefore, data from males and females 
were pooled in all analyses (Table 2). The OB data were 
examined again after 19 months for differences between the 
sexes (Table 3). Component B (viscera) was compared for 
differences in lipid, carbohydrate, protein, and AEC.
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Table 2. One-way analysis of variance. Comparison of male 
and female Littorina littorea from Orchard Beach 
lipid, carbohydrate, protein and AEC; April- 
Sept. 1984 (gross biochemical composition), Nov. 
1983-Sept. 1984 (AEC).
A - head, foot, columellar muscle; B - viscera 
AEC n=4 biochemicals n=10

F df P

lipid A .094 1,10 >.05
B . 054 1,10 >.05

carbohydrate A .355 1,10 >.05
B .262 1,10 >.05

protein A .137 1,10 >.05
B .026 1,10 >.05

AEC A .447 1,20 >.05
B .021 1,20 >.05

Table 3. One-way analysis of variance. Comparison of male 
and female L. littorea from Orchard Beach.
Nov. 1983-June 1985.
B - viscera
AEC n=4 biochemical n=10

F df P
lipid B .702 1,38 >.05
carbohydrate B .263 1,38 > .05
protein B 1.419 1,38 >.05
AEC B .154 1,44 >.05
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Again there were no significant differences (p>.05) 
between male and female Littorina littorea.

Animals from both populations (OB and BP) were assayed 
for adenylates, lipids, carbohydrates, and proteins over a 
nine month period (Nov. 1983-July 1984). The Figures (4-11) 
indicate the general similarities and minor differences 
between both populations. The overall monthly patterns of 
AEC and percent protein and lipid are similar for OB and 
BP animals during the November 1983 to July 1984 period 
(Figs. 4,6,7,8,10,11). The February 1984 percent lipid (A) 
of BP Littorina littorea is much greater than the OB value 
but returns to similar levels by March 1984 (Figs. 2,8).
The percent carbohydrate patterns are most different be­
tween the two populations (Figs. 5,9). The general trend 
for the OB population is the reduction in percent carbohy­
drate over the period. In contrast, the carbohydrate 
values of the BP animals increase and decrease several 
times over the same reproductive period. One-way analysis 
of variance was used to compare both populations over this 
nine month period (Nov. 1983-July 1984; Table 4). This 
analysis indicated that there was no significant difference 
(p>.05) between the two populations. At this point, I 
discontinued collecting and assaying animals from Breezy 
Point since the two populations were judged to be similar.

Correlation coefficients (Table 5) were calculated for 
both populations to determine the amount of association 
between any two of the components assayed. In only the BP
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Figure 4. Orchard Beach: Percent lipid (mean) of Littorina

littorea, vertical bars indicate ± standard
error.
n=6 Nov. 1983-March 1984; n=20 April-July 1984.
4A - head, foot, columellar muscle 
•B - viscera

1984
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Figure 5 Orchard Beach: Percent carbohydrate (mean) of
Littorina littorea, vertical bars indicate
± standard error.
n=6 Nov. 1983-March 1984; n=20 April-July 1984. 
*A - head, foot, columellar muscle 
•B - viscera

1984
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Figure 6. Orchard Beach: Percent protein (mean) of
Littorina littorea, vertical bars indicate
± standard error.
n=6 Nov. 1983-March 1984; n=20 April-July 1984. 
*A - head, foot, columellar muscle 
•B - viscera
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Figure 7. Orchard Beach: Adenylate energy charge (AEC) 
(mean) of Littorina littorea, vertical bars 
indicate ±‘ standard' error.
n=8
‘A - head, foot, columellar muscle 
•B - viscera
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Figure 8 Breezy Point: Percent lipid (mean) of Littorina

littorea, vertical bars indicate ± standard
error.
n=6 Nov. 1983-March 1984; n=20 April-July 1984. 
*A - head, foot, columellar muscle 
•B - viscera

1984
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Figure 9. Breezy Point: Percent carbohydrate (mean) of
Littorina littorea, vertical bars indicate
± standard error.
n=6 Nov. 1983-March 1984; n=20 April-July 1984. 
*A - head, foot, columellar muscle 
•B - viscera
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Figure 10. Breezy Point: Percent protein (mean) of
Littorina littorea, vertical bars indicate
+ standard error.
n=6 Nov. 1983-March 1984; n=20 April-July 1984. 
*A - head, foot, columellar muscle 
•B - viscera

-p£<UO

1984
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Figure 11. Breezy Point: Adenylate energy charge (AEC) 
(mean) of Littorina littorea/ vertical bars 
indicate ± standard error.
n=8
*A - head, foot/ columellar muscle 
•B - viscera

o

.6

A

.2

1984
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Table 4. One-way analysis of variance: comparison of 
proteins, lipids, carbohydrates, and AEC 
between Orchard Beach and Breezy Point Littorina 
littorea (Nov. 1983-July 1984).
AEC n=8 biochemicals n=6 (Nov.-March)

n=20 (April-July)A - head, foot, columellar muscle 
B - viscera

F__________ df__________ £

protein A 
B

.698

.009
,16
,16

>.05
>.05

lipid A 
B

.003
1.498

,16
,16

>.05 
> .05

carbohydrate A 
B

1.008 
. 039

,16
,16

>. 05 
>.05

AEC A 
B

.014

.690
,16
,16

>.05
>.05
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Table 5. Correlation coefficients between adenylate 
concentrations, AEC, and gross biochemical 
compositions of Littorina littorea based on 
monthly samples during 11 months (OB) and 9 
months (BP). Underlined values represent 
significant (p<.05) correlations.
A - head, foot, columellar muscle B - viscera

Orchard Beach
ATP ADP AMP Lipid Carb. Prot.

AEC A 
B

.279
-.299

-.538
-.539

-.639
-.299

-.478-
.501

-.029
.442

. 409 
-.006

ATP A 
B

-.131
-.157

.155

.307
-.090
.540

.300

.424
.191

-.171
ADP A 

B
.360
.296

.601
-.021

. 025 

.002
-.240
-.236

AMP A 
B

.418

.156
.399
.536

-.377
-.519

Lip. A 
B -.640

-.381
Car. A 

B -.506
-.606

Breezy Point
AEC A 

B
.607
.492

.271

.438
-.885
-.585

.210
-.478

.115

.025
.663
.202

ATP A 
B .757

.690
-.306
.280

-.066
-.116

-.096
-.017

.581
-.159

ADP A 
B

-. 033 
-.099

-.180
-.214

.089

.179
.182
.303

AMP A 
B

.341

.399
-.065
.138

-.504
-.413

Lip. A 
B

. 354 

.466
-.238
.232

Car. A 
B

-.223
.673
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population were there any significant positive correla­
tions; e.g. carbohydrate-protein (B) and ATP-ADP (A,B). 
Significant negative correlations included OB: AEC-AMP (A), 
protein-lipid (A), protein-carbohydrate (B), AEC-AMP (A); 
BP: AEC-AMP (A). The AEC-AMP (A) correlation shared 
between the two populations indicates that seasonal varia­
tion in AEC values may be reflected by the AMP variations.
A similar finding was reported by Skjoldal and Barkati 
(1982), but this was not related clearly to the overall 
annual reproductive cycle.

Orchard Beach: November 1983-June 1985

Dry weights for the head, foot, columellar muscle 
(component A) and the viscera (component B) are presented 
in Figure 12a. Mean dry weights range between 45 and 68 mg 
for 16 to 19 mm snails collected over the 19 month period. 
These values do not exhibit any definite seasonal trends, 
although there is a slight reduction in dry weight that 
coincides with the period of reproduction. The patterns 
exhibited by components A and B reflect the almost parallel 
changes in the dry weights of the viscera and head-foot- 
columellar muscle. From December 1983 through August 1984, 
component B is less than A. Starting in September 1984, 
the average dry weights of B exceed A. The mean dry 
weight/wet weight ratios of male and female Littorina 
littorea (component B, viscera) are presented in Figure 12b 
(April 1984-June 1985) . These ratios indicate a reduction
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Figure 12a. Dry weights (mean) of Littorina littorea from Orchard Beach, vertical 
bars indicate ± standard error. n=6 11/83-2/84, n=20 4/84-6/85 

* A - head, foot, columellar muscle »B - viscera
Dry weight/wet weight ratios of L. littorea from Orchard Beach 
viscera (B) only. n=10

12b.
male female

— t

gametogenesis-egg release gametogenesis-egg release
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of dry weight occurring during the reproductive period and 
an increase following the reproductive phase.

The gross biochemical components exhibit significant 
differences among months (p <.05; Table 6, Pigs. 13,14,15). 
These components display varying patterns attributable to 
season, with changes in protein composition the least 
explainable in terms of the release of gametes. The 
protein content of component A is slightly higher than the 
other (B) but both display similar patterns over the 19 
months (Pig. 13). The greatest percent protein values 
occurred during March through July 1984 and June 1985. 
Proteins increased, with the exception of March 1984, 
during the reproductive period in 1984 (April through July) 
and in 1985, increased in March and again showed an 
increase from April through June. Protein composition 
increases during the period of reproduction followed by a 
reduction.

The similar patterns of carbohydrate composition in 
components A and B indicate a reduction through the winter 
and summer months (Pig. 14). The highest values occurred 
during September, October, and November 1984 in component B 
with a slightly reduced concentration in component A. The 
curious peak in carbohydrate A that occurred in April 1985 
is the one point where the patterns are most different. 
Figure 14 clearly displays the increase in carbohydrates 
that occurs between August and November 1984 and the subse­
quent reduction in carbohydrate composition. The reduction
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Table 6. One-way ANOVA: comparison of carbohydrates.
proteins, and lipids among months of Littorina 
littorea from Orchard Beach. 
n=6 Nov. 1983-March 1984 
n=20 April 1984-June 1985
A - head, foot, columellar muscle B - viscera

F df P

carbohydrates A 
B

5.21
11.951

18.67
18.67

<-05 
< .05

protein A 
B

14.82
17.55

18.67
18.67

<.05
<.05

lipid A 
B

6.63
3.23

18.67
18.67

<.05
<.05
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Figure 13. Orchard Beach: Percent protein (mean) of Littorina littorea, vertical 
bars indicate ± standard error. n=6 Nov. 1983-March 1984

n=20 April 1984-June 1985 
*A - head, foot, columellar muscle
•B - viscera
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Figure 14. Orchard Beach: Percent carbohydrate (mean) of Littorina littorea, 
vertical bars indicate ± standard error. n=6 Nov. 1983-March 1984

n=20 April 1984-June 1985AA - head, foot, columellar muscle
viscera•B
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Figure 15. Orchard Beach: Percent lipid (mean) of Littorina littorea, vertical 

bars indicate ± standard error. n=6 Nov. 1983-March 1984
n=20 April 1984-June 1985 

*A - head, foot, columellar muscle
•B - viscera
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in carbohydrates is also apparent after November 1983. The 
increases and decreases in carbohydrates clearly coincide 
with gametogenesis, fertilization, and storage of nutrients 
(see discussion).

The percent lipid values of component B are greater 
than those in A throughout the 19 months period (Fig. 15). 
During the period of January through May 1984 and November 
1984 through April 1985, a decrease occurs in B, which 
coincides with gametogenesis and the release of gametes. 
Similar but less extensive changes occur in component A 
during 1984 and from December through March in 1985. The 
highest lipid content in A occurred during November- 
December 1983 and March 1984. The lowest lipid in B (Sept. 
1984) occurred during the same period as the highest lipid 
in A. It appears that lipid A is not as closely coordi­
nated to the reproductive cycle as B, unlike the situation 
with the carbohydrates.

The carbohydrate to protein ratio is employed as an 
indicator of carbohydrate storage and use and has been 
utilized most recently by Hawkins et al. (1985). The 
ratios presented for OB (Fig. 16) were calculated from 
mean monthly percent compositions of carbohydrate and 
protein. Components A and B follow similar patterns with 
B exhibiting the most dramatic changes. Figure 16 illus­
trates the reduction of carbohydrates (relative to protein) 
during the period of reproduction and the subsequent 
increase. The lipid/protein ratios (Fig. 17) were also
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Figure 16. Orchard Beach: Carbohydrate/protein ratio of Littorina littorea.

AA - head, foot, columellar muscle 
•B - viscera
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Figure 17. Orchard Beach: Lipid/protein ratio of Littorina littorea.
*A - head, foot, columellar muscle 
•B - viscera
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calculated and graphed assuming lipid storage and use is 
implied in the same manner as the carbohydrate/protein 
ratio. The monthly lipid/protein ratios of B resemble the 
pattern of carbohydrate ratios; this pattern does not occur 
in the lipid ratios of component A (head, foot, columellar 
muscle).

Adenylates and AEC

Individual adenylates and the adenylate energy charge 
(AEC) compared over the 19 months displayed statistically 
significant among-month differences, as did the gross 
biochemical components (Tables 6,7). Seventy-four percent 
of the 19 monthly mean AEC values were between 0.7 and 0.85 
(Fig. 18). Only November and December 1983, June 1984, 
February 1985, and April 1985 fell below 0.7. The AEC of 
components A and B were similar over the 19 months. No 
seasonal pattern related to the reproductive cycle is 
evident in the AEC of Littorina littorea. June 1984 and 
April 1985 were the only reproductive months that fell 
below 0.7 AEC. During December 1983 and February 1985, the 
AEC reached or fell below 0.55.

The ATP values for component A were similar to those 
in component B, with B generally exhibiting the lower 
concentration (Fig. 19). The recorded ATP values loosely 
followed the seasonal reproductive pattern during brief 
periods in 1984 (May, June) and 1985 (Feb., March, April), 
where ATP concentration decreased from the previous months.
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Table 7. One-way ANOVA: comparison of AEC and adenylates 
among months of Littorina littorea from Orchard 
Beach.
A - head, foot, columellar muscle 
B - viscera

AEC A 4.33 18,132 <.05
B 6.39 18,132 <.05

ATP A 9.82 18,132 <.05
B 6.28 18,132 <.05

ADP A 142.37 18,132 <.05
B 20.40 18,132 <.05

AMP A 10.46 18,132 <.05
B 2.15 18,132 <.05
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Figure 18. Orchard Beach: AEC (mean) of Littorina littorea, vertical bars indicate
+ standard error. n=8 Nov. 1983-June 1985.
*A - head, foot, columellar muscle 
•B - viscera
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December 1983 represents another period of low ATP concen­
tration, which sharply contrasts with December 1984, the 
highest recorded mean ATP concentration.

Like ATP, the ADP concentrations of component A 
resembled component B (Fig. 20). The extremely high value 
recorded during February 198 5 is very uncharacteristic of 
the other 18 months. The exact cause of the high February 
ADP value is unknown. In general, the ADP level remained 
relatively constant throughout the study period. Of the 
adenylates, the monthly AMP concentrations (Fig. 21) 
remained most consistent over the period. No seasonal 
trends occurred in the ADP and AMP concentrations of 
Littorina littorea.

Correlation coefficients (Table 8) were determined for 
all possible combinations of AEC, adenylates, and gross 
biochemical components. Significant correlations (p<.05) 
existed between AEC and ATP (A,B) , ADP (A,B) , and lipid (B). 
ATP-lipid B and ATP-carbohydrate B were also significantly 
correlated (p <.05).

ATP/ADP ratios were determined from the monthly OB 
data (Fig. 22). This ratio is considered to reflect the 
metabolic status of a cell (Beis and Newsholme 1975; see 
also Ivanovici 1980b and Zaroogian et al. 1982). Important 
components of this pattern exhibited in Figure 22 are the 
depressed values recorded during the period of gametogen- 
esis and gamete release. During 1984, low values occurred 
from March through June; for 1985, low values were recorded
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Table 8.

AEC A 
B

A T P  A  
B

A D P  A  
B

A M P  A  
B

Correlation coefficients between adenylate con­
centrations, AEC, and gross biochemical composi­
tion of Littorina littorea based on monthly 
samples (OB, Nov.1983-June 1985). Underlined 
values represent significant {p <.05) 
correlations.
A - head, foot, columellar muscle B - viscera

A T P  A D P  A M P  L i p i d  C a r b .  P r o t .

728
,696

532
552

093
504

210
500

.205

.186
304
093

384
192

144
267

131
546

.340

.499
209
066

151
420

209
060

.140

.061
001
037

.268 -.020 -.252

.110 .315 -.365
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Figure 22. ATP/ADP ratio of Littorina littorea from Orchard Beach. 
n=8
*A - head, foot, columellar muscle «B - viscera
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from February through May. During 1984, eggs were not 
collected until April, which is approximately one month 
later than in 1985. Low values were also recorded during 
other brief periods, but it appears that the extended low 
levels of ATP relative to ADP are consistent with gamete 
release. The depressed ATP, lipid, and carbohydrate con­
centrations overlap during the reproductive period (Figs. 
16,17,22), which is further corroborated by the significant 
correlations recorded between ATP-lipid B and ATP-carbohy- 
drate B. Figure 23 is presented for comparison of the 
ATP/ADP and the carbohydrate/protein ratios. Depressed 
ATP/ADP and carbohydrate/protein ratios occur from March 
1984 through June 1984 and February 1985 through May 1985.

Effects of sublethal doses of hydrocarbon

Animals collected during March, April, and May 1985 
were dosed for a period of three weeks or six weeks follow­
ing one week of acclimation to the laboratory. Mean AEC 
values of dosed and control animals often exceeded the AEC 
values of field animals from which the laboratory animals 
were originally sampled (Fig. 24). The preliminary 
February dosing experiment (results) is included in Figure 
24 to illustrate the increase in AEC that generally oc­
curred after the animals were maintained in the laboratory 
for four weeks. The 1 ppm concentration of benzene used 
did not affect the behavior of the animals nor their 
ability to release eggs in the laboratory. Dosed animals
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Figure 23. Comparison of seasonal changes in viscera of Littorina littorea from 
Orchard Beach: ATP/ADP vs carbohydrate/protein.
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Figure 24. Adenylate energy charge (AEC) of field, benzene dosed, and control 
Littorina littorea from Orchard Beach collected in February, March, 
April, and May 1985, vertical bars indicate ± standard error.

A - head, foot, columellar muscle B - viscera
n=4 Feb. n=6 March, April, May
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did not appear to act any differently than control animals. 
The dosages used in the experiments were an order of magni­
tude greater than the benzene concentrations occurring in 
the natural environment of Littorina littorea from Orchard 
Beach (based on NYC DEP sampling sites within 3.4 miles of 
OB, waters and sediments). Eggs released by experimental 
animals showed signs of cleavage, as did eggs collected 
from control animals.

The data collected for the 3 months were pooled after 
determining between month differences were not significant 
(p >.05; appendix). Lipid and protein content of dosed 
animals (A,B) were not significantly different from control 
(p>.05; Table 9). Although not significantly different 
(except carbohydrate A), mean lipid and carbohydrate exper­
imental values exceeded control values. Protein values of 
control animals were higher than experimental animals.

Pooled AEC values did not exhibit a significant 
difference between experimental and controls (p>.05;
Table 10). In all cases, the mean adenylates of dosed 
animals (Table 11) exceeded the control values, with ATP 
concentrations of component B experimental snails signifi­
cantly greater (p<.05; Table 10) than controls. The AEC 
values (component A) of the control group exceeded the 
experimental group by a very slight margin (Table 11). 
Pooled total adenylates (March, April, May 1985, Table 11) 
of dosed animals exceeded controls by a slight margin (2.6 
vs 2.34 (A) and 1.64 vs 1.45 (B)).
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Table 9. One-way ANOVA: comparison of gross biochemical 
components of benzene dosed and control 
Littorina littorea from Orchard Beach.
March, April, May 1985 pooled, n=30
A - head, foot, columellar muscle B - viscera 

D - dosed con - control
F df p

lipid A D vs con .326 1,10 >.05
B D vs con .847 1,10 >.05

protein A D vs con 3.033 1,10 >.05
B D vs con 2.049 1,10 >.05

carbohydrate
A D vs con 17.378 1,10 <.05
B D vs con 3.682 1,10 >.05

Table 10. One-way ANOVA: comparison of AEC and adenylates 
of benzene dosed and control L. littorea from 
Orchard Beach. March, April, May 1985 pooled, 
n=18.
A - head, foot, columellar muscle B - viscera 

D - dosed con - control
F df p

AEC A D vs con .100 1,34 >.05
B D vs con 2.779 1,34 >.05

ATP A D vs con 2.714 1,34 >.05
B D vs con 5.415 1,34 <.05

ADP A D vs con .224 1,34 >.05
B D vs con .048 1,34 >.05

AMP A D vs con 1.504 1,34 >.05
B D vs con .947 1,34 > .05
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Table 11. AEC and adenylate concentrations of benzene 
dosed and control Littorina littorea from 
Orchard Beach: pooled 3 weeks experiments and 
6 weeks experiment.
adenylates - ;imol/g wet weight
A - head, foot, columellar muscle B - viscera

A B
Dosed Control Dosed Control

Pooled expts.
ATP 1.58 1.41 .97 .82
ADP .71 .67 .49 .47
AMP .31 .26 .18 .16
Total 2.6 2.34 1.64 1.45
ATP/ADP 2.23 2.1 1.99 1.72
AEC .75 .76 .74 .73

6 wks. expts.
ATP 1.45 1.99
ADP .53 .6
AMP .28 .23
Total 2.26 2.82
AEC .76 .81
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A six week experiment was conducted with animals 
collected in April 1985. Only adenylates were determined 
(n=4) for component A because problems with the constant 
temperature chamber increased the mortality rate leaving 
only enough animals to assay a reduced number. The AEC for 
experimental snails was 0.76 compared to 0.81 for control 
snails (Table 11). Total adenylates of animals dosed for 
6 weeks was less than controls, 2.26 vs 2.82 respectively.

The experimental Littorina littorea were not signifi­
cantly different from the control snails in all categories 
measured with the exception of the carbohydrate composition 
of component A and the ATP concentration of component B.
In most instances the measured values of dosed animals 
exceeded the same values of the control animals. This 
trend was reversed in the longer 6 weeks experiments in that 
the adenylates of control snails exceeded the experimental 
snails (with the exception of AMP concentration of control 
animals).
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Discussion

The seasonal patterns of reproduction and nutrient 
storage-utilization displayed by Littorina littorea from 
Orchard Beach during this study are similar to those 
reported for L. littorea from a variety of locations in 
Great Britain (Fish 1972; Grahame 1973; Williams 1964, 
1970). Typically, molluscs accumulate proteins, lipids, 
and carbohydrates during periods of abundant food supply, 
ultimately using these stored nutrients for gametogenesis 
(Gabbott 1983). The molluscan digestive gland is consid­
ered to be a primary site of digestion and storage of 
ingested food (Lambert and Dehnel 1974; Barber and Blake 
1981; Sastry and Blake 1971; Vassallo 1973), but its role 
as a site of storage has not been proven to be the case in 
all species (Webber 1970). Glycogen cells located in the 
mantle edge are another area where glycogen (carbohydrate) 
is stored (Joosseand Geraerts 1983). The actual cues 
responsible for the apparently prescheduled events of 
reproduction and nutrient storage-utilization are not 
completely known but probably include a complex combination 
of environmental and physiological factors (Barber and 
Blake 1981; Gabbott 1983; Newell et al. 1982; Webber 1977).

Starvation studies commonly have been used to deter­
mine which nutrient pools are drawn from during periods of 
stress. Emerson and Duerr (1967) reported that in 
Littorina planaxis, lipids were the main source of stored
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energy. They also reported a reduction in all free amino 
acids except taurine. Results of a starvation study using 
Thais lameilosa during the fattening stage of the repro­
ductive cycle indicated that this snail employs a lipid- 
protein oriented metabolism (Stickle and Duerr 1970). 
Starvation of T. lameilosa immediately after spawning 
indicated that protein and carbohydrate were used as energy 
sources (Stickle 1971). Stickle pointed out the importance 
of knowing the reproductive conditions when such physiolog­
ical studies are conducted. Glycogen is probably the major 
carbohydrate reserve in marine gastropods (Blackmore 1969). 
A 70% reduction in glycogen and a 44% reduction in neutral 
lipids was reported for Littorina littorea after 14 weeks 
of starvation (Holland et al. 1975). Although there was no 
indication in which season this L. littorea starvation 
experiment was conducted, it confirms the importance of 
both carbohydrates and neutral lipids as energy reserves.

Orchard Beach and Breezy Point: Nov. 1983-July 1984

The two Littorina littorea populations were not sig­
nificantly different in biochemical composition, although 
observations indicated differences existed in population 
size, size frequencies, and reproductive patterns. The 
overall carbohydrate pattern of the BP population increased 
rather than decreased as occurred in the OB population 
indicating that the carbohydrate reserves of the BP snails 
were not being fully used for reproduction. A disrupted
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reproductive cycle, as occurred at BP during the previous 
two years (1982,1983), would result in the redirection of 
energy production from reproduction to maintenance. This 
would allow the population to maintain adenylates and bio­
chemicals at a level similar to or greater than a repro­
ducing population. Although the exact cause of the dis­
rupted reproductive cycle remains unknown, it had no 
apparent effect on the ability of the BP snails to release 
eggs in 1984. The possibility that the disrupted repro­
ductive cycle of the BP population was a result of some 
form of contamination is quite possible since the BP site 
is more polluted than OB in terms of total coliforms, fecal 
coliforms, volatile organic compounds in the sediments 
(dichloromethane, bnezene, toluene) and in the water column 
(chloroform, trichloroethylene, carbon tetrachloride)
(based on NYC DEP sampling sites, 1983 and 1984, within 3 
miles of the BP and OB sites).

The similarities in AEC between the BP and OB popula­
tions are unexpected since the BP site is more polluted and 
would be expected to elicit a significantly reduced AEC in 
Littorina littorea. Since L. littorea survives in this 
environment, it suggests that this snail is resistant to 
pollution stress. Similar findings have been reported for 
other marine organisms; for instance, no significant dif­
ferences in AEC were determined for Mytilus edulis collect­
ed from a polluted site impacted by sewage treatment 
effluent and a control site in Narragansett Bay in May and
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August 1979 (Zaroogian et al. 1982). The polychaete Nereis 
diversicolor was collected from a heavily polluted (organic 
and industrial waste) estuary along the Belgium - Holland 
border and from a control site in Belgium and assayed for 
adenylates and AEC (Verschraegen et al. 1985). No signifi­
cant differences existed between polluted sites or between 
the pooled polluted sites and the control site. AEC values 
from the polluted sites ranged from 0.77 to 0.89; the value 
for the control site was 0.85. Verschraegen et al. (1985) 
suggested that at polluted sites, only pollutant resistant 
species will be found and these can maintain a relatively 
elevated AEC.

It is interesting to note that the gastropod Crepidula 
convexa collected at a nearby BP site during the same 
period as my studies proved to be fecund in the laboratory 
(Ander, personal communication). Unlike Littorina littorea, 
Crepidula convexa is a filter feeding, protandrous hermaph­
rodite, which broods from May-September (Matusiak and Fell
1982). The fact that C. convexa collected from Breezy Pt. 
were able to reproduce suggests either that the two species 
are differentially sensitive to pollution and react accord­
ingly or that the level of pollution was not an important 
factor in disruption of the reproductive cycle of Littorina 
littorea.

If levels of pollution at the different sites had no 
significant effect on the physiology of the animals, 
differences in reproductive success may have been the
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result of quality or quantity of food. Other studies have 
shown this to be an important factor. For example, physio­
logical differences in conspecific populations of Mytilus 
edulis and Scrobicularia plana were attributed to food 
quality and quantity (Newell et al. 1982; Worrall et al.
1983), Two Long Island populations of M. edulis examined 
by Newell et al. (1982) displayed a three month difference 
in the onset of gametogenesis. This disparity was attrib­
uted to the temporal and quantitative differences in energy 
content of the food supply available to the two populations. 
Fish (1972) investigated the breeding cycles of an estu- 
arine and open coast population of Littorina littorea in 
Wales. The estuarine population attained maximum spawning 
activity in January compared to March on the open coast.
He indicated that sea and air temperatures were not 
directly related to maturation and spawning in L. littorea 
and attributed the differences to the greater nutrient 
concentration of the estuary.

Littorina littorea from Orchard Beach

The overall similarities of the monthly changes in 
carbohydrate composition in the muscular component (A) and 
viscera (B) of Littorina littorea from Orchard Beach 
indicate that both components function as storage depots.
The reduction in carbohydrates at the time of egg release 
and the subsequent increase during the summer-fall exhibit 
the classic pattern of seasonal changes in nutrient composi-
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tion as it is related to reproduction. Although the over­
all patterns are similar for 1984 and 1985, between year 
differences in amplitude and duration do exist. Carbohy­
drates stored in the viscera are probably used to provide 
energy for gametogenesis. The mobilization of carbohydrate 
reserves in component A is more varied and may be associ­
ated with maintenance and other non-reproductive activities 
such as relative amounts or periodicity of locomotion. 
Williams (1970) reported low carbohydrate values for a 
British population of L. littorea from February to June. 
Following this period, the carbohydrate levels rose to a 
maximum in September and decreased through April; gonad 
maturation occurred from December to April (Williams 1964, 
1970). In the abalone Haliotis cracheroidii, the foot is 
apparently an important site of glycogen storage (Webber 
1970), while the digestive gland does not appear to act as 
a site of nutrient storage. The foot of the carnivorous 
gastropod, Thais lameilosa, is probably not an important 
site of nutrient storage (Lambert and Dehnel 1974; Stickle

t
1975). In the marine bivalve Argopecten irradians 
concentricus, the adductor muscle was shown to be an impor­
tant energy storage site for glycogen and protein and the 
digestive gland acted as a short term lipid depot (Barber 
and Blake 1981). Radiotracer studies of Barber and Blake 
(1985) using suggested the occurrence of active oogen­
esis by the loss of lipids, carbohydrates, and protein from 
storage sites and the accumulation of these labeled compo­



nents in the ovaries of A. irradians concentricus.
A seasonal pattern in lipid composition similar to 

that of the carbohydrates described above is exhibited by 
the viscera of Littorina littorea from OB but does not 
occur in component A, the head, foot, and columellar 
muscle. The molluscan foot is not generally considered a 
site of lipid storage (Giese 1969 cited in Stickle 1975) so 
seasonal changes in lipids would not be expected in the 
foot of L. littorea.

The protein composition of Littorina littorea from OB, 
unlike that of the carbohydrates and lipids, reached maxi­
mum values toward the end of the reproductive period.
Since values are given in terms of percent dry weight, 
actual protein composition may not really vary as greatly 
as shown. The increase reflects to a certain degree the 
decrease in dry weight which coincides with reductions in 
lipid and carbohydrate. The mean dry weights are low 
during this period of reproduction. Likewise, the decrease 
in protein composition after July 1984 is due partly to the 
increase in dry weight associated with deposition of carbo­
hydrate and especially lipid. For these reasons, the pro­
tein composition as depicted in the figures during this 
period are somewhat exaggerated. Although the percent 
protein appears to contradict the seasonal reproductive 
pattern, the carbohydrate/protein ratio coincides with the 
seasonal reproductive changes.

The increase in protein concentration coinciding with
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the period of reproduction may simply reveal the accumula­
tion of protein reserves associated with increased availa­
bility of food. The decline in protein is partially due to 
the loss of gametes. Williams (1970) proposed a seasonal 
turnover in protein correlated with growth and reproduction 
for Littorina littorea, as he had shown for lipids and 
carbohydrates. This is not the case in the sexually mature 
L .  littorea from OB examined in this study. The importance 
of protein as an energy reserve in L. littorea may be mini­
mal, since 14 weeks of starvation produced little change in 
protein nitrogen or total nitrogen (Holland et al. 1975).

The figures for dry weight, protein, lipid, and carbo- . 
hydrate content of Littorina littorea from OB for 1984-1985 
were higher immediately prior to and during the period of 
gametogenesis than during 1983-1984. Eggs were collected 
one month earlier in 1985 than 1984, which suggests that 
there was a greater supply of stored nutrient. This 
increase in storage may have caused the earlier gamete 
maturation and subsequent release of eggs. Other studies 
of mollusc populations at different sites have indicated 
the importance of nutrient status to gametogenesis (Pish 
1972; Newell et al. 1982). Major periods of gametogenesis 
correlated with increases in weight of the digestive gland 
and other tissues of Mytilus edulis suggested to Hawkins 
et al. (1985) the important relationship between food 
availability and gamete maturation.

The carbohydrate/protein ratio (c/p) infers the
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relative levels of stored carbohydrate available for use as 
respiratory substrates (Hawkins et al. 1985). When the 
ratio is low, the carbohydrate reserves are depleted; when 
the ratio is high, carbohydrate is in abundance. It was 
assumed that the lipid/protein ratio (1/p) would convey 
similar implications. Each of these ratios emphasize the 
seasonal changes in lipids and carbohydrates. The pattern 
of c/p for components A and B are again similar, indicating 
parallel patterns of mobilization and storage. The 1/p 
ratio of A is different from that of B, in that A does not 
show pronounced seasonal changes. This implies that lipid 
storage and lipid utilization in muscle is not as important 
a function as in the viscera. These figures provide added 
evidence for the seasonal patterns and the strong relation­
ship of Littorina littorea1s carbohydrate-lipid oriented 
metabolism to the reproductive cycle since these reduced 
ratios coincide with the months of reproduction.

Grahame (1973) examined the breeding energetics of a 
British population of Littorina littorea by determining 
caloric content of the entire snail. He reported that the 
decline in calories during the late winter and spring 
represented the loss of gametes. The caloric loss was 
always greater in females. For example, in 17 mm animals, 
caloric loss for females was estimated to be 23% between 
the January maximum and spring minimum calorific figures; 
19% for males. He calculated that approximately 1/3 of the 
turnover in animal biomass was attributable to gametes.
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Results from the population of L. littorea from OB support 
the seasonal caloric storage-utilization patterns reported 
by Grahame, in that the reduction in lipids and carbohy­
drates of the OB snails coincide with the decline in calo­
ries of Grahame's L. littorea.

Adenylates and AEC; Littorina littorea from Orchard Beach

Although significant among-month differences existed 
in AEC and adenylate concentrations, there were no obvious 
seasonal patterns such as those displayed by the gross 
biochemical components. Mean AEC values less than 0.7 
occurred during the spring, summer, and winter; thus they 
were apparently not associated with any particular seasonal 
event such as reproduction. Littorina littorea is appar­
ently capable of adjusting its adenylate pool to maintain 
the AEC above 0.7 throughout most of the year.

Examination of the relationship between reproduction 
and AEC in a variety of aquatic invertebrates has produced 
conflicting reports. Ivanovici (1980a) suggested that AEC 
appeared to be independent of season for the gastropod 
Pyrazus ebeninus, based on data collected in July and 
October. In a ten week study of Mytilus edulis, Zaroogian 
et al. (1982) determined that reproductive condition had no 
significant effect on the adenylates, nor did it signifi­
cantly alter the response of AEC to stress. However, in 
the same paper, they reported a low AEC value (0.42, 
control) for Crassostrea virginica, which they feel may
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have been the result of stress from spawning. In two 
species of freshwater clams, Corbicula fluminea and 
Anodonta imbecillis, individual adenylates, total adenylate 
concentration, and AEC varied seasonally and were closely 
related to the reproductive periods {Giesy and Dickson 
1981). Minimum adenylate concentrations and total adeny­
lates corresponded to the expected period of maximum repro­
duction in C. fluminea. In A. imbecillis, the AEC 
increased prior to the period of maximum egg development 
and decreased during reproductive activity.

In a study of the reproductive cycle of Mytilus edulis, 
Skjoldal and Barkati (1982) reported significant negative 
correlations between AEC-ADP and AEC-AMP and a positive 
significant correlation between ATP-carbohydrate and ATP- 
caloric content; AEC was not correlated to ATP. Giesy and 
Dickson (1981) suggested that a lack of correlation between 
AEC and ATP may be more mathematical than biochemical, i.e., 
ATP appears in the numerator and denominator of the AEC 
equation. In agreement with the work of Zaroogian et al. 
(1982), Skjoldal and Barkati (1982) reported that no clear 
cut relation between AEC and the annual reproductive cycle 
existed. The highest AEC value occurred after spawning in 
July, while the lowest values were recorded in September, 
October, and April. These depressed values were the result 
of increased levels of AMP. Significant seasonal changes 
in ATP concentration were related to the overall annual 
nutritional and reproductive cycle.
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For Littorina littorea from Orchard Beach, significant 
positive correlations existed between AEC-ATP (A,B), AEC- 
ADP (A,B), AEC-lipid (B) , ATP-lipid (B), and ATP-carbohy- 
drate {B). AEC-AMP (B) was significantly negatively cor­
related. The only correlations common to Mytilus edulis 
(Skjoldal and Barkati 1982) and L. littorea (OB) are the 
positive correlation which existed between ATP-carbohydrate 
and the negative AEC-AMP correlation. This simply indi­
cates the respective association of ATP-carbohydrate and 
AEC-AMP, i.e., both followed similar qualitative patterns. 
When ATP levels are high, AEC approaches one; when AMP 
dominates the adenylate pool AEC approaches 0 (see Rainer 
et al. 1979). The positive correlation between AEC-ATP and 
the negative correlation between AEC-AMP agree with this. 
The positive ATP-carbohydrate and ATP-caloric content cor­
relations for M. edulis (Skjoldal and Barkati 1982) and the 
positive ATP-lipid (B) and ATP-carbohydrate (B) of 
L. littorea demonstrate the positive association of ATP 
with the viscerally stored nutrients and the reproductive 
cycle.

Animals assayed during February 1985 possessed 
extremely high ADP concentrations and very low AEC. A 
possible explanation may be that the extremely cold air 
temperatures prior to the day of collection (National 
Weather Service and NOAA) may have essentially shut down 
the animals' ability to synthesize ATP, resulting in an ADP 
surplus. Only on two occasions did the daily mean tempera­
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ture rise above freezing during the week prior to collec­
tion (National Weather Service). The standard deviation of 
ADP for this month was much higher compared to other 
months, indicating not all animals were similarly affected.

The two prolonged periods (3-6/84 and 2-5/85) during 
which the ATP/ADP ratios were relatively depressed coin­
cided with the reproductive period. This suggests that the 
ATP demand exceeded supply throughout this period. This 
pattern is very similar to that displayed by the lipids (B) 
and carbohydrates. During reproduction it is presumed that 
the decrease in lipids and carbohydrates not only reflects 
production and release of gametes but the mobilization of 
these reserves for the eventual conversion to ATP. The ATP 
is then utilized for the myriad of physiological events 
associated with this period of the animal's life cycle.

Benzene effects; Littorina littorea from Orchard Beach

The unexpected results of the laboratory dosing exper­
iments, i.e., 1 ppm benzene over a three week period had no 
significant effect on the AEC of L. littorea, may be due to 
several factors. After the Littorina littorea were placed 
in the dosed media, more often than not the snails crawled 
up the sides of the experimental vessel to a location above 
the water line, thus escaping the hydrocarbons. This 
behavior was also common to the control L. littorea main­
tained in the laboratory. In effect, the majority of 
experimental animals were subjected to dosing for several
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hours rather than the entire day. Possibly a longer period 
of dosing, as displayed in the six weeks experiment, would 
be necessary to elicit an effect. Stickle et al. (1984) 
found the molluscs Thais lima and Mytilus edulis to be very 
tolerant to short-term oil exposure. A decline in toler­
ance was associated with the duration of exposure, which 
suggested to those authors that short term bioassays were 
not an accurate indication of an invertebrate's sensitivity 
to chronic oil exposure. Alternatively, the time of year 
(season) the animals are collected, i.e., animals dosed 
during gametogenesis may elicit a different response from 
those collected and dosed before or after. Obviously 
L. littorea is a very hardy species and is able to cope 
with low levels of perturbation, which is expressed by a 
slight elevation in the level of adenylates. This seems to 
be a logical possibility because of the harsh environment 
in which this species lives. L. littorea has been shown to 
be well adapted to the intertidal environment specifically 
in terms of its ability to regulate its metabolism under a 
fairly wide range of environmental conditions (McMahon and 
Russell-Hunter 1977; Newell and Pye 1970).

Lipid and carbohydrate composition of experimental 
Littorina littorea (OB) exceeded controls for both compo­
nents although carbohydrate (A) was the only component ex­
hibiting statistical significance. Protein composition of 
controls (A,B) exceeded the experimental values although 
not by a significant margin. The possible decreased storage
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of protein by the experimental snails may result from an 
enhanced utilization of protein as a substrate for energy 
production, as suggested by Bayne et al. (1982). These 
differences in gross biochemical components may simply 
reflect the natural variation between animals, but it 
appears that a pattern does exist. The experimental 
adenylates exceeded controls, indicating the increased 
activity of the adenylate pool and probably an increased 
rate of oxygen uptake, as reported for other molluscan 
species. The higher lipid and carbohydrate concentrations 
may indicate a reduction or minimization in use of these 
nutrient stores by the typical energy extracting pathway in 
favor of an alternate pathway (see Livingstone 1983).

The adenylate energy charge has successfully reflected 
the stress of reduced salinities, increased temperatures, 
and pollutants cn a variety of aquatic invertebrates 
including Corbicula fluminea, Procambarus pubescens,
Pyrazus ebeninus, and Saccostrea commercialis (Cantelmo- 
Cristini et al. 1985; Giesy et al. 1981; Ivanovici 1980b; 
Rainer et al. 1979) . The energy charge of other aquatic 
invertebrates, for example Procambarus acutus acutus, 
Mytilus edulis arid Nereis diversicolor, for whatever 
reason, does not appear to be sensitive to environmental 
perturbation (Dickson et al. 1982; Phelps et al. 1981; 
Verschraegen et al. 1985; Zaroogian et al. 1982; see also 
Haya and Waiwood 1983). Littorina littorea can be added to 
the latter category, at least as it was dosed and assayed
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in the present study . The most obvious reason is that 
L. littorea is very well adapted to its environment and is 
capable of maintaining metabolic equilibrium even though 
mildly perturbed.

74



Summary
1. No significant differences existed between populations 

of Littorina littorea from Breezy Point and Orchard 
Beachi in terms of gross biochemical composition and AEC 
during the 1984 reproductive cycle. Snails from both 
populations released eggs in the laboratory from April . 
to July. The overall patterns of carbohydrate composi­
tion differed between the two populations: the OB 
animals displayed a reduction in carbohydrates from 
November 1983 through July 1984 while carbohydrate 
composition of the BP population was much more variable 
and increased over the same period. The disrupted 
reproductive cycle of the BP population during the 
previous two years had no apparent effect on any of the 
measured biochemical components or the ability of the BP 
animals to release eggs during 1984. Analysis of the OB 
population continued from July 1984 through June 1985.

2. Reductions in carbohydrate composition of the head, foot, 
columellar muscle (A) and the viscera (B) are related to 
the reproductive cycle in L. littorea from OB. This 
pattern also occurs in visceral.lipid composition. The 
reproductive cycle begins with gametogenesis in November/ 
December and continues with fertilized egg release from 
March/April through July. It is during this period that 
the carbohydrate and lipid reserves are used.

3. Percent protein composition increased during the repro­
ductive cycle. This is related to the reduction in dry 
weight due to the loss of carbohydrates and lipids. 
Protein reserves are not used during the reproductive 
cycle.

4. AEC is independent of season and reproduction. The 
period of reproduction in L. littorea cannot be consid­
ered stressful in terms of AEC. Concentrations of ATP 
appear to be more closely related to the reproductive 
cycle than ADP and AMP concentrations.

5. The ATP/ADP ratio is depressed during the reproductive 
phase, indicating a high demand for ATP during this 
period.

6 . Significant positive correlations exist between: ATP- 
lipid (B) and ATP-carbohydrate (B).

7. The AEC of L. littorea exposed to 1 ppm benzene for 3 
weeks was not significantly different from controls. 
Adenylate concentrations, lipid and carbohydrate compo­
sitions were slightly greater in experimental animals.
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7. Protein composition was greater in control L. littorea. 
Experimental animals released eggs which showed signs of 
cleavage. It appears that L. littorea is a very resist­
ant organism and that 3 weeks is not a sufficient period 
of stress.

8 . This study of Littorina littorea from Orchard Beach and 
Breezy Point is the only known analysis of AEC, 
adenylates, and gross biochemical composition of
L. littorea from the northwestern Atlantic.
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Appendix

Adenylate analysis: after Ivanovici (1981) with modifi­
cations by Hospod and Cristini (personal communication).

Preparation of samples:
1. Sampling and sample storage
a. snails are returned to the lab and quickly removed 

from the shell; opercula are removed at this time
b. the head, foot, and columellar muscle are removed as 

one piece and compressed between aluminum blocks 
stored in liquid nitrogen

c. the remainder of the animal is treated similarly and 
placed into a Dewar flask filled with liquid nitrogen

2. Extraction and adenylate analysis
a. tissue is weighed to 0.1 mg
b. tissue is ground to a coarse powder in liquid nitrogen
c. 6 % perchloric acid (10 nl/mg wet tissue weight) is 

added and tissue is ground to a fine powder and 
allowed to defrost on ice

d. tissue extract is centrifuged (45,000 x g) for 10 min. 
at 0°C

e. ATP assay: ATP in the sample phosphorylates glucose 
to glucose-6-phosphate (G6P) with hexokinase (HK).
G6P dehydrogenase (G6P-DH) acts on G6P reducing NADP+ 
to NADPH causing an increase in absorbance at 340nm.
1 mole of ATP generates 1 mole of NADPH

1. 50 mM tris-Cl buffer is pipetted into quartz cu­
vettes and the sample or 0.5 mM ATP standard is 
added; the blank consists of the buffer (without 
NADP+)

2. G6P-DH is added to each cuvette and mixed
3. absorbance (Â ) is read against the blank after 5 

min. on a spectrophotometer
4. 0.4 M D-glucose and HK are then added and mixed
5. the absorbance (A2 ) is then read after 15-20 min.
6 . the change in NADPH due to ATP in the sample is 

reflected by A A^TP = A 2 - A]_
f. ADP - AMP assay: employs pyruvate kinase (PK) to 

catalyze the phosphorylation of ADP by phosphoenol- 
pyruvate (PEP), producing pyruvate and ATP. Lactate 
dehydrogenase (LDH) then catalyzes the conversion of 
pyruvate to lactate, oxidizing NADH to NAD+. One 
mole of ADP in the sample generates one mole of NAD+ 
resulting in a decrease in absorbance at 340 nm. 
Myokinase (MK) catalyzes the conversion of AMP 
(sample) and ATP (buffer) to ADP generating NAD+ by 
the preceeding reactions. One mole of AMP in the 
sample produces 2 moles of ADP and 2 moles of NAD+

1. 50 mM tris-S04 buffer is added to each cuvette
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2. 0.5 mM ADP + 0.5 mM AMP standard and samples are 
added separately; the blank consists of the buffer 
(without NADH) and snail extract

3. LDH is added to each cuvette and mixed
4. after 10 min. absorbance (Ai) is read against the 

blank
5. PK is added and mixed, A 2 is read after 10 min.
6 . MK is added and mixed, A 3 is read after 30 min.
7. AAadP = “ a2; AAamp = a2 - a 3

Biochemical analyses; methods represent modified versions 
of the procedures employed by Lambert and Dehnel (1974) 
and Emerson and Duerr (1967)

1 . snail is removed from the shell; operculum is removed
2 . head, foot, and columellar muscle are removed in one 

piece; this tissue and the remainder of the animal are 
weighed separately and placed into a vacuum desiccator 
for a minimum of 3 days

3. tissue is reweighed
Lipids (total):
1 . the dried tissue is homogenized in 2 ml of chloroform- 

methanol (2 :1 ) with a'mortar and pestle
2 . the homogenized tissue is transferred to a centrifuge 

tube and centrifuged for approximately 10 min.
3. the pellet is retained for carbohydrate and protein 

analysis
4. the lipid layer is transferred to a test tube with 1.6% 

CaCl2 (solution) and separated by shaking
5. after centrifugation, the layer above the lipid is 

discarded, a wash solution of chloroform methanol (2 :1 ) 
and 2% CaCl2 (4:1) is carefully layered on the lipid 
surface. following centrifugation the second wash 
solution is pipetted off

6 . the remaining lipid is poured into a preweighed aluminum 
pan. 2 ml of diethyl ether is used to rinse out the 
test tube and added to the aluminum pan

7. the contents of the pan are allowed to evaporate to 
dryness, the lipid level is expressed as percent lipid/
unit dry weight

Carbohydrates (total hexoses):
1. the pellet (see 3 above) is heated with 4 ml of 80% ETOH
2. this solution is centrifuged for approximately 5 min. 

and the supernatant is discarded
3. the pel’at is heated at 100°C in TCA (10%) for 15 min. 

to extract the carbohydrate
4. the supernatant resulting from three extractions is 

placed into a test tube
5. an aliquot is diluted with distilled water and analyzed 

by the anthrone method
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6 . anthrone method, modified after Keleti and Lederer 
(1974)

a.$-D(+) glucose (100 mg/ml) is used to produce a 
standard curve

b. 200 mg anthrone is dissolved in 100 ml conc. H2SO4 ; 
prepared fresh daily 4 hours prior to use

c. the aliquot is placed in an ice bath for 45 min.
d. the anthrone reagent (2 x aliquot) is added dropwise 

to the test tube while shaking in the ice bath
e. stoppered tubes are placed into a 92°C water bath for 

8 min.
f. tubes are reimmersed in an ice bath to stop the 

reaction
g. solutions are read in a spectrophotometer at 620 mp

Protein:
1. protein level is determined by the Lowry method (Lowry 

et al. 1951); bovine albumin provides a standard
2. the tissue is dissolved in 2 ml NaOH (5N) for several 

hours and diluted with a volume of distilled water
3. a 0.6 ml aliquot is used for protein determination

Equations for calculation of adenylate concentrations and 
AEC. adenylates - pmol/g wet weight tissue

ATP = A A atp x AV x EV / 6.22 x SV x TW x CPL
ADP = A A ADp x AV x EV / 6.22 x SV x TW x CPL
AMP = AAAMp x AV x EV / 6.22 x SV x TW x 2 x CPL

AV = assay volume in cuvette
EV = extract volume
SV = sample volume
TW = tissue weight
CPL = cell path length = 1 cm
6 . 2 2 = extraction coefficient

absorbancy at 340 nm and pH 7.6 of a solution 
of NADPH (or NADH) containing 1 pmol/1

AEC = (ATP + J5ADP) / (ATP + ADP + AMP)
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Orchard Beach: mean gross biochemical composition (± SE) of Littorina littorea. 
A - head, foot, columellar muscle B - viscera
Nov. 1983 - March 1984 n=6 April 1984 - June 1985 n=20

month  Protein______ Lipid Carbohydrate
A +SE B ±SE A ±SE B ±SE A ±SE B +SE

N 36 .94 29 1 7.5 • a\ 00 15.4 .93 11.7 .58 13.2 .95D 35 1.06 33 .9 6.9 1 9.7 2.1 9.2 1.38 9 1.431984
J 45 2.6 35 1.7 4.3 .64 12.5 2.3 9.3 1.19 9.5 1.1F 45 1.5 38 1.5 3.6 1.6 11.9 1.2 11.1 1.42 11.3 .63M 42 2.3 29 1.4 5.6 .46 11.5 1.2 9.8 1.55 10.9 .8A 46 2.8 39 3.2 3.9 .15 12.2 .42 10.3 1.4 8.7 .49M 63 3.7 61 2.5 3 .15 9.5 .65 7.5 1.1 5.9 .28J 56 2.2 50 3.8 4 .38 9.8 .14 5.2 .4 7.4 .5J 66 2.6 58 2.5 4 .13 13.3 1.8 7.8 .38 8 .5A 46 1.5 40 1.8 3.5 .13 17.7 .37 8.2 1 8.6 1.5S 48 1.9 39 2 2.2 .17 18.1 1.3 14.4 1.5 16.2 10 45 ■ .7 36 1.7 3.2 .28 16 .53 12.6 .7 16.3 .7N 53 3.5 43 1.5 3.9 .49 16.8 .56 16.8 1.9 19.8 1.1D 55 3.9 40 2.5 4.4 .8 14.9 .5 11.9 .73 12.8 .981985
J
F 50 2.9 41 2.7 2.9 .2 12.9 .29 11.7 1.25 10.6 1.15M 59 3.5 46 4.5 2.5 .28 12.6 .36 9 .75 9.5 .6A 48 3.2 41 .8 3.3 .18 11.3 .43 14.1 .75 10.3 .39M 54 1.8 43 3 2.8 .15 11.5 .75 10 .53 7.5 .54J 63 2.7 51 1 4.8 1.15 17.3 .44 7.4 .44 6.8 .47



Breezy Point: mean gross biochemical composition (+ SE) of Littorina littorea 
A - head, foot, columellar muscle B - viscera
Nov. 1983 - March 1984 n=6 April 1984 - June 1985 n=20

month Protein Lipid Carbohydrate
A +SE B ±SE A ±SE B ±SE A jSE B ±SE

N 31 .92 29 1.3 9.6 2.9 14.7 2.2 11.4 .77 10.1 .77D
1984

28 1 29 1.9 4.1 .23 12.1 1.8 8.8 1.02 7 .61
J 41 .77 37 1.2 3.2 .59 13.3 1.6 6.8 .69 6.2 .35F 44 1.02 34 2.2 10.2 2.5 15.1 .8 11.8 .98 10.9 .49M 44 1.34 33 1.1 4.9 .37 11.1 1.3 9.1 1.7 7.4 .98A 37 .91 42 1.8 2.5 .17 11.4 .27 13.1 .54 10.6 .23M 42 1.1 43 .8 2.9 .06 12.5 .16 10.8 .26 8.8 .11J 62 2.1 60 1.9 3.6 .04 13.7 .53 9.8 .12 13.9 .63J 64 1.3 60 1.7 3.6 .07 14.7 .42 8.7 .82 11.1 .09



Orchard Beach and Breezy Point: AEC, ATP, ADP, AMP values 
(reported as mean ± standard error); n=8, adenylates - 
.umoles/g wet weight.
Orchard Beach
month AEC SE ATP SE ADP SE AMP SE Total
Nov. A .65 .01 1.13 .066 .70 .068 .44 .020 2.271983 B .69 .025 .74 .079 .42 .050 .20 .003 1.36
Dec. A .55 .046 .82 .180 .51 .070 .59 .026 1. 92B .59 .036 .52 .080 .31 . 029 .29 .025 1.12
Jan. A .76 .029 .99 .100 .22 .054 .23 .032 1.441984 B .81 .029 .80 .130 .12 .040 .14 .029 1.06
Feb. A .72 .029 1.20 .160 .27 .007 .35 .050 1.82B .80 .030 .97 .086 .18 .043 .18 .001 1.33
Mar. A .79 .020 1.30 .130 .34 .050 .21 .020 1.85B .72 .029 .73 .080 .22 .030 .20 .029 1.15
Apr. A .74 .020 1.26 .070 .49 .044 .27 .039 2.02

B .76 .020 1.03 .082 .40 .046 .18 .002 1.61
May A .74 .020 .93 .070 .44 .050 .19 .025 1.56B .71 .036 .60 .140 .25 .032 .14 .020 .99
Jun. A .69 .013 .94 .068 .43 .046 .31 .036 1. 68B .59 .032 .34 .050 .31 . 050 .18 .020 . 83
Jul. A .72 .014 1.47 .140 .43 .063 .40 .029 2.30B .78 .029 .82 .090 .17 .030 .16 .013 1.15
Aug. A .71 .046 1.50 .200 .45 .030 .25 .030 2.20

B .72 .043 .74 .140 .28 .047 .17 .037 1.19
Sep. A .79 .11 2.30 .100 .37 .096 .48 .049 3.10

B .84 .022 1.77 .100 .22 .070 .26 .019 2.24
Oct. A .78 . 032 1.96 .300 .39 .040 .42 .055 2.77

B .70 .043 1.14 .160 .36 .130 .29 .057 1.79
Nov. A .82 .025 1.87 .200 .51 .107 .20 .036 2.58

B .76 .025 1.38 .317 .47 .079 .17 .050 2.02
Dec. A .81 .036 2.58 .300 .44 .055 .39 .068 3.40

B .80 .063 1.76 .340 .20 .039 .21 .060 2.17
Feb. A .55 .010 .47 .062 5 .257 .05 .020 5.50
1985 B .54 .020 .58 .135 3.9 .775 .29 .132 4.77
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month AEC SE
Mar. A .70 .016

B .75 . 030
Apr. A .66 .019B .62 . 034
May A .72 . 020

B .72 .030
Jun. A .77 .030

B .81 .030
Breezy Point
Nov. A .66 .013

B .64 .027
Dec. A .63 .05

B .64 .036
Jan. A .7 .029
1984 B .65 .053
Feb. A .74 .018

B .68 . 032
Mar. A .74 .019

B .76 .02
Apr. A .74 .018

B .76 .036
May A .7 .029

B .7 . 029
Jun. A .7 .011

B .65 .032
Jul. A .78 .025

B .74 .02

ATP SE ADP
1.20
1.05

.149

.167
.82
.55

1.03
.52

.057

.082
.74
.18

1.70
.90

.110

.089
.75 
. 37

1.84
1.22

.170

.079
.42
.17

1.4 .14 .63
1 .096 .4
1.03 .14 .32
.68 .08 .19

1.2 .17 .37
.7 .16 .25

1.15 .06 .223
.67 .054 .103

1.26 .057 .5
.98 .096 .35

1.33 .07 .53
.98 .054 .39

1.08 .17 .43
.55 .08 .299

1.25 .082 .398
.62 .05 .3

1.97 .12 .65
. 92 .04 .38

SE AMP SE total
115 .28 .046 2.29
079 .12 .032 1.72
185 .35 .042 2.11
050 .24 .046 .95
082 .44 .085 2.89042 .11 .025 1.38
053 .40 .064 2.66
060 .20 .043 1.59

08 .58 .053
07 .45 .061
053 .5 .032
039 .332 .032
06 .39 .043
06 .28 .05
03 .32 .053
029 .31 .053
05 .3 .043
032 .18 .018
05 .29 .034
068 .3 .064
049 .315 .053
032 .15 .025
05 .43 .032
06 .28 .05
14 .257 .05
053 .215 .032
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One-way ANOVA: comparison of AEC, ATP, lipids, carbohy­
drates, and protein of benzene dosed Littorina littorea 
(OB) collected in March, April, and May (3,4,5) 1985. 
n = 10 (lip.,carb.,prot.) n = 6 AEC, ATP
A - columellar muscle, foot, head
B - viscera
D - dosed

F df  p

AEC A 3D vs 4D vs 5D
B 3D vs 4D vs 5D

ATP A 3D vs 4D vs 5D
B 3D vs 4D vs 5D

lipid B 3D vs 4D vs 5D
protein A 3D vs 4D vs 5D
carbohydrate

A 3D vs 4D vs 5D
B 3D vs 4D vs 5D

1.721 2,15 >.05
.921 2,15 >.05

1.034 2,15 >.05
.742 2,15 >.05

1.662 2,3 >.05
.533 2,3 >.05

.616 2,3 >.05
4.49 2,3 >.05
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Benzene dosed Littorina littorea from Orchard Beach, 
adenylate concentrations and AEC for animals collected in 
March, April, May 1985. adenylates - jumol/g wet weight 

A - head, foot, columellar muscle B - viscera

Three weeks experiments. n=6
Dosed Control

A ±SE B ±SE A +SE B ±SE
March AEC .78 .032 .75 .019 .73 .065 .73 .009

ATP 1.73 .147 .99 .050 1. 39 .106 .87 .085
ADP .77 .134 .58 .095 .47 .047 .53 .113
AMP .22 .093 .20 .046 .19 .027 .16 .014

April AEC .72 .019 .74 .014 .73 .006 .70 .023
ATP 1.45 .134 .9 .072 1.35 .049 .63 .05
ADP .8 .067 .6 .057 .86 .089 .44 .065
AMP .32 .049 .12 .02 .25 .020 .14 .02

May AEC .74 .02 .78 .029 .75 .02 .75 .019
ATP 1.54 .138 1.02 .065 1.49 .162 .96 .096
ADP .55 .04 .38 .053 .69 .053 .46 .055
AMP .36 .03 .22 .02 .32 .039 .17 .032

Six weeks experiment. n=4
AEC .76 .019 .81 .007
ATP 1.45 .24 1.99 .13
ADP .53 .075 .6 .04
AMP .28 .042 .23 .019

tot.adenyl . 2.26 2. 82
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