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ECOLOGY OF CHEMICAL DEFENSES OF ALGAE
AGAINST THE HERBIVOROUS SNAIL, LITTORINA LITTOREA,

IN THE NEW ENGLAD ROCKY INTERTIDAL COMMNITY

by

JOY AN GEISELMA
Submitted to the Biology Department

February, 1980, in partial fulfillment of the requirements
for the Degree of Doctor of Philosophy

ABSTRACT

In the New England rocky intertidal community, space is dominated by
two perennial plant types, brown fucoid algae (Ascophyllum nodosum and
several species of Fucus) in the mid zones and the red alga Chondrus

crispus in the low zones. These algae are not grazed by the predominant

herbivorous snail, Littorina littorea. Here I report the first direct
evidence that these algae produce chemicals which inhibit feeding by the

snails.
Polypheno ls in Fucus vesiculosus and Ascophyllum nodosum were shown

to be effective chemical defenses against the snails. Feeding experiments demonstrated that the presence in the diet of

as litt le as 1%

polyphenol (dry weight), extracted from these two algal species, caused a
significant reduction in feeding by ~. littorea; 10% polyphenol (dry wt.)

in food media inhibited snail feeding nearly 100%. The phenol and
polyphenol còntents in different tissues of these two algal species and

-viii-

in other New England rocky intert idal algal species were monitored

monthly för one year. F. vesiculosus and ~. nodosum showed highest
polypheno 1 contents (1-17% dry wt.); these levels were

sufficient ly high

in all tissues during all months to inhibit snail feeding. The mechanism
of action of plant polyphenols against herbivores is through their
binding to plant proteins and other nitrogenous compounds, rendering them

indigestible. Polyphenol contents were therefore examined in relation to
plant nitrogen contents (using pOlyphenol/nitrogen ratios) to estimate

the unavailability of plant nitrogen to herbivores due to polyphenol

binding.
Annual bró~ algal species such as Petalonia fascia and Scytosiphon
lomentaria had significantly lower levels of phenols ànd polyphenols than

the perennial !. vesiculosus and A. nodosum. These two species are

highly preferred as food by~. littorea. c. crispus and the green alga
Codium fragile also had low phenol and polyphenol levels, yet they are of

low food preference to the snails. Methylene chloride extracts from f.
,

crispus and volatile halocompounds from C. fragile inhibited snail

feeding, hence these species have chemical defenses quite different from

those of F. vesiculosus and A. nodosum. Factors such as physical
defenses, nutritional content, and temporal and spatial escapes are also

important in determining algal food preference to herbivores .
The release into seawater of volatile hydrocarbons and halomethanes
from benthic algae and seagrass was measured to examine the possible role

of these compounds as antiherbivore compounds. Bioassays indicated that
CHiIi, a compound released into seawater from C. fragile, inhibited

t
~.
t

'!'¡
=: :
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feeding of ~. littorea. CHBr3, released into seawater by many algal
species, appeared to have less activity against the herbivores.

This study represents one of the first examinations of plant chemical

defenses against herbivores in the marine environment. The findings are
discussed in relation to recent theories from terrestrial studies on the
commitment of plants to chemical defense.

Name and Title of Thesis Supervisor: John M. Teal, Senior Scientist
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PREFACE

This thesis is composed of a general introduction and five chapters

dealing with the ecology of algal chemical defenses against a marine

herbivore. Chapters are written as discrete papers, each with
introduction, methods, results, discussion and conclusion.

The general introduction to the thesis reviews the literature on

plant chemical defenses in terrestrial and marine environments. It has
been we II documented in terrestrial environments that plants produce many

di verse chemicals that deter feeding by invertebrate and vertebrate
herbivores. Although many unusual natural products have been isolated
from marine algae, and some have been shown toxic to bacteria,

phytoplankton, fungi, fish, and insects, few have been tested for an
antifeeding function against marine herbivores found in the environment

of the alga from which they were extracted. The marine algae and
periwinkles of the New England rocky intertidal community are suggested
to comprise a suitable system in which to investigate the possible
existence and importance of algal chemical defenses against herbivores.

Chapter 1 documents the first evidence for chemical defenses in
several species of marine algae (Fucus. vesiculosus, Ascophyllum nodo~~m,

~ondrus crispus, and Codium fragile) against herbivores (Littorina
littorea) in the New England rocky intertidal community. A bioassay was

cleve loped to determine the effect of algal compounds on the feeding of
periwinkle snails.

-xii-
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In Chapter 2, the antiherbivore compounds in !. y'esi~ulosus and ~.
'------- -

~od~su~ are identified as polyphenols and their elfective do!~~O)
against L. littorea are determined.

This work was done in cooperation

with Dr. Oliver McConnell, Chemistry Department, Skidat.ay Institute of

Oceanography (I carried out all bioassays of the algal extracts and

compounds t.ith~. litto:~ while Dr. McConnell performed all molecular

weight determinations and spectroscopic analyses of the compounds). I
concluded that polyphenols in !. vesiculosus and A. nodosum are

functionally similar to terrestrial plant polyphenols (tannins) in their.
roles as chemical defenses against herbivores.

Chapter 3 reports the po1yphenol contents in thirteen species of
brown, red, and green algae in the New England rocky intertidal

community. The seasonal and within-plant variations in polyphenol
content in F .vesiculosus and A. nodosum are examined . Results are

discussed in relation to the grazing patterns of ~. littorea, the
predominant macroalgal grazer in this Net. England rocky intertidal
communi ty.

In ~hapter 4,) the seasonal and within-plant variations in algal

ni trogen content are examined in relation to the algal polyphenol

contents reported in Chapter 3. The effect of algal polyphenols on
~Ltx~g~~ availability to herbivores is discussed and comparisons are
drawn between brown algae and terrestrial plants in the nature and
__func tioning of chemical defenses against herbivores.

Chapter 5 identifies volatile compounds produced by marine algae and
seagrasses in New England intertidal and subtidal communitites and

-xiiiexamineA. th~ir rol.eA in algal chemical defense against herbivores. Part

I iA a paper (submitted to Journal of Phycology) that I coauthored with

Philip Gschwend. It describes work we did in collaboration at Woods Hole
Oceanographic Institution (I surveyed and identified all plant species in
our study sites, assisted in the batch incubations of the samples, and
interpreted the ecological roles of the algal compounds; Dr. Gschwend
identified the

and assessed

algal compounds using gas chromatography/mass spectrometry
the release rates of the compounds into seat.ater). We

concluded that saturated and unsaturated hydrocarbons and di- and
trihalomethanes were released by the algae at rates that may account for

the concentrations of these volatile organic compounds in coastal

sea~ater, and we hypothesized that some of these algal compounds may be

important in allelochemic interactions. In Part II, I determined the
effect of two of the volatile halomethanes (CH2I2 and CHBr3) on

feeding by ~. litto~. CH212, a compound released by ~. fragile and
!. vesiculosus, was shown to inhibit feeding by ~. littorea. In
'¡

contrast, CHBr 3' a compound released by many algal species, did not

significantly affect L. littorea feeding.

, .
i
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I. Statement of the Problem
Plant-herbivore interactions along with predation and competition
provide most of the organization of community structure in both ter-

restrial and marine environments. Comparisons between communities are
useful in determining whether similar mechanisms act to produce

similar patterns. In terrestrial systems, it has been well documented
that plants produce chemicals which act as defenses against herbivores
and affect their feeding behavior (Fraenkel, 1959; Whittaker, 1970;

Schoonhoven, 1972; Feeney, 1976). Indeed, a general theory of chemical coevolution between higher plants and their herbivores has been

proposed by Ehrlich and Raven (l964) and Feeny (1975) which provides a

partial explanation of the observed patterns of interaction. The evolution of defensive plant compounds and the stepwise evolutionary
responses to these by phytophagous organisms are postulated to have

been dominant factors in the evolution of both the herbivores and the
plants and thus in the generation of terrestrial diversity.
In marine systems, direct evidence for algal chemical defenses has

been lacking. Although many natural products have been isolated from
marine algae (Baker and Murphy, 1976; Faulkner and Anderson, 1974;

Fenical, 1975; Scheuer, 1973), very little is known about the bio-

logical activity of these compounds. A few of these compounds have
been shown to have antibacterial or antialgal effects (Bhakuni and
Silva, 1974; McLachlan and Craigie, 1966; Sieburth and Conover, 1965),

but their ecological importance in plant-herbivore interactions has

-3-

largely been ignored. This research will investigate experimentally
the importance of the organic compounds in algae as a means of defense
against herbivores.

The intertidal algae and periwinkles (in particula~ Littorina
littorea) of the New England rocky intertidal community comprise a
particularly conducive system in which to

study this problem for the

fo llowing reasons; l) the snails and algae are readily accessible in
the field and can be maintained under laboratory conditions; 2)

Littdrina littorea, the most abundant herbivore in the community, is a
generalist which feeds on a wide variety of macroscopic and micro-

scopic algae and exhibits a definite performance regime for particular
algal species, avoiding some entirely; 3) a variety of compounds such
as tannins and halogenated metabolites in these algae have demonstrated antibacterial and antialgal activity and hence are suspected

as antiherbivore defenses; 4) the algae of this community include
species in the Rhodophyta, Chlorophyta, and Phaeophyta; their life
I

r. .

histories vary, including ephemerals, annuals, perennials, and species

"

,
¡

r:

with alternating stages; 5) the importance of ~. littorea in
determining the distribution, abundance, and diversity of algae in the
community has been established; feeding preferences of the snails and
defenses of the algae together form the underlying cause of the

patterns observed (Menge, 1975). The questions of what determines the
feeding preferences of the snails and what constitutes the mechanism

of defense of the algae remain unanswered. The role of algal

-4-

antiherbivore compounds is unexplored in this comnunity as throughout
most marine communities.
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II. Plant Chemical Defenses: Parallels Suggested Between Terrestrial
and Marine Environments

A. Defenses of Plants Against Herbivores
Hairston, Smith and Slobodkin (l960) argued that because
herbivores do not eat all plants and because populations of herbivores
frequently increase greatly when predators are removed, herbivore

populations must be limited by predators. This logic has serious
flaws which were first pointed out by Murdoch (l966). The mere
presence of plants in what appears to be unlimited supply does not

necessarily mean that herbivores are not food-limited. Plants have
evolved various defense systems

Which limit their availability to

herbivores. Five types of plant antiherbivore strategies can be
outlined as follows: 1) production of chemicals that are noxious or
that decrease the quality of food, 2) mechanical and structural

adaptations in the plant; 3) spatial escapes, 4) temporal escapes, and

5) size escapes. Because the production of defensive chemicals is so
widespread and varied among plants, it has been considered the primary
response to herbivore grazing pressure (Ehrlich and Raven, 1964).

Stebbins (l950) labelled the other strategies as more specialized
secondary responses evolving either in the absence or substantial

failure of defensive compounds to discourage predation. A plant's
best strategy against herbivores is to become inedible; this is well
accomplished by the synthesis of metabolic compounds which are, for
one reason or another, unacceptable to herbivores (Dethier, 1970).

r
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B. Antiherbivore Chemicals in Terrestrial Plants
Allelochemics, as defined by Whittaker and Feeney (1971) are
chemicals by which organisms

of one species affect the growth, be-

havior, or population biology of another species (excluding substances

used only as food by the second species). Within this group are 1)
allomones, which give adaptive advantages to the producing organism,
2) kairomones, t.hich give adaptive value to the receiving organism,

and 3) depressants, which are wastes which harm the recipient but

which have no adaptive value to the releaser. Antiherbivore chemicals
are thus allomones in this scheme. Allomones may serve as defenses
against herbivores as well as against parasites, bacteria, and competing plant species; one compound may have specific or multiple roles
(Muller et al., 1964; Muller and Muller, 1964; Wells, 1964; Levin,

1971). Thus, adaptive advantage and selective preservation of certain
plant chemicals cannot be evaluated solely in terms of herbivores. It
is important to remember that the effects of herbivores on evolution
of plant chemical defenses must be viewed against a broader coevo lutionary background.

The chemicals involved in defending plants from herbivores generally

belong among the secondary compounds, as do most plant allo-

mones. They are not, in most cases, essential to the basic metabolism
of the plant and hence are contrasted with primary substances such ís

proteins, carbohydrates, fats, and nucleic acids. Secondary compounds
may be wastes or elaborated by-products of various synthetic pathways.
The nutr it ive value. of plants to herbivores

is basically determined by

~
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the primary m~tabolites; the secondary compounds are thus said to fun-

c tion as attractant or repellent triggers (Fraenke1, 1959). Dethie~
(1947) and Schoonhoven (1972) compiled extensive lists of plant secon-

dary compounds known to act as feeding stimulants or deterrents to

insects. They are of irregular or sporadic occurrence, reinforcing
the view that they are not of primary metabolic concern to plants.

The occurrence of the same or related secondary compounds in related
plant species makes these compounds important concerns of chemical
taxonomy as t.ell as important in the evolutionary responses of groups
of herbivores

and their food-plants. However, some secondary com-

pounds have appeared in plants of distant phylogenetic relation, implying independent evolution and convergence on chemical defenses
(Whittaker, 1970).

The majority of the toxic or repellent compounds fall within the

following chemical groups (which can overlap due to the complexity of
the structures): alkaloids, glycosides, phenols and tannins, organic
acids, saponins, terpenes and steroids, and other essential oils.

These represent various offshoots from the major metabolic pathways
but have broadly similar origins with acetic acid and amino acids as

the major starting materials. Extensive discussion of secondary plant
substances and their metabolic pathways may be found in texts and
monographs (Bonner and Varner, 1965; Harborne, 1964; Haslam, 1966;

Pridhami 1967; Manske and Holmes, 1950-l968).
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1) Ph~n018 and Tannins
Plant phenolics are second in abundance only to carbohydrates.

Substances of this large grouping are aromatic in the sense of having

one or more benzene rings in their structure. The compounds are
structurally diverse and include coumarins, quinones, lignins,

flavonoids, and tannins; many occur as glycosidic derivatives. Antibiotic properties of plant phenolics are t.èll known (Levin, 1971).

They become localized around points of infection where they increase
in concentration and undergo oxidation or hydrolysis to form more

toxic derivatives. This action is probably important when herbivores
damage plants and may be considered as a defense (Miles, 1969).

Perhaps the most effective and the most common defensive phenols

are the tannins. These polymeric phenols are subdivided into two
groups: "hydrolyzable" tannins are readily hydrolyzed by acids or enzymes into a sugar or related alcohol and a phenolcarboxylic acid;

"condensed" tannins do not readily break down with acid but, may un-

dergo progressive polymerization. Tannins have long been used in the
tanning (hence the name "tannin") of leather because of their
affini ties for proteins such as collagen. Because of their economic
importance, much literature exists on the chemistry and distribution
of tannins in higher plants (Nierenstein, 1935; Bate-Smith, 1957;

Haslam, 1966).
Feeny (1968) suggested the ecological importance of tannins by
hypothesizing that the presence of increasing amounts of tannins in

oak leaves may be one factor influencing the selection for early lepi-
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dopteran larval fel'ding perioùß on oak leaveß. Just as tannins can
combine with proteinaceous collagens, tannins can bind to enzymes and

other proteins in animal digestive tracts. Goldstein and Swain (1965)
demonstrated that tannins inhibit enzyme activity and suggested that

condensed tannins are more effective than hydrolysable tannins because

they form more stable cross-linkings with proteins. Feèny and Bostock
(l968) discovered that moth larvae stopped

feeding at the same time

that condensed tannins appeared in oak leaves. Further experiments
shot.ed that oak leaf tannins formed complexes with leaf proteins and

also bound to animal digestive enzymes such as trypsin at the physiological pH of the larval moth

midgut; these effects were more marked

with condensed than t.ith hydrolysable oak leaf tannins (Feeny, 1969).

Thus, tannins exhibit two mechanisms t.hich lower the nutritional value

of the plant proteins to herbivores: l) tannins can bind to the herbivore i s digestive enzymes and thus inhibit activity in digestive

processes, and 2) tannins can combine with the proteins from the food

plant and render them unavailable to the herbivore i s digestive
processes. The non-specific nature of the interaction between tannins
and proteins probably accounts for their effectiveness against

herbivores. The generalized nature of the tannin-protein complexes
with extensive hydrogen and covalent bonds (Haslam, 1966) implies that
it would be difficult for herbivores to develop detoxification
pathways such as those that are known for alkaloids

and other specific

poisonous chemicals in plants (Hodgson, Self, and Guthrie, 1965).

Experiments in which oak leaf tannins were radioactively labelled

~ .
"i-
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showed that they were retained inside the peri

trophic membrane of the

winter moth midgut (Feeny, 1970). Plants, in order to prevent
autotoxicity, sequester tannins into vacuoles or attach them to

sugars, rendering them unable to bind to proteins. When cellular
damage occurs by herbivores, parasites, bacteria, etc., the tannins
are released and become active.

How do herbivores adapt to the presence of tannins in their food
in view of the lack of spec ific detoxification mechanisms? Feeny
(1968) hypothesized that alteration of life histories can take place

in which feeding periods minimize the contact with tannins such as was

proposed for larval moths and mature oak leaves. Herbivores such as
leaf miners feed on spongy perenchyma of leaves rather than in the

palisade layer, where tannins are believed to concentrate. Since
tannin-protein complexes are known to dissociate at extremely

high pH,

it is possible tHat alkaline guts in herbivores may represent an adaptation to release a higher proportion of protein for digestion (Feeny,

1969).
2) Alkaloids

Alkaloids have been found primarily in higher plants. They are
nitrogenous bases often with a heterocyclic ring structure. Like
tannins, they are implicated as agents responsible for the bitter

taste or unpalatability of many plants and tissues. Many are well
known as toxins and highly effective poisons (Manske and Holmes,

1968). Alkaloids known for their effects on man include nicotine,
caffeine, quinine, morphone, codeine, mescaline and lysergic acid.

-11-

These probably represent repellents and toxins which have evolved in

response as defenses to plant enemies. Nicotiana alkaloids (e. g.
nicotine) have been commonly used as insecticides and have been shown

to be toxic to insect larvae in nature (Thorsteinson, 1960). The

beet le Leptinotarsa is poisoned by fresh leaves of Nicotiana as well
as by the addition of alkaloids from solanaceous plants into its diet

(Fraenkel, 1969). Demissin and Tomatin, both alkaloids from
Solanaceae, inhibit the feeding responses of larvae and hence cause

death by starvation. Larval feeding of the diamond-back moth Plutella
maculipennis is similarly inhibited by high concentrations of al-

kaloids in the leaves of Solanaceae such as ~ycopersicum

(Thorsteinson, 1960). The entire coffee family Rubiaceae is protected
from feeding of lepidopteran larvae by the presence of quinine in

leaves. Highly specific repellants to herbivores are also present
wi.thin plant families. Ehrlich and Raven (l967) have shown that larvae of the moth Euchelia jacobaceae can be fed on most species in the
composi tae genus Senecio except !. visconcus. This species produces a

gummy compound which renders its leaves inedible. When the alkaloid
substance is removed by dissolution in alcohol, the leaves are eaten
by the moth; application of the compound to leaves of normally edible
species in the genus renders them unpalatable.

Alkaloid content of plants can vary with time as was demonstrated

for tannins in oak leaves. Ehrlich and Raven (l964) found that insects feeding on leaves of alkaloid-rich species of Papaver prefer

young leaves in which concentrations of the secondary substance have
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not yet built up. Thus feeding strategies of the herbivores can adapt
to the chemical defenses of the plants.

As with tannins, plants often sequester alkaloids in vacuoles or

attach them to sugars to form glycosides. These detoxification mechanisms in plants appear to be general to prevent autotoxicity from defensive chemicals.
Herbivore

detoxification of plant alkaloids appears to be more

common than detoxification of tannins. This is presumably due to the

nature and the mode of action of the chemicals. Microsomal mixedfunction oxidase enzymes in herbivores are effective in the detoxifi-

cation of some, but not all, plant secondary compounds. Animal microsomal systems have an overall similarity from species to species;

their main functions are breakdown of internal steroidal hormones and

the degradation of foreign chemicals by enzymatic oxidation, reduction, or hydro lysis often followed by conjugation with other molecules

(Williams, 1959; Schuster, 1964; La Du, Mandel, and Way, 1972). Tannins apparently are resistant to detoxification by microsomal

systems

because of their large and complex structures and their abilities to
combine with prote ins and inhibit enzymes. In contrast, alkaloids and

various other toxic compounds are more easily rendered inactive by

microsomal enzymes; species-specificity can be quite high. Thus, herbivores have the potential to be released from toxic effects of certa in plant secondary compound s.

Chrysolina beetles apparently have evolved a mechanism for detoxification of hypericin, an alkaloid present in plants of the genus
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Hypericum wh ich prevents feeding by nearly all other herbivores. The
result is that Chrysolina has a food supply unlimited by other her-

bivores and, in fact, has cued in on hypericin as an attractant. In
other evolutionary "arms races" between plants and animals (Whittaker
and Feeny, 1971) using chemical defenses and detoxification

counter-attacks, the plant instead has won. Chrysanthemum
cinerariaefo lium produces pyrethrin which inhibits herbivory. Certain
animals have evolved oxidase systems which can detoxify the compound.

The plant, in turn, has elaborated other chemicals which inhibit the
an imal oxidase systems, allowing pyrethrin to be effective as a de-

fense. Kreiger, Feeny and Wilkinson (197l) studied the microsomal
oxidase systems of ten lepidopteran families, using the rate of epoxi-

dation of aldrin to dieldrin as an index of enzymatic activity. Polyphagous species were found to have higher levels of activity than do

monophagous species. The implication followed that the polyphagous
species are adapted to detoxify a greater range of secondary compounds than are 0 ligophagous species, and monophagous species are most

limited in their ability to detoxify a range of compounds.

3) Terpenes and Steroids
Several interest ing lines of defense are found among the ter-

penes and their many derivatives, including the steroids. Ecdysones
(molting

and metamorphosis hormones) and their analogs occur in plants

and can disturb the endocrine control of insect life cycles (Kaplanis

et al., 1967). Precise timing and concentrations of these compounds

are necessary for normal animal growth and development. Plants, by
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means of hormones, can kill their herbivores by either accelerating or

preventing their metamorphosis. In Cecropia moths, metamorphosis can
be fatally accelerated by 1 ppb. ponasterone (Williams, 1970).

Juvenile hormone (juvabione) present in balsam arrests the development

of Pyrrhocoris at an immature stage (Slama and Williams, 1966). The
importance of hormones as a means of herbivore control of plants is
just beginning to be understood.

Sapogenins are plant steroids found in genera such as Yucca and
,Agave and are toxic to animals through hemolysis and other effects on

membrane permeability. As with tannins and alkaloids, they occur as
glycosides in plants to prevent autotoxicity. Cardiac glycosides consist of plant sterols linked to sugars; they are effective poisons
t.hich occur in the milkweed and dogbane families (Whittaker, 1970).

Butterflies have evolved means to concentrate these antiherbivore
compounds in their tissues and use them for defense against their predators (Brower and Brower, 1964).

Janzen, Juster, and Liener (l976) concluded that phytohemaglutinin
in black beans (Phaseolus vulgaris) and other legumes is of adaptive

significance in preventing attack by insects. Several hundred species

of neotropical legumes are eaten by larvae of bruchid beetles. However, the bruchids are extremely sp~cies~specific; nearly all the
species of bruchids in a given habitat cannot feed on any given

species of potential prey. Callosobruchus maculatus feeds on cow peas
(Vigna unguiculata) but not on

nearby black beans. Black bean phyto-

hemagglutinin added to the normal diet of C. maculatus in the labora-
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tory kill ed them. Phytohemagglutinin is letha 1 apparent ly because the

brlJchid has not evolved a detoxification mechanism.

4) Cyanogenic Glucosides
Lotus corniculata (bird i s-foot trefoil) has been shown to be

polymorphic for the presence or absence of cyanogenic glucosides

(Jones, 1962). When the stem or leaves are damaged, as when herbivores graze, the glucosides are hydrolyzed and hydrocyanic acid is

evolved. Cyanogenesis involved complementary gene interaction;
cyanide production requires the presence of the glucoside plus enzyme,

each produced by dominant alleles at unlinked loci. Jones (l972) hypothesized that the continuous and gradual increase in geographic fre-

quency of cyanogenic L. corniculata in the Netherlands from 3% to 96%
is a cline that

was originated by and is maintained by grazing pres-

sure of rabbi ts. Rabbits and slugs prefer acyanogenic strains of the

plant species, conveying selective advantage to cyanogenic strains in

habitats where the herbivores are abundant. Some herbivore species
have, in turn, evolved detoxification mechanisms for cyanide and are

not selec ti ve between the strains (Jones, 1966).
5) Costs and Benefits of Antiherbivore Chemicals to Plants
From the discussion of plant chemicals thus far, a few

patterns

begin to emerge. Plant secondary compounds are diverse in their
structures and modes of action against herbivores, and animals are

affected by them in various ways and degrees. The effects of compounds such as tannins, t.hich are not easily detoxified by microsomal

enzymes, can be circumvented by herbivores that avoid their presence
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in time or space, seasonally and within or between plant individuals

or species. Other toxic substances, such as some alkaloids, steroids,
and cyanogenic glucosides, can be detoxified by animals with the

proper specific enzymes. Further, animals can cue in on these detoxified plant substances to use them as attractants or to concentrate

them for defense against their own predators. Plants, in turn, can
add to their protective systems to counteract animal detoxification

mechanisms. The result is the creation of numerous interaction pairs
that illustrate the reciprocal adaptations of plants and herbivores.
The recogni tion of the antiherbivore nature of plant secondary com-

pounds is the first step in analysis of the patterns and ways in t.hich

plants and herbivores have been of mutual evolutionary influence.

Considering plant chemicals as a means of defense against herbi-

vores implies that they are of advantage to a plant. Jones (197l)
points out that it is essential to show that chemical differences bet-

ween individuals in a polymorphic or continuously varying population
convey differential advantages as far as protection against herbivores

~.
f~:;

is concerned. That is, selection for the production of chemical de-

fenses occurs on an intraspecific level. For example, cyanogenic
strains of L. corniculatus are favored over acyanogenic strains when
slug or rabbit densi ties are high because these herbivores preferen-

tially feed on acyanogenic strains (Jones, 1962, 1966, 1972). However, in the absence of herbivores, the acyanogenic strains are

favored because they grow and clone faster and produce more seeds than
do cyanogenic strains. This suggests that there is some cos t to the

f\
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plant in the production or maintenance of the chemicals Which act as

antiherbivore defenses. Costs to the plant are dependent upon the
amount of energy, time, and nutrient resources which must be l) incorporated into the

compound and spent in its biosynthesis, and 2) expan-

ded in the elaboration of means to concentrate and store the compounds
and to prevent autotoxicity, e.g. formation of vacuoles, ducts, storage cells or organs; synthesis of enzymes for glycoside production.

The time, energy, and nutrients expended on chemical defense could
instead be allocated to basic metabolic processes which could result

in increased grot.th and reproduction rates. A trade-off in resource
allocation is implicit: with no grazing pressure, plants that allot
the majority of their time, energy and nutrients to growth and

reproduction have a competitive advantage; with grazing pressure,
those plants poses

sing chemical defenses have a selective advantage in

survival and reproduction. A plant's production of chemical defenses
can be interpreted in terms of a compromise between minimizing risk of

mortality and maximizing growth and reproduction rates. This view is
supported by data collected on populations of wild ginger which are
polymorphic for growth rate, seed production, and palatability to

slugs (Cates, 1975). In habitats where slugs are not abundant,
populations of wild ginger are dominated by individuals which grow

rapidly, produce large seed sets, and are palatable to slugs. In
habitats where slugs are abundant, populations are dominated by
individuals which are highly unpalatable to slugs but which grow
slowly and produce small

seed sets. Though no direct evidence
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is yet available, palatability of the ginger to slugs is postulated to
be determined by secondary compounds.

The content of secondary compounds in different parts of a plant

may vary seasonally or as a function of age. In many young, actively
growing plant shoots and £0 liage, low frequency and low concentrations

are often found, presumably because of the high costs of the chemicals

in terms of energy and resource commitment and their autotoxity. For
example, young oak leaves do not produce tannins (Feeny, 1970) and
young Papaver leaves do not produce alkaloids (Ehrlich and Raven,

1964). It appears that most seedlings and young tissues are indeed
tasty to herbivores (Orians and Janzen, 1974). There are exceptions
to this generalization; some plant species are able to cqncentrate
toxic substances in actively growing shoot tips, perhaps in response
to strong grazing pressure (McKey, 1974).

6) Plant Apparency and Successional Status: Commitment to
Chemical Defense

Cates and Orians (1975) hypothesized that annuals or early
successional plant species should make, proportionately, a lesser com-

mitment to defense against herbivores than perennials or later suc-

cessional or climax species. Measuring palatability of lOO plant
species to slugs, they found that early successional perennials were

significantly more palatable than later successional species (palata-

bility was assumed to be of chemical determination). These results
agree with the suggestion of Odum (l969) that the development of
chemical defenses against herbivores is directly correlated with the

, .
;
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time involved in uninterrupted succession. Early successional plants
and annuals tend to mature and reproduce rapidly and have abilities to

disperse and colonize, hence they are subject to herbivore grazing
pressure during a short time span or may not be discovered at all

(thus posessing temporal or spatial escapes). Because of their

"unapparency" (Feeny, 1976) to herbivores, Le. low vulnerability to
discovery, the price of chemical defenses may be be worth their

investment. In contrast, perennial, late successional, and climax
plants tend to grow more slowly and are more highly predictable in

space and time. They are highly "apparent" (Feeny, 1976), i.e. easy
to find by herbivores, and will not survive unless protected, hence
chemical defenses are advantageous and worth the cost to the plants.

Besides persistence and predictability in the community, other factors

which determine plant "apparency" include size, growth form, and

relative abundance of its species. The more apparent the plant, the
greater is the advantage from, and hence more likely conni tment to,

chemical defense.
C. Chemicals in Marine Algae: Potential Antiherbivore Defenses
Marine algae produce a variety of compounds which resemble the
antiherbivore chemicals of higher plants and also a variety of
compounds which are unique to the marine environment (Faulkner and

Anderson, 1975; Fenical, 1975; Scheuer, 1973). Few of these compounds
have been investigated for their roles in marine plant-herbivore
interactions. Their potential importance is suggested by. the
defense/response parallels with terrestrial higher plants and animals
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and by the activities that they have exhibited against certain

pathogens and pests.
1) Phenols and Tannins
Among the phenols, the tannins are the most abundant compounds
that are found in both marine and terrestrial plants and that most

likely function as feeding deterrents. Tannins have been found in
many brown algae (Phaeophyta) and in a few green algae (Chlorophyta)

(Ogino, 1962; Glombitza, 1977). As in terrestrial plants, the tannins
in marine algae are localized in vacuoles or in special vesicles

called physodes, presumably to prevent autotoxicity. Their exact
function is unknown, although they

are believed to be metabolic wastes

or by-products (Craigie and McLachlan, 1964). Conover and sieburth

(1964) demonstrated that tannic compounds from Sarga~~ inhibited
bacterial growth and correlated the presence or absence of epiphytes
and eI.pfauna on the alga with the antibacterial activity of its tannic

extracts. Branch tips that were fouled had cells with 2-12 physodes,
while unfou1ed branches had cells with 40-68 physodes (Sieburth and

Conover, 1965). Ragan and Craigie (1975) studied the chemical

composition of physodes of Fucus vesiculosus. A series of
vanillin-reactive compounds isolated from the extracts of this brown
alga were shown to be composed of phloroglucinol and its phenyl-linked

dimers and trimers.
The complexing action of tannins on proteins and enzymes would
presumably affect the digestive abilities of marine herbivores just as

they do of terrestrial animals. That is, tannins in marine algae may
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be quantitative, dosage-dependent barriers whose mode of action is to
reduce growth rate and fi tness of all herbivores by reducing

availability of plant proteins and nutrients and whose potential for
biochemical detoxification and counter

adaptation by animals is

1imi ted. As in terrestrial plants, they may require a relatively
and may

large investment by marine algae in terms of energy and time

be of advantage primarily in "apparent" (Feeny, 1976) or late

successional (Cates and Orians, 1975) species. Parallels are
suggested between tannin-containing terrestrial plants and tannin-

~ --

containing marine algae t.ith respect to herbivores. Menge (l97S)
showed that the phaeophytes Agarum, Ascophyllum, Chorda, Chordaria,

~, Laminaria, and Ralfsia are of very low food preference to the
generalist herbivore Littorina littorea. All of these brown algae
have tannin-filled physodes (Craigie and McLachlan, 1964) and are
"apparent" or are late successionals (though

not in obligate sense, J.

Menge, unpub. data). That herbivores do graze young sporeling stages
of brown algae suggests that the spore

lings may not have high concen-

trations of tannins (cf. Orians and Jansen, 1974); likewise, the

ephemeral or "unapparent" brown algae may not be protected chemically

by high concentrations of tannins. Alternative, but not mutually
exclusive, hypotheses which do not include the role of tannins may

explain these herbivore feeding preferences, e. g. toughness of the
algae may be a factor (Menge, 1975). However, Feeny (l970) postulated
that increasing leaf toughness is a proximate, though not ultimate,
factor in preventing feeding by the winter moth on mature oak leaves.
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He reasoned that a fac tor other than toughness must make oak leaves

less suitable as food as the leaves mature because selection in the
herbivore has not favored the development of stronger mandibular

muscles. Experiments to demonstrate the physiological effects of
tannins on marine herbivores and the role of tannins in their food

selection are needed, along with studies of the distribution and

abundance of tannins in marine algae in relation to algal "apparency"
or successional status in the community.

Other phenolic compounds in marine algae besides tannins are po-

tential defenses against hérbivores. Many have been shown to be anti-

bacterial and antifungal (Bhakuni and Silva, 1974). McLachlan and
Craigie (1966). demonstrated that a number of algal phenols inhibited

the growth of other algal species. Phenols may play an important role
in regulating the abundance and occurrence of algal endophytes, epiphytes, and parasites as well as in deterring herbivores.

2) Halogenated Compounds
Halogenated compounds are extremely abundant in marine algae. A
variety of metabolites containing chlorine, bromine, and iodine have
been discovered, with structures ranging from simple aliphatic haloketones and brominated phenols to more complex halogenated mono-,

sesqui-, and diterpenes. The structural formulas of these compounds
and their distributions in organisms have been recently examined and
summarized (Baker and Murphy, 1976; Bhakuni and Silva, 1974; Faulkner
and Anderson, 1974; Faulkner and Fenical, 1977; Fenical, 1975;

Scheuer, 1973). Two of the halogens, iodine and chlorine, are
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reported in metabolic processes of some terrestrial plants and

animals, but bromine metabolism is generally not recognized in

terrestrial organisms. Because of the high concentrations of halide
ions in seawater, it is not surprising that marine organisms have
developed pathways that utilize halogens in metabolic compounds.

However, the biological functions of halogenated compounds in marine

algae have been little studied. These compounds do not appear to be
involved in primary metabolic processes; Fenical (l975) postulated
that they are probably synthesized as chemical defenses against
epiphytes, parasites, herbivores, and bacteria.
Al though brot. algae are known to contain iodine, the red algae

have been more intensively studied by marine natural products chemists
and have been shot. to utilize all three halogens (bromine, chlorine,
and iod ine) in metabolic produc ts (Fenical, 1975). Less information

exists on the presence or absence of halogenated compounds in the

green algae. In the red algae halogenated compounds are often
localized in specialized vesicular cells of the thallus (Fritsch,
1945; Chan and McManus, 1969; Pedersen et aI., 1974; Wolk, 1968).

This may be a means of preventing autotoxicity, similar to the

sequestering vacuoles of higher plants.
Studies of the "biological activity" of halogenated compounds in

marine algae have been limited primarily to the effect of red algal

extracts on bacterial or fungal growth. Mautner et ale (l953) conducted one of the first studies of the antibiotic activity of

Rhodophyte extracts. Since then, many bromophenols, haloterpenes, and
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haloketones have been shown to have antibacterial and antifungal
effects (Peguy and Heim, 1961; Glombitza and Stoffelen, 1972;

Glombitza et ~., 1974; Fenical, 1974). Bromophenols from
Po1ysiphonia lanosa were demonstrated to be toxic to single-cell algal
cuI tures (McLachlan and Craigie, 1966), but their function in nature

as ant iepiphyte agents has only been hypothesized and not tested.
Chlorinated terpenes from Plocamium cartilagineum have been tested for
toxic effects on goldfish and insects (Crews and Kho, 1974, 1975), but

their function against herbivores, algae, or bacteria found in the

natural environment of the alga has been ignored, perhaps for lack of

appropriate experimental designs. This thesis research will examin~
the effect of halogenated compounds in algae against herbivores found
in their community and hence will contribute to. the understanding of

plant-animal chemical interactions in the marine environment.

It has been shown that herbivores can concentrate halogenated

compounds from their algal food sources. Stallard and Faulkner (l974)
found large quantities of halogenated metabolites from Laurencia and

Plocamium in the sea~hare Aplysia, but no enzymatic degradation produc ts of these compounds were found. It appears that Aplysia, which
is a specialist herbivore preferring these two species of red algae,

is adapted to store these potentially toxic substances in its body

tissues, resulting in a bad taste and hence chemical protection from

its predators. Similarly, in terrestrial systems, monarch butterflies
have become adapted to plant poisons in their tissues which serve as
protection against bird predators (Brower and Brower, 1964).
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Despi te their abundance in the Rhodophyta, halogenated compounds

are not ubiquitous in the division. Fenical (1975) reported that they
have been found in seventeen genera from five orders including
Laurencia, Plocamium, Ceramium, Odonth~lia, Polysiehonia and
Rhodymenia; no significant concentrations have been found in Porphyra,

Pterocladia, Halosaccion, and Spyridia. Synthesis of halogenated com-pounds appears to be similar within families, and halogenated meta-

bolites have been used as taxonomic markers to study polymorphism
(Fenical and Norris, 1975; Mynderse and Faulkner, 1974).
Halogenated compounds thus compare in several t.ays to chemical

defenses in terrestrial plants such as alkaloids and glucosinolates.

They are probably effective in relatively small concentrations as
toxins or feeding deterrents to non-adapted herbivores, but may be

susceptible to counteradaptation and may have little inhibitory effect
on the growth and fi tness of adapted herbivores, which may exploi t

them as attractants or use them for their own chemical defense against

predators. Furthermore, potentially toxic halogenated compounds may
occur along algal family lines and may vary in production between and

within species and among habitats, perhaps in relation to herbivore
grazing pressure, thus s~ggesting parallels to the alkaloids and

cyanogens in the terrestrial plant-herbivore systems. Halogenated
metabolites are probably relatively inexpensive energetically for

marine algae to synthesize as chemical defenses, partly because of the
high concentrations of halide ions in seawater and partly because many
of the structures are relatively simple.
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In the New ~ngland intertidal communi ty, Menge (1975) found that

herbivorous imails preferentially feed on ephemeral red algae such as

Ceramium sp. and Porphyra umbilicalis and avoid pèrennial reds such as

Chondrus crispus and Polysiphonia lanosa. Certain halogenated
compounds in the non-preferred algae may be acting as chemical

defenses. For example, the diverse bromophenolic compounds in
Polysiphonia lanosa that have demonstrated antibacterial and antialgal effects (Augier and Hofmann, 1952; Glombitza and Stoffe1en,

1972; Glombitzaet aL., 1974; Stoffelen et al., 1972) may be
antiherbivore in nature. In contrast, no halogenated compounds have

been found in Porphyra. Likewise, the ephemeral algae which are most
highly preferred as food by the snails are dominated by green algae,

few o'f which have been shown to contain halogenated metabolites.
Studies of the effect of halogenated compounds on the feeding

preferences of these snails could elucidate the func tion of the algal
chemicals in herbivore relationships.

3) Terpenes, Steroids, and Other Chemicals
Many other chemicals in marine algae may be involved in

plant-herbivore feeding relationships. Caulerpa spp. are well known
for the toxins caulerpicin and caulerpin, which are complex dimeric
structures and which have been shown to concentrate in herbivore

tissues (Doty and Aguilar-Santos, 1974). Recent ly, Sun and Fenical
(1979) showed that rhipocephalin and rhipocephenal, compounds from the

tropical marine alga Rhipocephalus phoenix, were toxic to fish. A
variety of substances from algae have been shown to be toxic to man

'Í:
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(Hashimoto and Fusetani, 1971). Marine unicellular algae, especially
dinoflagellates, produce toxins Which are responsible for shellfish

poisoning.
Sterols and steroids are common in marine algae (Patterson,

1971). One of the most clever defenses of terrestrial plants against
herbivores is the production of steroidal molting hormones and their

analogs that disrupt normal development of the animals. Closely
related ecdysones and crustecdysones have been isolated from both

insects and marine crustaceans (Gagosian and Bourbonniere, 1976). A
synthetic juvenile hormone mimic was shown to cause premature

metamorphosis of marine crustaceans (Gomez, Faulkner, Newman, and
Ireland, 1973). Further research may shot. that marine plants can

produce such hormones and analogs that lethally accelerate or inhibit
development of their herbivores, just as Williams (1970) demonstrated
for terrestrial plants and their insect herbivores.

D. Conclusions

,

,.
i~

Examination of the chemical defenses and responses of higher
I:;
~

1'i

plants and their herbivores in terrestrial communities suggests pat~

terns which may have parallels in marine communities. Marine algae
produce a variety of chemicals which resemble antiherbivore chemicals
of higher plants and also a variety of chemicals which are unique to

the marine environment. Tannins and many diverse halogenated compounds in marine algae have demonstrated antibacterial, antifungal,

and antialgal activity, but their function in plant-herbivore rela-

tionships has not been studied. The following research will examine

-28-
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In high rocky intertidal pools, field experiments demonstrated

that ~ littorea controls the abundance and type of algae (Menge,

1975). Highest species diversity of algae occurs at intermediate
periwinkle densities becausé the herbivore preferentially feeds on the

competitively dominant algae, Enteromorpha spp. . Absence of herbivore
grazing resul ts in a pure stand of Enteromorpha; moderate grazing

creates space which allows competitively inferior algal species to

persist; intense grazing eliminates most algae in numbers of both

individuals and species. This effect of ~ littorea in high tide
poo Is is contrasted on mid and low rocky emergent substrata where the

herbivore's preferred food is competitively inferior, thereby
decreasing algal diversity at all intensities of grazing.

In summary, plant-herbivore interactions are important in the com-

~munity structure and organization of the New England rocky intertidal

region. The most abundant herbivores, in particular the periwinkle
snails L. littorea, because of their grazing preference regimes,

affect the distribution, abundance, and diversity of algae in the mid,

low and high intert idal zones.
B. Factors Determining Algal Preferences of Herbivores
To date, little is known of factors determining the algal

preferences of marine herbivores. Evidence of the protective function
of certain chemicals in terrestrial plants and their role in determining herbivore feeding patterns has accumulated, but counterpart
studies in marine environments have done little more than to implicate
the possible importance of algal chemical defenses against grazers.
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Vadas ci 968) hypothesized that chemical defenses of the phaeophyte

Agarum reduces grazing and adversely affects the growth the reproduction of herbivores, leading to the evolution of preferential her-

bivory. Field experiments combined with laboratory food preference
tes ts by Ogden (i 976) showed that some algae or algal tissues are

specifically avoided during grazing; chemical and structural features

were merely suggested, without experimentation, to be the responsible

factors. Some hypotheses attempt to explain herbivore feeding preferences on the bases of algal caloric content, nitrogen content,
storage produc ts, cell-wall composi tion, or other various factors.

.AII of these possibilities are, of course, not mutually exclusive, and
certain algal species due to particular .combinations of these factors

may be highly preferred or non-preferred as food, depending upon the

herbivore involved. Many studies have attempted to correlate marine
herbi vore food preference with these various factors, but no clearly

defined trends have emerged (Carefoot, 1967, 1973; Paine and Vadas,

1969; Kristenson, 1972; Nicotri, 1978). Correlations are merely suggesti ve and do not demonstrate causative factors and effects. The
importance of controlled, manipulative experiments in ecological

studies has recently been stressed (Connell, 1975). This study will
attempt to investigate experimentally the importance of chemicals in
algae as means of defense against their herbivores.
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CHAPTER 1

EVIDENCE FOR ALGAL CHEMICAL DEFENSE AGAINST A MARINE HERBIVORE
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ABSTRACT

A method was deve loped to test compounds extracted from algae for

their effect on the feeding of snails. Using this method it was shown
that in three of the dominant perennial algae of the New England rocky
intertidal community (Fucus ~esic~~osus, Ascophyllum nodosum, and

Chondrus crispus), a chemical factor rather than size or toughnèss is
responsible as a feeding deterrent against the most abundant herbivore,

Littorina littorea.

The antiherbivore factor in Codiu~ fragile, an

annual green alga t.hich is of low food preference to ~. littorea,

appeared to be partially lost during extraction procedures and feeding

experiments. In the two brown algal species, the antiherbivore compounds
are methano 1-extrac table, probably polyphenols, while in the red alga the

ac ti ve component is methylene chloride-extractable.
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INTRODUCTION

In the New England rocky intertidal community, space is dominated by
two perennial plant types, fucoids (Ascophyll~~ nodosum and several
spec ies of Fucus) in the high and mid zones and Irish moss (Chondrus

criypus) in the low zones. These algae have effective escapes from the
predominant herbivores, periwinkle snails of the genus Littorina

(Lubchenco, 1978). Here I report the first direct evidence that these
algae produce chemical compounds which inhibit feeding by the snails and,

describe the method used. Although many unusual natural products
isolated from marine algae have toxic effects on bacteria, single-celled
algae, fungi, goldfish, and insects (Conover and Sieburth, 1964;

McLachlan and Craigie, 1966; Crews and Kho, 1974 and 1975; Fenical,
1975), feW have been tested for an antifeeding function against marine
herbi vores found in the environment of the alga from which the compounds

were extracted (only recently, Sun and Fenical, 1979, reported the
activity of two sesquiterpenoids from a Caribbean alga against reef

fish). In contrast, it has been well documented in terrestrial
environments that plants produce many diverse chemicals that deter
feeding by invertebrate and vertebrate herbivores (Fèeny, 1968, 1970,

1976; Gilbert ~ ~., 1967; Janzen ~ al., 1976; Meinwald et ~., 1978).

EXPERIMENTAL PROCEDURES AND RESULTS

Periwinkles and algae were collected from rocky outcrops along' the
coast of Massachusetts. Food preference studies conducted by Lubchenco
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(1978) and by me indicate that some macroalgae are highly preferred by

periwinkles while others are rarely eaten. Lubchenco (personal
communication) found a correlation between degree of preference and

toughness of the algae. To test the hypothesis that certain algae are
not eaten because of their toughness, nine species of algae, ranging from
preferred to non-preferred as food in the Littorina littorea's preference

regime, were homogenized with a Brinkman Polytron and solidified with

1.8% agar-seawater in petri plates. Two sets of feeding experiments were

run. In the first, the snails were presented with a single choice of
algal-agar media and tested for a feeding response. In the second, the
snails were presented with a choice of four types of media and tested for

a preferential feeding response. These experiments were conducted under
running seawater in "test arenas" consisting of screened containers (8
cm. high x II cm. diam.) with four-way divided petri plates offering the

media to four ~. litto~~ which were allowed to graze for four days
(Figure l). Amounts of media consumed were measured using a 0.5 cm.

gridded plate over the petri plate. The resul ts are sumarized in Tables
i and 2. Snails consumed media prepared with their normally preferred
algal species such as Ulva lactuc~; Enteromorpha intestinalis, Porphyra

umbilicalis, and ~eramium rubrum and did not eat agar controls (without
algal homogenates added), indicating that agar itself was not acting as

an attractant. Media prepared with Fucus vesiculosus, Ascophyllum
nodosum, and Chondrus crispus (normally non-preferred algal species) were

avoided. These results indicate that there is a factor other than
toughness or size that is acting as a feeding deterrent and suggest that

~- .
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Figure 1. "Test arena" with divided petri plate offering media to snails.
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TAB LE 1

Feeding Preferences of Littorina littorea for Algal Species in

_.- Agar Med i ur
1. Single Choice Experiments

Alga used in
Agar Med i Utl

Preference of

Alga to

L. li ttorea*

% Med i um cons umed

by four snails

after four days
(mean + s.e., n=4)

CHLOROPHYTA

En-ter~Ph intestinalis

Ulva lactuca

high
high

90 + 5
90 + 5

todium fragIle ---

low

90 + 10

rorphyra umbilicalis

high
high

Polyšl-phorli~ -lexicaulis

medium
low

90
65
40
lO

RHODOPHYTA

Ceramium rubrum

Chondrus crispus
------

+
--

5
+ lO
+
5

-+

.2

PHAOPHYTA
~~--ocarpu~ ~iliculosus
Sphaerotrichia divaricata

Fucus vesiculosus
Ascophyllum nodošum

Agar

control

-+

high

70 +

reed i ur
low
low

40 +
lO +

------

5

lO +

2
5

0
2
2

*Data from field and laboratory experiments of Menge (1975), Lubchenco

(1978) ,and Geiselman (unpublished data).
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TABLE 2
Feeding Preferences of Littorina littorea for Algal Species in
Agar Med i um

2. Four-way Choice Exper iments

Alga Used in
Agar Med i um

Preference of Alga
to 1. littorea*

consumed

% Medium

after four days
(mean + s. e., n=4)

1. Fucus vesiculosus

high

1. Chondrus crispus
2. Ceramium rubrum
3. Porphyra umbilicalis
4. Agar control

high
high

1. Ascophyllum nodosum
2. Sphaerotrichia divaricata

low
medium

3. Ulva lactuca
4. Agar control

- 100
- 5
0 + 0

low
low

2. Codium fragile
3. ~ntèromorpha intestinalis
4. Agar control

0 +

low

30
95

+

10
65
98
0

-++
-++

+

-+
95 0 +

high

5
5

2

0

0 +

0

40 +

2
5

0

*Data from field and laboratory experiments of Menge (1975), Lubchenco
(1978), and J. Geiselman (unpublished data).

,.
;
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a chemical factor is involved. That is, those species of algae thát are
not eaten in the field or laboratory (Menge, 1975; Geiselman, unpubl.
data) were still not acceptable as food when homogenized and incorporated

into agar media. Those species of algae normally eaten in the field and
laboratory were the preferred food when homogenized into agar media. One

exception was found. Codiu~ fragil~, which normally is of low food
preference to the snails, was acceptable as food

when homogenized and

incorporated into agar. This suggests that its low preference is due to
some factor, perhaps a volatile chemical (Chapter 5) or the tough
coenocytic cell wall, which is lost or destroyed during the

homogenization and incorporation into warm agar media. However, when
offered a choice between media, snails selectively consumed media
prepared with preferred food species over media prepared with ~.

!E.~~0~.. This suggests that the antiherbivore factor may be partially
destroyed but not entirely lost during the experimental procedures.
The exper iments described above led to the development of a method to

test the effect of algal chemicals on the feeding preferences of the

herbivores. Suspected defensive chemicals extracted from the algae were
added to an agar medium containing homogenized algae preferred by the

snails. The effect of the chemicals on the feeding of the snails was
then observed and quantified by comparing the amount of the experimental

media consumed to the amount of control media consumed, using the divided
petri plates and test arenas described above.

Chemical investigation of the brown algae F. vesiculosus and A.

nodosum was begun by comparing the effect on grazing of compounds

./
/
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extracted with methanol versus those extracted with methylene chloride.

For.each alga, a 50 g. sample (wet weight) in 300 ml. of CH30R and

another in 300 ml. of CH Cl were allowed to stand for 24 hours and

2 2

then homogenized and filtered. The extracts were evaporated to near

o
dryness using a Buchi Rotavapor at 35 C. Residues were mixed into
50 g. of food media consisting of a mixture of Ulva lactuca and

Enteromorpha intestinalis homogenized in l.8% agar-seawater. Methanol

chloride extracts of a mixture of !!. .!ii~tuca and E.

and methylene

intestinal

is were similarly tested in the food media. The amounts

consumed of these media t.ith added extracts were compared to the amount

consumed of the control food media with no added extracts (control media

did have an equal volume of CH30H or CH I added). Results
2 2

indicated that compounds extractable with methanol from both F.

vesiculosus and A. nodosum cause inhibition of feeding by L. littorea

(Figure 2).
The next set of experiments t.as designed to partition the components

in the active methanol extracts and to bioassay each fraction. For each
alga, a 50 g. sample was extracted for 24 hr. in 300 ml. of methanol and
'( 1

the extract partitioned between methylene chloride and methanol-water

/)

(3:1). Both fractions were concentrated and bioassayed in the food

medium with L. littorea. Figure 3 shows that the active compounds in F.
vesiculosus and A. nodosum are concentrated in the methanol-water

fractions. Thin layer chromatography of these active fractions on silica

ge 1 and polyamide revealed spots which were UV-absorbent and which
stained reddish-brown with the Lindt reagent (vanillin-RCl). This

'1-
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Figure 2. Effect of algal methanol and methylene chloride extracts on
feeding of L. littorea.

% medi.a
d experimental
consume
= control media
media consumed
consumed iOO%
x .,
(mean + s.e., n = 4).

..,'"~tt:(
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Figure 3. Effect of methanol-water and methylene chloride partitions of
F. vesiculosus and A. nodosum methanol extracts on feeding of-

L. littorea.
% media consume
= control media
d experimental
mediaconsumed
consumedx 100%,
( me an + s. e ., n = 4).

A. nodosum
CH30H
Extract

F. vesiculosus
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suggests that the active fractions contain phenolic or tannic compounds,

perhaps similar to those identified in brown algae by Glombitza (1977)
and Ragan and Craigie (1976) or to those found in terrestrial plants

which have been shown to be effective antiherbivore compounds (Feeny,
1970; Dement and Mooney, 1974).

Chondrus crispus and Codium fragile samples were similarly extracted

wi th methanol and methylene chloride. The methanol extracts of these

algae were ineffective in deterring~. littorea feeding in contrast to

those of the brown algae. The methylene chloride extrac ts of both algae
reduced feeding but were not as effective as brown algal methanol

extracts. c. crispus extract was more effective than that of ~. fragil~,
agreeing with the preliminary experiments which indicated that some
compounds in ~. fragile may be active against feeding but are, perhaps,

volatile and partially lost or transformed to other products during the
extraction procedures or feeding experiments (in spite of precautions
taken such as using low temperatures for rotoevaporation of the extracts
and incorporation of extrac ts into cooled agar media).

CONCLUS ION

I have developed a method to test compounds extracted from marine

algae for their effect on the feeding of herbivorous snails. Analyses of
the active extracts from algae not prefèrred as food by ~. littorea are
underway to identify the antiherbivore compounds and determine if the
production of these defenses varies seasonally, during different stages
of life cycles, with age or size, or in different parts of the plants;

resul ts will be reported in subsequent papers. At this point I conclude

~
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that three dominant, perennial algae of the New England rocky intertidal

community (!. vesiculosus, ~. nodosum, and ~. crispus) have chemical
defenses against the major herbivore in the community, L. littorea. The
low food preference to ~. littorea of c. fragile, an annual alga recently
introduced to this community, appears to be due to factors partially lost
during experimental procedures, perhaps volatile chemicals or structural

toughness.
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CHAPTER 2

Polyphenols in F~ vesiculosus and ~scophyllum nodosum:
Chemical Defenses against the Herbivorous Snail, Littorina littorea
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ABSTRACT

Po1yphenols from two brown algae, Fucus vesicu10sus and Ascophyllum
nodosum, were shown to inhibit feeding by the herbivorous snail,

Littorina littorea. This research is the first demonstration that
chemical compounds defend these two dominant, perennial marine algae from

the major herbivore found in their community. The active compounds from
the algae were characterized as high molecular weight polymers of
phloroglucinol (polyphenols) by means of thin layer chromatography,

. f d 1 d 13 1 .

in ra-re spectroscopy, H an C nuc ear magnetic resonance
spectroscopy, and membrane ul trafil tration. These compounds were

previously shown to be localized intracellularly in brown algal

/-

physodes. As little as 1% (dry wt.) po1yphenol in food media reduced
feed i.ng by more than 50%. Certain polypheno lic extrac ts inhibited

feeding entirely when present in concentrations of 2 - 5% (dry wt. )in

food media. Phloroglucinol dihydrate and gallotannin, which are
commercially available phenols known to be herbivore deterrents in
terrestrial plants, inhibited ~. littorea feeding when added to food

media in concentrations similar to those above. I conclude that
polyphenols in F. vesiculosus and A. nodosum are functionally similar to
terrestrial plant polyphenols (tannins) in their roles as chemical
defenses against herbivores.

,.
'i
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INTRODUCTION

Fuciis vesiculosus and Ascophyllum nodosum are dominant, perennial
plants in high and mid rocky intertidal zones of New England. The major
herbi vore on macroscopic algae in this intertidal community is the

periwinkle snail, ~~~~orina littore~. Although in abundant supply,
neither of these fucoid algae is utilized for food by this herbivore.

The only exceptions to this observation appear to be certain instances of
littorine grazing on sporeling stages or on mature fucoids only in winter

when all other food species are unavailable (Menge, 1975). Lubchenco
(1978) hypothesized that there is some chemical or mechanical change in
fucoids correlated with larger size that makes F. vesiculosus and A.

nodosum less attractive as food for L. littorea. It has since been
demonstrated that methanol extracts of F. vesiculosus and A. nodosum
inhibit feeding by ~. littorea when added to preferred food sources
(Chapter 1). The purpose of this investigation

was to isolate and

identify the compounds in these extracts which are active as chemical

defenses and to determine their effective concentrations (liED50ii:: dose
required to inhibit feeding by 50%; e.g., see Russell et aL. ,1978)

against L. littorea.
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M~THODS AND RESULTS

Algal Collection, Extraction, and Bioassay
F. vesiculosus and A. nodosum were collected during low tides along

the coast of Vineyard Sound, Massachusetts. After removal of epiphytes
and animals from their surfaces, the algae were extracted either

immediately or after drying. Preliminary experiments showed that
methanol extracts from dried fucoids showed similar levels of

antiherbivore activity as extracts from fresh plants. Hence, analyses
were initially carried out on dried plants, and, as a precaution against
changes on drying, were thereafter performed on fresh plants;

structural

results are compared below.
The bioassay used to determine the effects of

compounds on feeding by

L. littorea was similar to that described previously (Chapter 1). Food
media consisted of Ulva and Enteromorpha spp. homogenized in seawater

(1:1 wet wt.) and solidified with agar. Extracted compounds were
dissolved in a small volume of ethanol/water (depending on solubility),

and an equal volume of ethanol/water was added to the control food

media. Extracts were incorporated into the food media in concentrations
equivalent to those in the fresh plant unless otherwise noted (e.g., in

dose-response experiments). The experimental and control media were
offered in pairs in divided petri plates which were placed in running

seawater tanks (18o C). Rather than being confined to individual plates
in screened containers (as described in Chapter 1), the snails were
allot.ed to roam the

tank, feeding freely on the plates and media. This
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procedure change was initiated because snails tended to climb the walls

of the containers when enclosed, causing time delays in the feeding

experi~ents. A grid was used to determine the area (%) of experimental
and control media consumed. Results for each experimental medium were
expressed as % of control medium consumed.

Isolation of Activity in Crude Fractions of Fucus vesiculosus(dried)

F. vesiculosus was extracted according to the scheme depicted in

Figure 1. Bioassay of the benzene and I-butanol partitions indicated
that the l-butanol partition totally inhibited feeding by ~. littorea

(Figure 1). The benzene partition also exhibited antiherbivore activity,

but it was less than that of the I-butanol partition. Therefore, further
analyses proceeded with the more active l-butanol partition. Thin layer
chromatography (silica gel, ethyl ether/benzene - 1:1) of the benzene

part it ion revealed expec ted lipid components, and the NM spectral data
indicated an abundance of triglyceride absorptions where linolenic or

lino leic was the predominant type of fatty acid. Thin layer
chromatography (silica gel, CHCl3/MeOH/H20 - 12: 6: 1) (Table 1) and

NMR spectral data of the l-butanol partition indicated that polyaromatic

or tannin-like substances were present because of the low mobility and UV
fluorescence on the TLC plates and the NMR proton absorbtions near 6d

The l-butanol partition of F. vesiculosus was next sepàrated into
three fractions by preparative thick layer (1500 microns) silica ge 1
chromatography (CHCl3/MeOH/H20 - 12: 6: 1). The most polar section

(Rf = 0.0 - 0.3) contained most of the mass of the extract, exhibited
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Figure 1. First extraction scheme for Fucu~ vesiculosus (dried) and

resul ts from bioassays.

-53EXTRACTION SCHEM:
FUCUB ve8iaui08UB (dried)
MeOH/

.. CHC13 (2: 1)

extraction

extract
benzene/H20 parti tion

H20 soluble

benzene soluble*

l-BuOH/H20 partition

I-Butanol soluble*

:f.

H20 soluble

thick layer (1500~)

chromatography
(Si gel, CHC13/MeOH/H20-l2:6:l

3 ractions
f . **
BIOASSAY RESULTS:
Addition to media

*

I. Benzene partition
I-Butanol partition

*,'t

II. Fraction 1 (Rf 0.6-0.8)

Fraction 2 (Rf 0.3-0.6)
Fraction 3 (Rf 0.0-0.3)

% media consumed (relative to control)
mean t S. E., n = 3

23.3
0

100
100
0

t
t

8.8
0

~
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TABLE 1. Thin layer chromatography of I-butanol partition of
F. vesiculosus MeOH/CHC13 extract. Solvent system = CHC13/
MeOH/H2Ö) (12:6:1).

Color from
(aqueous)

Fluorescence

50% HZ S04

Rf

0.83
0.78
0.73
0.64
0.55
0.45
0.35
0.11-0.26
0.0

char

from
UV

green and brown
blue
purple

¡
¡
¡
¡
¡
¡

light green

brown/purple

purple/pink

light tan/orange
light tan/green

brown/black (origin)

vis

¡
¡
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nhsorptions at 6"i.9 - 6.2 in the H NMR, and showed 8 positive reaction

with vanillin. The less polar (top, middle) layers exhibited aromatic
absorptions in the NMR at 07.5 but did not react as strongly with

vanillin. The bioassay of the three fractions showed that feeding
deterrent activity was isolated in the most polar fraction (Figure I).

~ctivit~Polyp~enolic Fractions from F. vèsiculosus
The results above shot.ed that feeding deterrent activity against L.

littorea was isolated in polar fractions of I-butanol partitions of F.

yesiculosus MeOH/CHCl3 extracts. Because the thick-layer
chromatographic separations dip not yield large enough quantities for
several bioassays, the I-butanol partition was next separated into three

polyphenolic fractions using solvent partitioning and gel and adsorption

chromatography (Figure 2). This separation yielded a large enough
quantity of each fraction to .

bioassay in a dose-response experiment.

Fraction 3 was most active, reducing feeding by 50% (ED50) at a

concentration of 0.2 mg./g. media (:0.2% dry wt.) (Figure 3). Fractions
I and 2 reduced feeding by 50% at the higher concentrations of 4.0 - 4.6

mg./g media (4.0 - 4.6% dry wt.). Since fraction 1 was present in the F.
vesiculosus extracts in a much lower amount than fractions 2 and 3 (ratio
of weights of fraction 1 to weight of fractions 2 and 3 combined

1:17),

it appears that the compounds in fractions 2 and 3 account for most of
the chemical resistance of F. vesiculosus to L. littorea.
Frac tions 2 and 3 were then subjected to molecular weight

fractionation by ultrafiltration using an Amicon membrane (XM100A) with

'i.
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Figure 2.

Second extraction scheme for Fucus vesiculosus (dried).
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I-butanol partition of MeOH/CHC13 (2 :1)
~xtract of FUCUB veBicuiOBUB

EtOAc/ acetone (1: 1)

extracted

t-17:l~
ratio wts.

insoluble material

soluble material
,'I.

Bio-Beads S-X12

2 Si gel

( tetrahydrofuran/benzene/

columns (using
isopropanol/EtOAc

MeOH (10 :.10 :1))

mixture)

Fraction 1
(Contains 35% of
soluble material)

Void volume, MW ~400
(Contains ~90% of
material added to

column)

.J Acetone extracted

insoluble, but MeOH soluble
= Fraction 3

+- 4:7--

+.
soluble
= Fraction 2

Fraction 1 relatively nonpolar, low molecular weight polyphenolic
Fraction 2 = high molecular weight, acetone soluble mixture of polyphenolics (including 1) and 3) L
Fraction 3 = high molecular weight, acetone insoluble but methanol
soluble mixture of polyphenolics
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Figure 3. Dose-response curve for the effect of fractions 1~ 2, and 3
from Fucus vesiculosus (second extraction scheme, Figure 2) on
feeding by ~. !tttorea.

% media consmne
= control media
x 0,
d experimental
media consumed
consumed 100%
(n = 1 because of the small quantities of fractions obtained).

, .

,
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molecular weight cut-off at 100,000 (note: gel chromatography with
Sephadex and BioBeads gels had been ineffective in separating higher

molecular weight polyphenols). Results are shot. in Table 2. Recovery
for each fraction was 98% and 85%, respectively. Fraction 2 had a higher
percentage of molecular weights over 100 ~ 000 (58.2%) than did fraction 3

(37.6%). Each of these m.w. fractionations were than bioassayed. Each
reduced feeding (compared to control) by a significant amount (greater

than 50%), and the most active were greáter than m.w. 100,000 in the
acetone-soluble fraction Table 3.

After these results from extracts of dried !. vesiculosus, work was
begun on extracts

of fresh !. vesiculosus and ~. nodosum using similar

extrac tion schemes and molecular weight fractionations. Each fraction

was bioassayed with L. littorea in concentratiôns of 0.1%, 1.0%, and 2.0%

(dry wt. of media). These concentrations are similar to polyphenol
contents determined in F. vesiculosus and A. nodosum during a year-long
study (Chapter 3) and hence are realistic in terms of what the snails
encounter in these two algal species.

'11

"

\t

Freshly collected F. vesiculosus (1595 g.) and ~. nodosum (1405 g.)

were each homogenized and extracted with 7 l. 85% aqueous methanol

(Figure 4). All organic solvents were distilled in glass before use.

Water was deionized and distilled twice. Solvent and algal grounds were
placed in 3 to 4 l. Erlenmeyer flasks, flushed with nitrogen, stoppered,

stored at lOoC in the dark, and swirled periodically. After two days,
the extraction solvent was filtered, and the methanol removed in vacuo

and recycled. The algae were extracted two additional times under the
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TABLE 2. Molecular weight fractionation of F. vesicuiosue acetone soluble
and methanol soluble fractions.

Fraction 2
Fraction 3

Acetone soluble

Methanol soluble

Recovery

MW .c 100,000

MW ;: 100,000

98
85

58.2
37.6

41.8
62.4

I

'i-
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Figure 4. Extraction scheme for Fucus vesiculosus and

~sc~phyiiu~ nodos~ (fresh).
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Fresh algae (Fucus vesicuZosus; AscophyZium

nodosum)
85 % MeOH

extraction

extract
benzene/H20 partition

benzene soluble

H2 0 soluble

1-

l

l
soluble

EtOAc

1. EtOAc

insoluble

II. Acetone

Acetone

soluble

insoluble

III. MeOH

soluble

I. Phloroglucinol + Low MW
phloroglucinol polymers

II. High MW phloroglucinol

polymers
III. High MW phloroglucinol

polymers

H20 soluble

I.
,
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TABLE 3. Bioassay of F. vesicuiosus acetone soluble and methanol soluble
fractions with MW cut-offs at 100,000).

% media consumed, relative to control
(mean t si , n = 2)

Fraction 2 - Acetone söluble

~100, 000

::100,000

7.5 t 0

2 t 0

Fraction 3 - Methanol soluble

.:00,000
::100,000

31 t 7
25 t 7
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same condi tionsfor one day periods. The residual aqueous layer (1 - 1. 2
1.) from the first extraction was shaken twice with 0.5 1. benzene and

the benzene layers combined. Water was removed from the aqueous phase in

o
vacuo at approximately 10 ro. Hg and 40 C. The residuè was
successively extracted with 1 1. ethyl acetate (EtOAc), 1 1. acetone, and

1 1. MeOH. The second and third .extractions were handled similarly, and
the solvent partitions combined. NMR and IR data for the F. vesiculosus
and A. nodosum solvent partitions are given in Tables 4 - 8.

Molecular weight fractions of these solvent partitions were
subsequently obtained by ultrafiltration (gel chromatography

with

Sephadex and Bio-Beads gels was ineffective in separating higher
molecular weight phloroglucinol polymers in F. vesiculosus and A.

nodosum). A 400 ml. Amicon stirred-cell with 76 mm. membranes was used
for all molecular weight separations. Approximately 100 ml. of deionized

and twice-distilled water was used for per 100 mg. of sample. The
membranes were prepared by soaking in distilled water at least one hour
prior to use followed by washing in the cell under pressure with
approximate ly 150 - 250 ml. water. During molecular weight separation,

the membrane integrity was monitored by observing the filtrate flow

rate. When the flow rate decreased for a given nitrogen pressure, the

membrane was changed. The filtrate was subsequently passed through a new
membrane prepared as discussed above. The higher molecular weight or
retained fractions were combined. Water was remov~d by freeze-drying.
Adsorption on the the Amicon membranes was significant but tolerable

-66-

TABLE 4. 'HN data from F. vesiauZosus (fresh) EtOAc, Acetone, and
MeOH solvent partitions.

I. EtOAc soluble (d6-acetone/TMS, 60 MHZ)
reI. 1m

ô

5.83

1

6.00-6. Ò3

7

6.13
6.33
6.97

5

4

D20 exchangeable

"
"
"

7.27
7.73

8.00

II. Acetone soluble (d6-acetone + d4-MeOH (trace)/TM; 60 MHZ

Ô reI. IIH
5.80

2

5.97-6.0
6.07-6.10

12

6.67
7.43
7.83

5

7

D2 exchangeable

"
"

8.1

III. MeOH soluble (d6-acetone + D20 (l:l)/TM + DSS (sodium 2,
2-dimethyl-2-silapentane-5-sulfonate), 60 MHZ)
Ô

5.85

5.97-6.02
6.13-6.20
6.30

reI.
1
6
5
3

IJH

-67-

TABLE 5. 'HNM data from A. nodosum (fresh) EtOAc, Acetone, and
MeOH solvent partitions.

I. EtOAc soluble (d6-acetone/TMS, 60 MHZ)
o

5.88
5. 98-6.02
6.17
6.32

rel. IlH

3

11
8
5

7.87-8.03

D20 exchangeable

II. Acetone soluble (d6-acetone + d4-MeOH (trace) /TMS, 60 MHZ)
ô

5.87
5.98
6.13
6.3

7.97-8.2

rel. llH

4

17
12
7

D20 exchangeable

i

I.
i
1
i
i

III. MeOH soluble (dçacetone + D20 (l:l)/TMS + DSS, 60 MHZ)
I.

0

5.93
6.10
6.23
6.33

reL.
4

11
7

5

llH

I
I
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TABLE 6. 13C NM data from F. vesicuZo8U8 (fresh)
acetone partition.

II. Acetone soluble, MW ;:100,000

(d6 -acetone/TMS, 50 MHZ)
Ó 94-100, 123-125, and 149-161
ó

94.2
94.4
94.5
94. T

94.8
94.9
95.0
95.2
95.7
96.1
96.2
150.7
151.1

reI. into
1. 9

4.0
4.0
3.2
3.2
3.3
3.4

151. 4

7.3
19.4
1.6
1.6
2.9
12.0
2.5

151. 7

1. 7

151. 9

1.1
1.2
3.4
3.7
3.7
3.3
1.2
1.1

152.5
152. 7

152.8
152.8
153.1
153.3
153.4

ô

96.3
96.5
96.6
96.7
96.9
97.2
97.5
97.6
100.1
123.5
123. 7

153.5
153.6
153.8
153.9
154.0
154.1
155.0
155.2
155.4

reI. int.
1.8
1.4
1.8
3.7
2.4
1.2
3.3

ô

reI. int.

123.8
124.0

1.0

1. 9

124. 2

1. 7

124.2
124.3
124.7

1.5
1.1

125. 0

1. 7

'1.0

1. 7

149.5
149.9
150.4
150.5
155.5
155.6

1. 7

157..0

1. 7

157.2
157.6
157.9
158.6
158.7
159.1

1. 6

1.2
1.1
2.0
1.4

1.8
1. 3

1.5
3.4
5.2

161. 2

1. 7

4.0
1. 3

1. 7

5.9
6.2
1.1
1. 9

6.0
5.2
1.1
1.1
2.1
1.4
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TABLE 7. IR data from P. v€aiaUiODU8 and A. nodo8um
(fresh) EtOAc t acetonet and MeOH solvent partitions.
(The IR's of solvent partitions It IIt and III of
F. vesiauiosus and A. nodosum were identicaL.)

I. EtOAe soluble (Tetrahydrofuran solution, NACI plates)
v (em-I)

Shape

3280
3480
1610

Strong, Broad
Strong, Broad
Med., Broad

II. Acetone soluble (Nujol mUllt MaCl plate)
v (em-I)

3260-3500
1600

Sha.pe
Very Broad
Med. t Broad

III. MeOH soluble (Nujol mull t NaCl plate)
v (em-I)

3300-3500
1600

Shape
Very Broad
Med. t Broad

I

-70-

TABLE 8. Percent recovery during molecular weight separations of F.
vesicuiosus and A. nodosum solvent partitions.

Amicon membrane (MW cut-off)

% Recovery - Avg. (range)
II. Acetone sol.

XM 300 (300,000)

75

XM 100 (100,000)

96 (86-100)

XM 50 ( 50,000)
YM 30 ( 30,000)

61 .

III. MeOH soL.

85
76
93 (85-100)
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(Table 8). The molecular weight data from ultrafiltration of !.
vesiculi:aus and ~. nodosum solvent partitions are sumarized in Table 9.
The chemical data for the extracts from dried and fresh F.

vesicul?sus and ~. nodosum were very similar; only two differences were
noted: 1) there were greater relative amounts of EtOAc soluble
phloroglucinol polymers in fresh than in dry algae, and 2) there were
greater relative amounts of low molecular weight (less than 100,000)

phloroglucinol polymers in acetone soluble fractions in fresh algae than
in dry algae.

The ethyl acetate, acetone, and MeOH partitions from fresh!.
vesiculosus and A. nodosum were bioassayed at concentrations of 0.1%,

1.0%, and 5.0% (dry wt. media). The results were similar to those of

extracts from the dried algae. All the partitions from both algal
species caused significant reduction of feeding (less than 50%

experimental media consumption relative to control) at 5.0%
concentration; the acetone and MeOH partitions were also active at the

lower concentrations of 0.1% and 1.0% (Table 10). These more active
acetone and MeOH partitions from F. vesiculosus and A. nodosum were then
divided

into molecular weight fractions by ultrafiltration, and each

fraction was bioassayed at concentrations of 0.1%, 1.0%, and 2.0%. In
addition, F. 'vesiculosus EtOAc, acetone, and MeOH partitions were

combined, divided by molecular weights, and bioassayed to determine if

molecular weight alone was important in determining activity of

compounds. Results indicated that all molecular weight fractions of
acetone and MeOH partitions from both F .vesiculosus and A. nodosum

I.

-72-

TABLE 9. Solvent partition and molecular weight data of F. vesicuiosus
and A. nodosum (fresh) samples.

i.

Solvent partitions

wt.

% we t wt.

F.

(gm. )

vesicuiosus:

i.
II.
III.

EtOAc

Acetone
MeOH

0.2
0.5
0.9

14.3

0.6
0.5
1.2

8.1
6.4
17.8

3.6
7.7

A. nodosum :

I.

II.
III.

EtOAc

Acetone
MeOH

2. Molecular weight data from ultrafiltration
F. vesicuiosus:

Combined EtOAc, acetone and
MeOH solvent partitions

MW

~100,000

19
41
40

17-21
38-44
36-44

0:100,000

29
71

23-33
67-76

)0 30, 000
0: 30,000

55
45

48-65
35-52

~100,000
0:100,000

32
68

32-33
67-68

)0 30,000
0: 30,000

35
65

30,000- 100,000
0: 30,000
II. Acetone soluble

III. MeOH soluble

Avg.-% Range - %

~100,000

A. nodoswn:

II. Acetone soluble

III. MeOH soluble

35

65
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TABLE 10. Consumption by L. Uttorea of media treated with various solvent partitions of F. vesicuZosus and A. nodosum (mean ~ S. E.; m=2).

% concentration of partition in media

Solvent Partition

1.0

0.1
% of

*

5.0*

media consumed (relative to control)

n=l for all bioassays of this highest concentration because of limited

.amounts of material obtained from extraction scheme.
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reduced feeding significantly (less than 50% experimental media consumed

relative to control) at 1.0% and 2.0% (dry wt. media) (Table 11). At the
lower concentration of 0.1%, both molecular weight fractions (one with
MW's less than 100,000, the other t.ith MW's greater than 100,000) of the

F. vesiculosus acetone partition appeared more active than the methanol

partition molecular weight fractions. The A. nodosum acetone fraction
with molecular weight greater than 100~000 was more active than that with

molecular weight less than 100,000 and both molecular weight fractions of

the methanol partition. Bioassays of the combined partitions which were
di vided by molecular weight showed that all fractions inhibited feeding

at 1.0% and 2.0% without any apparent relation to molecular weight; at
0.1% the fractions t.ith molecular weight less than 100,000 appeared more
active than those with molecular weight :

greater than 100,000.

Because high molecular weight polyphenols in !. vesiculosus and A.
nodosum were previous ly shot. to be polymers of phloroglucinol (Ragan and

Craigie, 1976; Glombitza, 1977), it was decided to bioassay this compound
(Aldrich, C6H3-1,3,5-(OH)3 .2H20, m.w. 162.14) to see if this

,.
:OJ

~

L
¡,

low molecular weight precursor to the polymers inhibits feeding of

snails. Phloroglucinol is reported to be a constituent of brown algal
physodes and is found in terrestrial plants as well. In addition,
gallotannin (Pfaltz and Bauer, C76H52046' m.w. 1700) was

bioassayed. This higher molecular weight polyphenol is common in
terrestrial plants and has demonstrated antiherbivore activity against

insects (Todd et aL., 1971). Results are sumarized in the dose-response

curves of Figure 5. Phloroglucinol inhibited snail feeding by at least

k
!

-75TABLE 11. Consumption by L. iittorea of media treatèd with various molecular weight fractions of F. vesiaUiOBUS and A. nodosum solvent partitions
(mean f S. E., n = 2).

concentration of MW fraction in media

%

0.1

1.0

2.0*

% of media consumed (relative to control)

F. vesiauiosus

II.

Ace tone:

MW aOO,OOO
MW ~100,000

III.

H
H

2

8f

1

4:t 1

7

MeOH:

69:t 0

30:t 0

0

7S:t 0

l4:t

5

9

MW .0 30,000

27:t 5

MW ~100,000

28:t 8

34:t 9
32:t 7

11

30,000 (MW .0100,000

73:t13

20f 8

15

MW ~100,000

66:t3

l4:tl0

6

28:t 8

15:t

MW .0 30, 000
MW ~ 30,000
EtOAc (I), Acetone (II) ,

and MeOH(II1) partitions

combined:
3

A. nodosum

II.

Acetone:
MW .0100,000
MW ~100,000

III.

8f

S

1

3:! 1

MeOH:
MW .0 30,000

23:tLO

MW ~ 30,000

60:t 7

33:t 8
38:t 8

17
33

*
n = 1 for all bioassays of this highest concentration because of limited
amounts of material obtained from extraction/molecular wt. separation.
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Figure 5. Dose-response curve for the effect of phloroglucinol dihydrate
and gallotannin on feeding by ~. littorea.

mediaconsumed
consumed x lOO%,
% media consumed =experimental
control media
( me an + s. e ., n = 4).
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50% when present in concentrations of 0.2 - 0.5% fresh wt. of media (2

5% dry wt.). Gallotannin inhibited snail feeding by at least 50% when
present in concentrations as low as 0.001% fresh wt. (0.01% dry wt.).
The effective concentration (ED50) of phloroglucinol is similar to the

effective concentrations of !. vesiculosus polyphenolic fractions shown

in Figure 3. Gallotannin is apparently more active than phloroglucinol

and the F. vesiculosus polyphenolic frac tions.

DISCUSSION

Stahl (1888) long ago suggested that plants produce compounds that
deter animals and showed that terrestrial snails would eat certain leaves

only after removal of tannic substances by alcoholic extraction. Hunger
(1902) t.as the first to suggest that marine algae contained compounds

that could provide protection against herbivores because he found that

the sea hare Aplysia would eat the brown alga Dictyota dichotoma only

after it had been subjected to alcoholic extraction. Since these initial
studies, most investigations of plant chemical defenses against
herbi vores have been directed in terrestrial environments. However,

evidence has accumulated that physodes and their phenolic contents in
brown algae are important as antifouling, antialgal, and antibacterial

agents (Conover and Sieburth, 1964; McLachlan and Craigie, 1964; Al-Ogily
and Knight-Jones, 1977). Our investigations have now provided

evidence

that two dominant, perennial brown algae, F. vesiculosus and A. nodosum,

-79-

contain compounds which inhibit feeding by the major herbivore found in

their commnity, ~. littorea.

1 13

As shot. by the H NMR, C NM, uv, IR, and TLC da ta, the
compounds in F. vesiculosus and !. nodosum that inhibited feeding of

snails are clearly polymeric phenols (polyphenols). The most diagnostic

structural information came from the l3c NMR absorption values. These
compared to the calculated values of monomers, dimers, trimers,
tetramers, etc. identified in brot. algae by Glombitza et !!. (1973,

1975, 1977), thus indicating the presence of phloroglucinol polymers

which contain primarily carbon-carbon linkages rather than ether
.linkages. Ragan and Craigie (1976) isolated from F. vesiculosus a series
of phloroglucinol polymers with molecular weights ranging as high as
650,000 dal tons. Because the linkages are chemically stable, Ragan and
Craigie hypothesized

that polymerization in vivo could be irreversible

and could give rise to physodes increasingly rich in polymeric phenols
("aging" of physodes).

,.

Our bioassays of polypheno ls from F. vesiculosus and A. nodosum

showed that a series of polymers with a wide range of molecular weights

are all active in inhibiting feeding by snails as is phloroglucinol

i tse If. The presence of these compounds in concentrations as low as 1%

dry we igh t of media reduced feeding by more than 50%. Therefore it
appears that chemical protection of these algae from herbivores is
afforded by a rather heterogeneous mixture of polymeric phenols rather

than a single compound. This has been found true for many terrestrial

plants (Rhoades and Cates, 1976). There are many other similarities

'i.
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between polyphenols in brown algae and those in terrestrial plants.
First, the structures

and activities of the compounds, including the

effective concentrations against herbivores, are much the same. Second,
the plants tend to sequester the compounds in special vacuoles so as to

prevent autotoxicity. Third, there are seasonal and within-plant
variations in tissue polyphenol contents (Fritsch, 1945; Levin, 1976;

Feeny, 1976; Chapter 3). It has been suggested for terrestrial plants
that attacks by herbivores and pathogens stimulates a defense mechanism

based upon the release of and immediate oxidation and/or polymerization

of phenols and polyphenols (Miles, 1969). These compounds then bind to
amino acids, proteins, carbohydrates, vitamins, and other plant nutrients
(e.g., iron), rendering them unavailable to herbivore digestive processes

(Van Sumere et al, 1975; DeAlarcon et al., 1979). In addition,
polyphenols complex with herbivores' enzymes, inactivating them, and
herbi vores i salivary proteins, causing astringent, bi tter sensations

which are presumably unpleasant and repellent. We hypothesize that the
polyphenols in F. vesiculosus and A. nodosum are functionally similar to
terrestrial plant polyphenols in their roles as chemical defenses against

herbivores.
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CHAPTER 3

SEASONAL VARIATION IN THE PHENOL ANDPOLYPHENOL CONTENTS

IN NEW ENGLAD ROCKY INTERTIDAL ALGAE
,
I
I.
I
,.

-82ABSTRACT
Total phenol and polyphenol contents

ten species of

were determined seasonally in

New England rocky intertidal algae, ranging from those

preferred to those avoided as food for Littorina littorea, the

predominant herbivore in this algal community. Fucus vesiculosus and
Ascophyllum nodosum, the perennial algae that dominate space and that are
not grazed by ~. littorea, had highest phenol and polyphenol contents

(1-17% dry wt.). Red, green, and ephemeral brown algae had much lower
levels of phenols and polyphenol or none.
Wi thin all F. vesiculosus tissues (apices, receptacles, midsec tions,

and stipes), phenol and polyphenol levels were lowest during winter

months, when the snails are inactive and not grazing. Phenol and
polyphenol levels in all tissues increase rapidly to high levels (up to
17%) during spring months, at which time snails are actively grazing in

th is algal community, crawling over the surfaces of the fucoids but not
consuming them. Apices ,midsections, and stipes were similar in the
seasonal variation of phenol and polyphenol contents; receptacles had

,

lower contents

~

A. nodosum had a range of phenol and polyphenol contents during the

year similar to that of F. vesiculosus, but two differences between these

species were noted. First,~. nodosum phenol and polyphenol levels did
not show as pronounced seasonal lows and highs. Second, there were
greater differences between different plant tissues; stipes had higher
levels than apices and receptacles.

It is concluded that the levels of phenols and polyphenols in F.

vesiculosus and A. nodosum are sufficient to deter L. littorea feeding

du ring the sea son when they ar e ac t i ve .

8f-~

J'\
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INTRODUCTION

Phenols and polyphenols in terrestrial plants have been shown to act

as antiherbivore defenses (Feeny, 1968; Todd et al.,1971; Beck and
Reese, 1976; Rhoades and Cates, 1976). Generally, polymeric phenols of
high molecular weight (greater than 500), loosely termed tannins, show

greater biological activity than simple phenols (Levin, 1976). Feeny
(1970) and Dement and Mooney (1974) showed that the seasonal variation of

tannins in tèrrestrial plants accounts for differences in the grazing

rates and patterns of herbivores. Similarly, variations in tannin
content in different tissues of a plant can result in differential
predation by animals (Rhoades and Cates, 1976).

Marine algae produce a variety of phenols and polyphenols, some of
which closely resemble the tannins of terrestrial plants (Glombitza,

1977; Ragan and Craigie, 1978). While these compounds have demonstrated
,;

"

antibacterial, antialgal, and antifouling effects (McLachlan and Craigie,

::1

1964; Conover and Sieburth, 1964; Sieburth and Conover, 1965), their role

X

i

against herbivores has not previously been shown. The work described

here is part of a project studying the ecology of algal chemical
defenses against the herbivorous snail, Littorina littorea, in the New
England rocky intertidal community.

Fucus vesiculosus and Ascophyllum nodosum dominate space in the mid-

and high intertidal zones of this community. These fucoids escape
predation by the predominant herbivore, L. littorea, once they attain a

-84-

MATERIALS AND METHODS
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thalli were sectioned into frond edge, meristem, and stipe samples. For
a 11 other species, samples consisted of whole thalli chopped with a razor
b 1 ad e .

For each sample of plant parts or thalli, duplicate 1 g. (wet weight)
o
subsamples were taken for dry weight determination (48 hr., 65 C.), and

duplicate 1 g. (wet wt.) subsamples were extracted in 20 ml. 85%

meth&noL. After 48 hr. extraction in the dark, the methanol subsamples

were finely ground with a Polytron homogenizer and centrifuged. The
methanol extracts were decanted, and the residues were re-extracted
twice, each time with 20 ml. 85% methanol (previous assays had shown that
further washings with 85% methanol, 100% methanol, and distilled water

did not yield appreciable phenol levels). Volumes were measured, and the

d . SO

extrac ts t.ere then store in darkness at C. for no longer than 2 days
until assayed for phenols and polyphenols.

Assay for Total Phenol Content
Total phenol levels were measured using an adaptation of the

"

I :¡
i

Falin-Denis colorimetric method (Folin and Denis, 1915; Swain and Hillis,
1959; Goldstein and Swain, 1963; Assoc. of Official Anal. Chemists,

1970). This assay is based on the oxidation of phenols by addition of a
phosphomolybdo-tungstic acid complex resulting in the formation of

tungsten and molybdenum blues with broad À max 725-750 m~. Other
reducing agents such as ascorbic acid, but not glucose, are Falin-Denis
reactive, but it is held that phenols constitute the large bulk of
Folin-Denis reactive

compounds found in most terrestrial and marine

il;
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plants (0. F. Rhoades, pers. comm.; Fox and Macauley, 1977; Ragan and

Cr8i~ie, 1978; Van Sumere!! aI., 1975).
,:' .

Resul ts are expressed as %"dry weight

i 'u
',',

,of phloroglucinol dihydrate, a

commercially available phenol. The majority of phenols in the brown
algae consist of phloroglucinol units (Ragan and Craigie, 1978).

Reagents:
1) Folin-Denis reagent, 0.25 N in Na2W04

41.25 g. sodium tungstate (Na2W04 2H20), 8.25 g. phosphomolybdic
acid (20MoO . 2H PO . 48H 0), and 20 mL. phosphoric acid were added

3 3 4 2

to 300 ml. distilled H20. The solution was refluxed 2 hr. ,cooled, then
diluted to 1 1. with distilled H20.

2) Sodium Carbonate, 2 N

Method:
1) Preparation of phloroglucinol dihydrate dilutions for standard curve

0.01 g. phloroglucinol dihydrate ~as dissolved in distilled H20 to a

volume of 100 ml. 0 - 10 ml. of this solution were pipetted into 100 ml.
volumetric flasks and brought to volume with distilled water.

2) Preparation of algal methanol extracts for assay
1 - 3 ml. of each algal methanol extract were pipetted into 100 ml.

volumetric flasks and brought to volume with distilled water.
3) Assay

1 mI. of diluted sample was added to duplicate 10 ml. test tubes,

followed by 1 ml. of Folin-Denis reagent with thorough mixing. After 3
min., 1 ml. of sodium carbonate was added and thoroughly mixed. After 1
hr. the test tubes were centrifuged (5

min. , 3000 rpm) to remove any

-87-

precipitates, and the absorbance of each solution was read against a

suitable blank at 725 m~ on a Gilford Spectrophotometer (model 252). If
the absorbancy of any sample fell outside the range of the standard
curve, the methanol extract was rediluted accordingly.
Assay for Polyphenol Content

Polyphenol levels were measured by an adaptation of the Polin-Denis
colorimetric method using polyamide binding (Sieburth and Jensen, 1968;

Ragan and Craigie, 1978). Excess polyamide powder quantitatively adsorbs
polyphenols from solutions, whereas most simple phenols such as

phloroglucinol, and other Folin-Denis interfering compounds such as

ascorbic acid, remain primarily in solution. Measuring phenol levels by
the Folin-Denis method before and after polyamide adsorption treatment
therefore gives an estimation of total polyphenol content.

Method/,O,'I) j ?

--

1) 2.5 gi of polyamide powder (Woelm) was added to 10 mI. of diluted

a 19a1 sample un in above Method). After 24 hr. of rotary shaking the
so lution was centrifuged to remove the polyamide.

2) The solution was then assayed as in 3) above.

RESULTS

Survey of Total Phenol and Polyphenol Content in Algal Species of the New
England Rocky Intertidal Community

Total phenol and polyphenol contents (% dry weight) were measured in
eleven species in the Phaeophyta, Rhodophyta, and Chlorophyta (Figure 1).

"
,
,
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Fi~ure 1. Range of total phenol and polyphenol contents (% dry wt.) in
New England rocky intertidal algal species.
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Species of brown algae showed higher contents of both phenols and
po lypheno 1s than spec ies of red and green algae. Wi thin the brot.n algae,

!. vesiculosus and ~. riodosum had the highest phenol and polyphenol

contents. Their levels were 2 - 20 times greater than the levels in all
other species examined.

Seasonal Variation in the Total Phenol and Polyphenol Content in

Different Tissues of F. vesiculosus andA. nodosum
Total phenol and polyphenol contents (% dry weight) were measured at

monthly intervals for one year in the apices, midse~tions, receptacles,
and stipes of !. vesiculosu8 (Figures. 2 and 3) and A. nodosum (Figures.

4 and 5). Figures 6 and 7 show the seasonal variation in the percentage
of phenols that were polymeric in the different plant parts of the two

species
In all parts of !. vesiculosus, total phenol and polyphenol contents
were lowest during the winter months of December and January (1~3. 3% dry

wt.), after which they increased rapidly to high levels (8.6-13% dry wt.)

during the spring months of March through May. Levels slowly decreased
during the summer (June through August), t.ith levels in the receptacles

showing a marked decrease in June after the peak reproduction period.

Gradual decreases continued during the fall except in the midsections,

where total phenol and polyphenol contents increased in September. From
January through June, there was no significant difference between apices,
midsections, and stipes in the monthly variation of total

phenol and

polyphenol levels. Beginning in July, the apices had lower levels of
these compounds than the midsections and stipes. Receptacles had
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Figure 2. Seasonal variation in phenol content of Fucus vesiculosus

apices, receptacles, midsections, and stipes.
(% dry t.t., mean + s.e., n = 2).

-92Fucus vesiculosus

Apices
Receptacles
Midsections
Stipes
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Figure 3. Seasonal variation in polyphenol content of Fucus vesiculosus

apices, receptac les, midsections, and stipes.
(% dry wt., mean + s.e., n = 2).

"Í-
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Figure 4. Seasonal variation in phenol content of Ascophyllum nodosum

apices, receptacles, midsections, and stipes.
(% dry wt., mean + s.e., n = 2).
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Figure 5. Seasonal variation in polyphenol content of Ascophyl1um nodosum

apices, receptacles, midsections, and stipes.
(% dry wt., mean ~ s.e., n = 2).
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Figure 6. Percent of phenols which are polyphenolic in Fucus vesiculosus

apices, receptacles, midsections, and stipes.
(mean + s. e ., n = 2).
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Figure 7. Percent of phenols which are polyphenolic in Ascophyllum nodosum

apices, receptacles, midsections, and stipes.
(mean + s. e .,n .. 2).
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significantly lower levels of total phenols and polyphenols than apices,

midsections, and stipes during all months. Percentage of phenols that
were polymeric varied most throughout the year in receptacles (from 75% .

in February to 99% in May and September); these values were significant ly
lower than those in apices, midsections, and stipes during February

through April. For all parts, polyphenols constituted the highest
percentage of the total phenols (98-100%) during May .

The total phenol and polyphenol levels in A. nodosum did not show

marked seasonal variations as did those in F. vesiculosus, but they did
indicate that levels varied within the plants throughout the year.

Stipes consistently contained higher levels of phenols and polyphenols

than apices, midsections, and receptac les. Except during March through

April, midsections had higher levels of phenols and polyphenols than
apices and receptac les. Percentage of pheno ls that were polymeric varied

most throughout the year in the apices and receptacles, with lows of
76-80% i.n February and July and a high of 95% in April. These values

were significantly lower throughout the year than those in midsections
and stipes, which gradually changed from highs of 95-99% in March through
June to lows of 86-93% in September.

The total phenol and polyphenol contents throughout the year for
Fucus vesiculosus and A. nodosum plant

parts exhibited similar ranges.

Total phenol levels ranged from 1.6-17.4% in F. vesiculosus and from

2.9-11.6% in A. nodosum. Polyphenol levels ranged from 1.2-17.2% in F.
vesiculosus and 2.2-11.3% in A. nodosum. There is some evidence that the
levels and patterns of seasonal variation of total phenols and
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~
polypheno1s vary in plants collected from different localities for both
F. vesiculosus and A. nodosum (Figures 8 and 9).

DISCUSSION

Total phenol and polyphenol contents measured in marine algae of the

New England rocky intertidal community were highest in F. vesiculosus and
A. nodosum, the perennial brown algae that dominate mid and high
intertidal space and that are not grazed by the major herbivore, L.

littorea. Previous experiments demonstrated that polyphenols in these
two species inhibit feeding of the periwinkles and hence act as chemical

defenses against herbivores (Chapter 1). Similar studies of terrestrial
plants indicated that their chemical defenses may vary in concentration
wi thin a plant and seasonally and that these changes may relate to

changes in herbivore feeding patterns (Feeny, 1976; Rhoades and Cates,

1976) .
This study has shown that polyphenol levels in !. vesiculosus plant

parts are lowest during cold winter months, at which time snails are

inactive and do not feed. Phenol and polyphenol levels in all F.
vesiculosus tissues increase rapidly to high levels during spring months
(March - Máy) and remain

high until a sudden decrease in late fall. This

period corresponds to the time when snails are ac tively grazing in this
intertidal community, crat.ling over the surfaces of the fucoids yet not

consuming them. Apices, midsections, and stipes of F. vesicu10sus are
protected with similar levels of phenols and polyphenols throughout most

-105-

Figure 8. Seasonal variation in tissue polyphenol contents of
Fucusvesi~ulosus plants collected at different locations.
(% dry wt., mean + s.e., n = 2).
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Figure 9. Seasonal variation in tissue polyphenol contents. of
Ascophyllum nodosum plants collected at different locations.

(% dry wt., mean + s. e ., n = 2).
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of the year. Receptacles, however, appear to be less protected with
these compounds than the other plant parts during all months.
A. nodosum showed a similar range of phenol

and polyphenol levels'

during the year as !.. vesiculosus 0-13% dry weight), but two differences
between the species were apparent. First,!. nodosum total phenol and
polyphenol levels did not show pronounced seasonal lows in the winter or
rapid increases in the spring but instead showed more minor fluctuations

monthly. SecondJ total phenol and polyphenol levels in A. nodosum varied
more between different plant tissues than did levels within F.

vesiculosus. During most months the stipes were protected with highest
levels of total phenols and polyphenols; midsections had intermediate

values, and receptacles and apices had lowest total phenol and polyphenol

contents.
The levels of phenols and polyphenols in !. vesiculosus and !.

nodosum reported here show approximately the same range as levels

reported by R~gan and Jensen (1977, 1978) for these two species in

Norway. They analyzed the plants as a whole and not as individual parts
so comparisons can only be general. Levels of polyphenols in the
Norwegian plants varied from 7-14% in F. vesiculosus and from 8-13% in A.

nodosum. Differences in the patterns of variation of polyphenol levels

in plants cOllècted fro~ two different coasts are not surprising. In New
England, these tWQ species of algae collected from different locations
showed similar ranges but somewhat different monthly patterns of phenol

and po 1 ypheno 1 leve 1 s .
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Feeding experiments demonstrated that the presence in the diet of as
little as 1% polyphenol (dry t.t.), extracted from!.. vesiculosus and !.

nodosum, caused a significant reduction in consumption by L. littorea.

Further, 10% polyphenol (dry wt.) in food media inhibited snail feeding

nearly 100% (Chapter 2). Thus, the effective doses ranged from 1-10%
polypheno 1 in the diet. The results of this seasonal survey of
polyphenol content in F. vesiculosus and A. nodosum indicate that these
two species have polyphenol contents in excess of 1% (dry wt.) during all

months of the year, in all tissues examined. During months when snails
are actively grazing in the intertidal, polypheno1 contents in these two

fucoids reach as high as 17.5% (dry wt.). It therefore appears that F.
vesiculosus and A. nodosum are well protected with chemical defenses
against ~. littorea.

Fucoid germlings (3-5 cm.) had polyphenol levels of 8-9% (dry wt.).
Spore

lings of this size range have usually become resistent to grazing by

L. littorea (Menge, 1975; Cheney

and Sideman, pers. comm.). Difficulties

in obtaining a large enough sample of smaller germlings prevented
, .

analysis by the Folin-Denis method, but McConnell (pers. comm.) reported

that analysis by thin layer chromatography indicated very low levels of

vanillin-reactive phenols. Factors such as spatial and temporal refugia
probably play important roles in the escapes of very small fucoid

germlings from herbivores.

Comparisons of the levels of phenols and polyphenols in !..
vesiculosus and A. nodosum to levels reported in terrestrial plants show
similarities in the range of concentrations (% dry weight) and in the

'i-
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effective doses for deterring herbivores. Feeny and Bostock (1968)

reported thatpolyphenols in oak leaves increased from 0.5% of leaf dry

weight in April to 5.5% of leaf dry weight in September. Experiments
showed that the presence in the diet of as little as 1% tannin (wet wt.),

extracted from September oak leaves, caused a significant reduction in
larval growth rate and pupal weight of winter moth, Operophtera brumata

(Feeny, 1968). Feeny (1970) concluded that oak leaf tannins serve as
chemical defenses against these herbivores by reducing the availability
of

nitrogen and influencing leaf palatability. Other studies of diverse

terrestrial plants have since shown similar ranges of tannins and have

implicated their importance in defending plants against herbivores. For
example, leaves of the chaparral shrub Heteromeles arbutifolia contain
4-12% tannin (dry wt.)(Dement and Mooney, 1974), and leaves of African
rain forest trees that are avoided by herbivorous monkeys contain an

average of 7.8% phenols (dry wt.)(McKey et al., 1979). Between-plant
comparisons of phenol and polyphenol levels must be viewed cautiously
because of the differences used in extraction methods and the variations

in reactivity for individual phenolic compounds. The dry weight figures
for these compounds represent a quantification that is more relative than

absolute for each plant studied. With these limitations in mind, it is,
however, interesting that the range of polyphenol contents in !.

vesiculosus and A. nodosum (1-17% dry wt.) and their effective
concentrations against herbivores (1-10% dry wt.) are similar to the_

tannin contents of terrestrial plants and their effective doses against
herbivores ( 0.5-12% dry leaf content).
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Based on many terrestrial studies, Feeny (1976) and Rhoades and Cates
(1976) recently hypothesized that commitment to chemical defense is

related to a plant i s "apparency" or predictability and successional
status in a community. Within this framework, tannins (polyphenols) are
identified as "quantitative defenses", which reduce availability of
nutrients and lower palatability and are found primarily in perennial,

láte successional plants, which tend to grow more slowly and hence are
more highly predictable in space and time. I propose that the polyphenols

iuF. vesiculosus and A. nodosum , two species which are perennial and
highly "apparent" in the New England rocky intertidal community, act

similarly as "quantitative" chemical defenses against L. littorea. This
further substantiates the "broad spectrum" action of polyphenols against

herbivores and their widespread occurrence in plants, including species
in marine as well as terrestrial environments.

Annual brown algal species such as Petalonia fascia and Scytosiphon
lomentaria are shorter-lived and less predictable than !. vesiculosus and

A. nodosu~. As predicted by the above hypotheses, these algae have very
low levels of antiherbivore phenols and polyphenols, and they are highly

preferred as food for herbivores when they are available. Both of these
species have an alternation of dimorphic stages in their life cycles

(Wynne, 1969). Upright blades and thalli are present and fruiting only
in the winter, followed by Ralfsioid crusts which are present and

frui ting only in the sumer. Hence it appears that the upright thalli of
P. fascia and S. lomentaria escape heavy grazing pressure by timing of
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their growth and reproduction rather than by chemical defenses. L.
littorea does consume both of these species during early spring when both
are st ill present and the snails are just beginning to feed actively

(Menge, 1975). The Ralsioid crustose stages, which are not heavily
grazed by the snails, likewise do not have high phenol or polyphenol
levels but may be defended against these herbivores in the summer by

means of a physical factor such as toughness (Chapter 1 and Lubchenco,

pers. comm.). Similarly, Laminaria agardhii, of medium food preference
to the snails, has a lower polyphenol content than F. vesiculosus and A.
nodosum and may be de fended by a combination of physical and chemical
fac tors.

Phenol and polyphenol contents in!. vesiculosus and !. nodosum may
not be the only factors important in deterring herbivores; they may act
in conjunc tion with others such as toughness. Lubchenco (pers. comm.)

found a correlation between degree of algal toughness and their

preference as food to snails. That polypheno ls can form complexes with
proteins and result in toughness of tissues is exemplified by the tanning

process of leather. It is possible that polyphenols in plants cause
toughness of tissues. Nutritional value of algae may be important in

herbivore preference. Since polyphenols can bind to proteins and reduce
availability of nitrogen (Goldstein and Swain, 1964; Feeny, 1970), they,
too, are involved as nutritional factors (Chapter 4).

The physiological and ecological roles of phenols and polyphenols in
terrestrial and marine plants have long

been subjects of controversy.

Proposed roles include storage of metabolic reserves, protection against
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dlD9i ccl!tion, synthe9i.s of mucilage, or

(Fritsch, 1945; Esau, 1965). None of these

merely t.aste accumulation

have been proven.

Biosynthesis of phenols and polyphenols from acetate via the acetate and
shikimic acid pathways involve considerable quantities of energy (Haslam,

1966), hence it is believed that there must be some compensating adaptive

advantage conferred to the plants that produce them. That these
compounds might serve protection against animals was suggested long ago

by Stahl (1888) and Hunger (1902), but experimental evidence was

lacking. There now are considerable data demonstrating the widespread
occurrence and function of phenols and polyphenols as chemical defenses
against herbivores and other organisms in marine and terrestrial

environments.
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CHAPTER 4

SEASONAL VARIATION IN THE NITROGEN CONTENT

AND POLYPHENOL/NITROGEN RATIO IN

NEW ENGLAD ROCKY INTERTIDAL ALGAE
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ABSTRACT

Nitrogen contents and polyphenol/nitrogen ratios in Fucus vesiculosus
and Ascophyllum nodosum tissues (apices, receptacles, midsec tions, and

stipes) and in ten other red, green, and ephemeral brown algal species

were examined seasonally in relation to algal feeding preferences of the

periwinkle snail, Littorina littorea. The results showed that nitrogen
contents of low preference species such as F. vesiculosus and A. nodosum
were as high as or

higher than those of highly preferred species such as

Scytosiphon lomentaria, Ceramium spp., and Ulva-Enteromorpha spp.

However, polyphenol/nitrogen ratios of F. vesiculosus and A. nodosum were

very high, in contrast to those of the other species. Hence, it is
likely that the nitrogen of !.. vesiculosus and ~. nodosum is less

available nutritionally to herbivores because of polyphenols. I conclude
that F. vesiculosus and A. nodosum are similar to terrestrial plants such
as oaks and chaparral in their patterns of "quantitative" chemical
de fense.

"Í-
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INTRODUCTION

In the New England rocky intertidal community, space is dominated by

brown fucoid algae (Ascophyllum nodosum, Fucus vesiculosus, and other
Fucus spp.) in the high to mid zones, and a red alga, Chondrus crispus,

in the low zone. Lubchenco (1978) showed in field and laboratory
experiments that these large, perennial algae are not eaten by the
predominant macroalgal herbivores, periwinkle sna ils (Littorina

littorea). She concluded that F~ spp. are vulnerable to these
generalist herbivores only when in young spore

ling stages; after these

stages become established by means of temporal or spatial escapes, Fucus
spp. are either never eaten by ~. littorea or are eaten only if no other
food has been available for a considerable length of time (e.g., during

winter months). A. nodosum and C. crispus are seldom eaten, even if no
other food is available.

Recent experiments demonstrated that compounds extracted from!.
vesiculosus, !. nodosum, and Q. crispus inhibit feeding of ~. littorea

when added to pre ferred food source s (Chapter 1). The ac t i ve
antiherbivore compounds in the brown algae were shown to be polyphenols
(Chapter 2), similar to terrestrial plant polyphenols ("tannins"), which

are well documented herbivore defenses (Feeny, 1968 and 1970; Dement and

Mooney, 1974; Levin, 1976).
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The term "tannin" is derived from the fact that polyphenols "tan"

proteins; that is, they can indirectly or directly bind to polypeptides

by means of hydrogen bonds or ester and amide linkages (Van Sumere et

al., 1975). This ability of plant polyphenols has several repercussions

to herbivores: 1) plant polyphenols may bind to plant proteins, forming
complexes refractory to herbivore digestive processes; 2) plant
polyphenols may bind to herbivore digestive enzymes in the gut and reduce

digestive activities; and 3) plant polyphenols may bind to proteins in

herbi vore mouths, causing unpleasant, astringent sensations and the
reduction of lubricant action of glycoproteins in saliva. These effects
may reduce food attractiveness of the plant to herbivores (Goldstein and
Swain, 1965; Feeny, 1968; Bate-Smith, 1973).

Polyphenols are characteristic of terrestrial plants or plant tissues
that are highly "apparent" in terms of size i growth form, persistence,

and predictability (Feeny, 1976). They are present in relatively large
amounts (up to 12% dry wt.) in certain plant tissues (Dement and Mooney,

1974). Rhoades and Cates (1976) and Feeny (l976) postulated that
polyphenols in terrestrial plants act as "quantitative" defenses, which

are dosage-dependent and Whose mode of action against herbivores is in
reducing availability of nutrients, particularly ni trogen in the form of
.'

protein. Nitrogen has been shown to be a limiting factor in the growth
and reproduction of many herbivores and hence critical in the selection
of their food (Cannon and Connell, 1965; Van Emden, 1966; Soo Hoo and

Fraenkel, 1966; Onuf, 1977; Slansky and Feeny, 1979; Vince, 1979). One

-119-

can predict that plants in their evolutionary "arms race" with their

herbivores use non-availability of the nitrogen of proteins as a defense

mechanism.
Because polyphenols bind proteins, total nitrogen or protein content

measured in a plant may not reflect the amount of nitrogen or protein
actually

available to an herbivore. In terrestrial plants containing

polyphenols, protein digestibilities (nitrogen availabilities) for
different tissues have been compared as polyphenol/protein ratios (Feeny,
1970; Rhoades and Cates, 1976). Generally, polyphenol content increases

and protein content (usually measured as nitrogen) decreases with tissue

age. Thus, polyphenol/protein (nitrogen) ratios increase greatly as
plant tissues mature, implying that plant proteins (nitrogen) become less
available to herbivores by digestibility-reducing polyphenols.
Previously I showed that F. vesiculosus and ~. nodosu~, the large,

dominant perennial algae of the high and mid intertidal zones in New
England, are similar to "apparent" terrestrial plants because of their

high content of polyphenols (up to 17% dry wt.) (Chapter 3) and the
inhibitory effect of these polyphenols on feeding by the generalist

herbivore, L. littorea. In this paper I will examine the seasonal
nitrogen contents and polyphenol/nitrogen ratios of !. vesiculosus and A.

nodosum tissues (apices, receptacles, midsections, and stipes) and other
perennial, annua l, and ephemeral algae (Phaeophyta, Rhodophyta, and

Chlorophyta) to determine if mature plant tissues and perennial species
tend to have lower nitrogen availabilities (higher polyphenol/nitrogen
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ratios) than young, growing tissues and annual and ephemeral species, as

Rhoades and Cates

hypothesized for terrestrial plants by Feeny (1976) and

(1976).

MATERIALS AND METHODS

Algae were collected and prepared for analysis as previously

described in Chapter 3. Procedures were reported there for the
determination of polyphenol content, dry weight and water content.

Carbon, hydrogen ,and nitrogen contents were determined on a Perkin-Elmer

o
Model 240 CRN Analyzer after samples had been oven-dried (65 C, 48 hr.)
to constant weight and ground in a Wiley Mill.

RESULTS

The range of values for seasonal nitrogen contents, water contents,

carbon/nitrogen ratios, and polyphenol/nitrogen ratios are sumarized in
Table 1 for thirteen species of brown, red, and green algae. Information
on algal life history patterns and preference as food to the herbivore L.

littorea is included. F. vesiculosus and A. nodosum were examined in
detail since previous studies had shown that their polyphenols cause

inhibition of feeding by ~. littorea (Chapters 1, 2). Each of these
species were sampled monthly for one year, and different tissues (apices,

receptacles, midsections, and stipes) were analyzed separately to

determine the seasonal within-plant variations in nitrogen content, water

.......

I

I

4

4

ephemeral
annua I

Porp.!ym umbilicalis

Ceramium

high
low

onnual

annual

CHLOROPHYTA:
Ulv~ - Enteromorpha spp.

Codium fragile

high

high

medium
medium

annual
annual

Poy~phonia flexicaulis

~I~phonia lanosa

low

perennial

Chondrus crispus

RHODOPHYTA:

I

I

I

23.4

1.66-168

I

7,10/79
11,3,5,6,10/791

91.1 :!1.1

94.1:!1.0

8

4

87.0:! 1.0

2

107- 2.22

190-4.41

3.04 - 3.09

0- 0244

0.206

7.99-15.74

8.43-1455

I

8.17

90.0t 1.0

2

236 - 2.44

10/79
10/79

2.57- 293
87.0:! 10

2

0

10.25
10.47
8.83

I

0

0194

15.17
2.81 - 2.83

90.0t 1.0

0.813

0- QI44

0.369

0.413
0.463
0.550

2

179- 1.85

12.7
9.3- 10.4

10 1-2.08

19.17-19.18

2.66- 2.78

1.30 - 1.68

15.14 - 22.65

14.98 -1642

3.706 -10.375

21.71-42.14

143- 2.90

4.525 - a781

1231 - 5.000

1.225 - 4.375

21.70- 48.23

14.40 - 32.81

4

81.0:! 10

71.0:! 1.0

i .631 -14044

9.04 - 47.95
48.53

12.40- 43.11

1.350-14163

10.30-49.30

12.044

0413 -SA5e
0.275 -9.056

9/79
6/79

2

7/79

low

perennial

91.8t 3.2

91.0:!1.0

87.0:! 1.0

RATIO (RA1
I POLYPHENOLINITRO

8.30 - 3162
8.00 - 40.97

0.83 - 2.17

0.83 - 1.81

681:t0.9
87.0:! 10
88.0:! 10

0.76- 1.78

0.74-3.07
0.88-2.26

070 -3.97
0.72 - 4.34
0.66 - 0.70

712:! 0.8

86.7:!3.9

78.1:!0.8

83.0:! 0

103- 4.49

0.56 -446

CARBON/NITROGEN
RATIO (RANGEl

6,10/79

4

ephemeal

Ralfsiod crust

2

3/79
1-3,10/79 i

high
high

ephemeral

Petalonia fascia

4

5,10/79
5,10/79
5,10/79

medium
medium
medium

medium

Scytosi phon lomentaria

Stipes

Fronds
Meristems

annual

28
28

2-12/79
2-12/79

Laminaria agardhii

12

low
low
low

28

2-12/79
2-4,10.12/79

low

Receptacles
Midsections
Stipes

low

Apices

Asco~yllum nodosum

2

6/79

medium

Germling

67.2:t 0.9

76.0:t 13

34
34

i -12 /79

low

2-12/79

86.1 :t10

32

1-12/79

831 :t10

34

i -12 /79

low

low

low

PREÆRENCE MONTHS NUMBER OF H 0 (%FRESH WT.l NITROGEN
TO L littoi COLLECTED SAM~12 X:tS.E. l% DRY WT. RANGE~

low

perennial

perennial

LIFE
HISTORY

Stipes

Apices
Receptacles
Midsections

Fucus vesiculosus

PHAEOPHYTA:

ALGAE

Table i. Seasonal ranges of nitrogen content, water content, carbon /nitrogen ratio, and polyphenol/nitrogen ratio in New England interidal algae

I

I

fN
f-

-122-

-123-

Fi ~ure 1. Seasonal variation in nitro~en content of Fucus vesiculosus

apices, receptacles, midsections, and stipes.
(% dry t.t., mean + s.e., n'" 2).
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Figure 2. Seasonal variation in nitrogen content of Ascophyllum nodosum

apices, receptacles, midsections, and stipes.
(% dry wt., mean + s.e., n = 2).
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Figure 3. Seasonal variation in the carbon/nitrogen ratio in
Fucus vesiculosus apices, receptacles, midsections, and stipes.
(mean ~ s.e., n = 2; ratios were computed using % dry wt.
carbon and % dry wt .nitrogen; ratio standard errors were

computed using first order perturbation theory of Deming, 1944).
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Figure

4. Seasonal variation in the carbon/nitrogen ratio in
Ascophyllum nodosum apices, receptacles, midsections, and

stipes.
(mean + s.e., n = 2; ratios were computed using % dry

wt. carbon and % dry wt. nitrogen; ratio standard errors were
,

computed using first order perturbation theory of Deming, 1944).
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Figure 5. Seasonal variation in

the polyphenol/nitrogen ratio in

Fucus vesiculosus apices, receptacles, midsections, and stipes.
(mean ~ s.e., n c 2; ratios t.ere computed using % dry wt.

polyphenol and % dry wt. nitrogen; ratio standard errors were
computed using first order perturbation theory of Deming, 1944).
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Figure 6. Seasonal variation in the polyphenol/nitrogen ratio in
Ascophyllum nodosum apices, receptacles, midsections, and

stipes.
(mean + s.e., n = 2; ratios were computed using % dry wt.

polyphenol and % dry wt. nitrogen; ratio standard errors were
computed using first order perturbation theory of Deming, 1944).
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Figure 7. Seasonal variation in water content of Fucus vesiculosus

apices, receptacles, midsections, and stipes.
(% fresh wt., mean + s.e., n = 2).
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Figure 8. Seasonal variation in water content of Ascophyllum nodosum

apices, receptacles, midsections, and stipes.
(% f re s h wt., mean + s. e ., n = 2).
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~-Enteromorpha spp. similarly showed highest nitrogen contents in
winter/early spring, with values dropping in the sumer. The values were
similar to those of F. vesiculosus and A. nodosum during the winter but

were higher during the sumer (Figure 9).
Carbon/nitrogen ratio

Carbon/nitrogen (C/N) ratios varied greatly, from 8.30 - 49.30 in the

brown algae, 8.17 - 15.17 in the red algae, and 7.99 - 15.74 in the green

algae (Table 1). In all tissues of F. vesiculosus and A. nodosum and in
Ulva-Enteromorpha spp., C/N showed a seasonal pattern inverse to that of
nitrogen content: low values in winter/spring increased to highs in the
summer which then decreased in the tall (Figures 3, 4, and 10).

Polyphenol/nitrogen ratio

Brown algae had the greatest range of polyphenol/nitrogen ratios
(0.144 - 14.163), t.ith highest values in the perennial and low food

preference species c.~. vesiculosus and !:. nodosum), and lowest values in
the ephemeral and high food preference species (Petalonia fascia and

~~ytosiphon lomentaria) (Table 1). All red and green algae had low
polyphenol/nitrogen ratios (0 - 0.244).

The polyphenol/nitrogen ratios in F. vesiculosus and A. nodosum
showed seasonal variations similar to those of their C/N ratios, with low

values in the winter and high values in the sumer (as carbon and
polyphenol contents increased, nitrogen contents decreased) (Figures 5

and 6). The seasonal differences in these values were greater for !.

vesiculosus tissues than for A. nodosum tissues. There were within-plant
variations in polyphenol/nitrogen ratios in both species during certain
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Figure 10. Seasonal variation in the carbon/nitrogen and polyphenol/
nitrogen ratios of Ulva and Enteromorpha spp.
(mean ~ s.e., n = 2; ratios were computed using dry wt. values

for carbon, nitrogen, and polyphenol contents; ratio standard
errors were computed using perturbation theory of Deming, 1944).
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or all months. The stipes of !. nodosum had higher ratios than the
apices throughout all months; midsections had ratios intermediate between

or similar to these. !. nodosum receptacles are formed during the fall
and are shed during the

spring after releasing gametes; their

polyphenol/nitrogen ratios were similar to those of older tissues during
the fall and dropped during the winter to levels of apices until they

dehisced. In contrast, !. vesiculosus receptacles were present
throughout the year. Their polyphenol/nitrogen ratios were significantly
lower than those of stipes and midsections from May-June and

August-December, as t.ere those of apices. During the other months, the
ratios for apices, midsections, receptaclès, and stipes were not
significant ly different. Because of very low polyphenol contents,

U1va-Enteromorpha spp. had polyphenol/nitrogen ratios near zero during
all months (Figure 10).

H20
Water contents ranged from 67.2 - 91.8% in brown algae, 81.0 - 90.0%

in red algae, and 91.1 - 94.1% in green algae (Table 1). Apices,
¡,

receptacles, and germlings of !. vesiculosus and !. nodosum had higher

water contents than midsections and stipes throughout all months; there
did not appear to any significant seasonal variations in these values

(Figures 7 and 8). Ulva-Enteromorpha spp. had high water content
throughout all months with litt le seasonal variation.

Determining water contents accurately for intertidal algae is

difficult because of the problems inherent in taking the fresh weight of
plants that grow in seawater and which are subjected to varying degrees

.J

-145of d~!3icciiti.on during low tides (dependent on temperature, sunlight,
length of exposure). The algae must be rinsed quickly in distilled water
to remove salt or saltwater from their surfaces, then blotted dry to

remove the excess water before weighing. Thus, factors that would
introduce errors in taking fresh weights include: degree of algal

desiccation at low tide prior to collection; imprecision in blotting dry
algal surfaces, with variable amounts of excess water remaining; and,

seasonal or species differences in algal morphology which would cause

variations in degree of desiccation or amount of excess water remaining

after blotting. Water contents of these algae should therefore be
considered with these limitations in mind. For most determinations
(e.g., nitrogen, polyphenol contents), results are expressed as dry

weight percentages since dry weights can be taken more accurately; using
ratios to compare these contents eliminates fresh vs. dry weight
considerations ~

Nevertheless, water contents were measured so that

comparisons could be made to studies of terrestrial plants which have
indicated the importance of water content as a factor in food plant
selection by herbivores (Scriber and Feeny, 1979).

DISCUSSION

Nitrogen contents of these algae followed the general patterns
observed for most terrestrial and marine plants (Feeny, 1970; Dement and

Mooney, 1974; Mann, 1972): they were highest early in the growing season
during periods of rapid growth, and they dropped

as the season progressed
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and as growth slowed or ceased. This pattern is most obvious in
perennial algae such as F. vesiculosus and A. nodosum. Seasonal
variations in their nitrogen

contents are very similar to those of

perennial terrestrial plants such as oaks and chaparral (Figure 11).
Shorter--1ived annual and ephemeral species (e.g., Ulva-Enteromorpha spp.)

may complete several cycles during a growing season, growing rapidly and
maintaining high nitrogen contents throughout the year (Fig. 9).
Plant nitrogen contents are important in determining plant

nutritional values to herbivores. Studies have shot. that many
herbivores are limited by the availability of nitrogen in their food
plants, and herbivores i feeding rates and preferences are often

correlated with plant nitrogen contents (Van Emden, 1966 and 1972;

Slansky and Feeny, 1977; McNeil and Southwood, 1978; Vince, 1979).
However, plant nitrogen content does not necessarily reflect plant

nitrogen availability to herbivores. Plant nitrogen may be bound in
complexes refractory to herbivores' digestive processes. Polyphenols in
plants are especially important in this consideration because of their
knot. abilities to bind to proteins (Van Sumere et al., 1975).

Therefore, it is important to consider the interaction between polyphenol
and nitrogen contents in relation to herbivore food plant preferences.

An estimate of the unavailability of plant nitrogen to herbivores due
to polyphenols may be obtained from plant polyphenol/nitrogen ratios: the

higher the ratio, the more likely that nitrogen in the form of protein is
bound to polyphenols in refractory complexes (Feeny, 1970; Rhoades and

Cates, 1976). In these previous studies, "protein" was determined by
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Figure 11. Comparison of Fucus vesiculosus and Ascoph~llum nodosum with
oak leaves and chaparral shrub in their seasonal variations of
nitrogen

content . polyphenol content, and polyphenollnitrogen

ratio (data from Figures 1, 2, 5, and 6 in this chapter;

Figures 3 and 5 in Chapter 3; Feeny, 1970; and Dement and Mooney,

1974).
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Chaparral (Dement and Mooney ,1974)
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measuring plant nitrogen content and mul tip

lying by a predetermined

fac tor of 6.25 (Long, 1961); plant polyphenol/protein ratios were then
computed and compared. But since this factor does always accurately
convert nitrogen to protein content (Staresinic, 1978), I have used what
was actually measured (nitrogen, not protein) in the ratios.

In the New England rocky intertidal algae, high levels of polyphenols
are characteristic of the .dominant perennial browns, F. vesiculosus and

~. nodosum; ephemeral browns have much lower levels. Red and green
algae, including perennials, annuals, and ephemerals, contain zero or

very low levels of polyphenols (Chapter 3). Algal polyphenols were shown
to be dosage-dependent feeding inhibitors to L. littorea. Therefore, I
suggest that polyphenols in the brown algae act as "quantitative"

defenses. This supports the hypotheses of Feeny (1976) and Rhoades and
Cates (1976), based on studies of terrestrial plants, that polyphenols
are general and nonspecific defenses which

tend to be characteristic of

high ly predictable "apparent" plants or plant tissues. The resul ts

reported here and in Chapters 1, 2, and 3 provide the first evidence that
two marine algae, F. vesiculosus and A. nodosum, are similar to
terrestrial plants in the nature and functioning of their chemical

defenses.
Red and green algae appear to differ from the browns because of their

lack of high polyphenol levels. Species that are not eaten by ~.
littdrea such as ~. crispus and Codium fragile must have other chemical
or physical adaptations that deter feeding by this herbivore (Chapters 1,
3, 5).

\.
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Because low nitrogen availability has been shown to be important in
determi ning food pre ferences of plants to herbivores, and because certain

species in this algal community contain high levels of po1yphenols which
can render plant nitrogen unavailable to herbivores, nitrogen content and

polyphenol/nitrogen ratios of these algae were examined in relation to

algal feeding preferences of ~. littorea. The results showed that
ni trogen contents of low preference species such as F. vesiculosus and A.

nodosum were as high or higher than those of highly preferred species
,
i

such as Scytosiphon lomentaria, Ceramium spp., and ~-Enteromorpha

i

I.
I

spp. However, polypheno l/nitrogen ratios of !. vesiculosus and A.

nodosum were very high in comparison to these other species, so it iS
likely that the nitrogen of !. vesiculosus and ~. nodosum is less

available nutritionally to herbivores. I suggest that F. vesiculosus and
A. nodosum are similar to terrestrial plants such as oaks and chaparral
in their patterns of chemical defense (Feeny, 1970 and 1976; Dement and

Mooney, 1974; Rhoades and Cates, 1976). Figure 11 summarizes the
comparisons. Early in the growing season, polyphenol levels are low and
ni trogen levels are high. As the season progresses and rapid growth
ceases and tissues mature, polyphenol levels increase and nitrogen levels

decrease. Thus, polyphenol/nitrogen ratios are quite low during the
early growing season and become quite high as the season progresses.

This means that plant nitrogen becomes increasingly susceptible to

binding by polyphenols and hence unavailable to herbivores. F.
vesiculosus and A. nodosum are best protected with these
digestibility-reducing systems during the period of greatest grazing

. -

,
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pressure by ~. littorea (late spring through late summer, because the
herbivores become less active t.hen air and water temperatures are low),

just as was shown in the case of oaks and chaparral and their herbivores.

F. vesiculosus showed greatèr seasonal changes in polyphenol/nitrogen
ratios than ~. nodosum, with lot.er values in the winter and higher values

in the sumer than the latter. The winter polyphenol/nitrogen ratios in
F. vesiculosus were so low that they approached the levels of ephemeral

browns preferred by L. littorea such as P. fascia. Menge (1975) found

that L. littorea does not eat ~ plants (greater than 3-5 CID.) during
the summer, but will eat it, but not ~. nodosum, during the late
fall--ear1y winter when other food is scarce. Thus, it appears that F.

vesiculosus may become more edible during the winter due to lower

polyphenol content and higher nitrogen availability. That is, F.
vesiculosus is less defended by disestibility-reducing systems from the

herbi vores during the winter.
Previous studies have shown that fucoid algae exude polyphenols,

especially under stress conditions (Craigie and McLachlan, 1964; Sieburth

and Jenseni 1968, 1969). It is possible that exudation of these
compounds because of low air and water temperatures and freezing of algal

tissues during the winter, combined with lowered levels of polyphenol
synthesis during the latter part of the growing season, result in levels
too low to afford plant protection from herbivores during the winter.

with increased growth and production in the spring, the plants again
attain levels of these compounds sufficient to deter herbivores.

Similarly, certain freshwater plants are not eaten until tannins are

-152-

leached and their physical structures altered by rainfall and microbial
action (Cameron and LaPoint, 1978).

Polyphenol/nitrogen ratios are somewhat lower in apices and

receptacles than in older portions (stipes and midsections) of these

plants (Figures 5 and 6). Thus, it appears that older tissues of these
fucoids may be better defended than young growing tips and reproductive

bodies (which are ephemeral in A. nodosum). However, polyphenol levels
relative to nitrogen contents may be high enough to inhibit feeding of
all fucoid tissues during the spring, summer, and fall but not during the

winter.
Ver:y small Fucus germlings have been reported to be

littorea grazing

(Menge, 1975; D. Cheney,

pers. conn.) .

susceptible to L.
I found in

laboratory feeding experiments and in field observations that these

herbivores may take bites

from the germlings but feed preferentially on

other ephemeral brown, red, and green algae when the choice is

available. However, while foraging, the snails "bulldoze" down the small
germlings, often resulting in damage to them; this activity could

mistakenly be interpreted as grazing. Although the ramifications for the
plants are the same, it is important to distinguish between loss due to

grazing and loss due to disruption, lest the "right prediction for the
wrong reason" (Dayton, 1973) be made in these plant-herbivore

interactions. Fucus germlings (1-3 cm., collected in summer) had
polyphenol contents and polyphenol/nitrogen ratios nearly as high as

those of mature plants (Table 1), so it appears that the plants become

chemically defended while relatively small and young. Minute germlings
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(approximately 0.5 cm.) could not be collected in large enough quantities

to allow for polyphenol analysis by the Folin-Denis method; when examined
by thin layer chromatography, they showed vanillin-reactive compounds

similar to, but perhaps in lower concentrations than, those of adult

plants (0. McConnell, pers. comm.). Thus, chemical defenses may be
present in germling stages but not effective in protecting them from L.

littorea because of the susceptibility of germlings to the "bulldozing"

activities of the herbivores. These observations on chemical defense for
fucoid germlings differ from the patterns observed for most terrestrial

"apparent" plants (such as oaks and chaparral), whose young tissues have
less commi tment to chemical defense than mature plants (Feeny, 1976;

Rhoades and Cates, 1976).

The algae in this rocky intertidal community having very low
polyphenol contents or none (and hence very low polyphenol/nitrogen
ratios) are either 1) of low food preference because of other chemical or
physical factors (e.g., f. crispus, f. fragile, Ralfsia crusts; see

Chapters 1, 3, 5 for discussion), or 2) of high food preference, relying
on temporal or spatial escapes from herbivores for survival (e.g., K.

Fascia, P. umbilicalis, Uiva-Enteromorpha spp.; see Menge, 1975 and

Lubchenco, 1978). Factors determining high food preference of algae to
L. littorea probably include high nitrogen availability (high nitrogen
content and absence of polyphenols) and high water content, both of which
have been shown to be important in correlating terrestrial plant
preferences to herbivores (Slansky and Feeny, 1977; Scriber and Feeny,
1 979 ).
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It can be concluded that low preference of F. vesiculosus and A.
,

nodosum is due to high contents of polyphenols and the presumed

consequent decrease in nitrogen availability. The observations on
polyphenol and nitrogen contents in these two fucoids and other algae in
the New England rocky intertidal community suggest many similarities to
terrestrial plants

and their patterns of chemical defense against

herbi vores.

~.
Ü

.~~
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CHAT£R 5

Volatile Compounds from Algae: Effect of Halomethanes on
Littorina littorea Feeding Activity

Part I. Volatile Hydrocarbons and Halomethanes Released from Benthic
Algae and Seagrass. P. Gschwend and J. A. Geiselman.

Part II. Effect of CH212 and CHBr3 on Feeding Activity of

Littorina littorea.

~
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CHATER 5, PART I

. 1

Volatile Hydrocarbons and Halomethanes Released from
Benthic Algae and Seagrass

Philip Gschwend2 and Joy A. Geiselman

Woods Hole Oceanographic Institution

Woods Hole, Ma. 02543

Running Head: Volatiles from Algae and Seagrass

1) Woods Hole Oceanographic Institution Contribution Number

2) Current Address: Dept. of Chemistry, M.I.T., Cambridge, Ma. 02139
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ABSTRACT

Several species of benthic algae and a seagrass were batch incubated
to estimate their release rates of volatile hydrocarbons and halomethanes

into seawater. Saturated and unsaturated hydrocarbons and di- and
trihalomethanes were released at rates which may account for the
concentrations of these volatile organic compounds in coastal seawater.

Certain of these compounds may be involved in allelochemic interactions

between species.

k
D

Key words: benthic algae, halomethanes, hydrocarbons, volatile
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INTRODUCTION

J
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pl nnt specieß ranging from those preferred to those avoided as food
sources for the herbivorous snail, Littorina littorea, for their

production ànd release of volatile compounds, particularly the
halomethanes, as possible antiherbivore agents.

METHODS

Algae and seagrass were collected in Vineyard Sound from Nobska Point

to Chemotaxis Dock (CD), Falmouth, Ma. (Table 1). Efforts were made to
avoid plants with macroscopic epiphytes; microscopic epiphytes could not

be excluded. The plants were placed in 2 liter reagent flasks filled
wi th seawater. The flasks were stoppered and then anchored at a depth of

approximate ly 1. 5 m. at CD or in outdoor running-seawater tanks at a
nearby laboratory for incubation at ambient sunlight and temperature
condi tions. After 24 hr., the flasks were brought to the lab and purged
for one hour (with the

plants still in place) with recycled air at 20 oC

(except the May samples at 350). The effluent volatile organic
compounds were trapped on a charcoal trap which was subsequently spiked

with 20 ng. l-chloro-n-octane in 2 pI. CS2 and extracted with 15 pI. of

2 2 2 2 2 2

CS or CH CL and then extracted with l5 ml CS or CH Cl
(Grob, 1973; Grob and Zurcher, 1976).

Gas chromatographic analyses were made using a Carlo Erba model 2101
gas chromatograph equipped with

a flame ionization detector (FID) and

spli tless injector. Samples were chromatographed on an SE 54 glass
capillary column (0.32 mm. i.d. x 20 m. long) purchased from Jaeggi
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TABLE 1: Date of collection, seawater temperature, and dry weight
of benthic algal samples collected near CD.

Sample

Date
(1978)

Dry

Wt. (g)

Seawa ter

o

Temp. ( C)

PHAEOPHYTA

Fucus vesiculosus Linnaeus

Fucus vesiculosus
Fucus vesiculosus
Fucus vesiculosus,
( germl i ngs )

iO

l2

5

22

Oc t. 2

9.6

17

Oc to l8

10.0

l4

May 11
Aug.22

Petalonia fascia (Muller)Kuntze/

Scytosiphon lomentaria (Lyngbye)C. Agardh May II

5

12

Sargassum filipendula C. Agardh Oct. 2

6.6

l7

Ascophy1lum nodosum (Linnaeus)Le Jolis Oct.l8

21.8

14

CHLOROPHYTA

Codium fragile (Suringar)Hariot

Oc t . 2

5.5

17

Enteromorpha spp.

Oc to 2

3.4

17
¡
,

RHODOPHYTA

,.

;;

Polysiphonia ~

Oc t. 2

3.8

l7

Porphyra umbilicalis (Linnaeus)J. Agardh

Oct. 2

4.l

l7

Chondrus crispus Stackhouse

Oc t. l8

8.3

l4

Ceramium spp.

Oc t . 18

1.3

l4

Aug.22

2

22

,
,
""

SEAGRAS
Zostera mar ina Linnaeus
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(9043, Trogen, St.itzerland) and on a UCON HB 5100 glass capillary column

(0.3 mm. i.d. x 20 m. long) supplied by Dr. K. Grob (EAWAG, Dubendorf,

Switzerland). The columns were held at room temperature for 8 min. then

programmed from 20 - 2000C at 3°C/min. for theSE54 or 20 - iaOoC
at 30C/min. for the UCON. Helium was the carrier gas (ca. 1

mI. Imin. ). Compound concentrations were calculated based on peak height
re lat i ve to the l-ch loro-n-oc tane standard and were not correc ted for
inefficient stripping or differential FID response.

Gas chromatography-mass spectrometry was performed on a Finnegan 3200
GC-MS system using an SE52 glass capillary column (0.3 mm. i.d. x 20 m.

long). Electron impact (EI) spectra were acquired with an electron
potential of 70 eV. Chemical ionization (CH4 -CI) spectra were obtained

with methane as the reagent gas at 950 microns ion source pressure and
wi th electron energy of 130 eV. Compound identifications were based on
retention times from two columns and both EI and CH4 -CI spectral

comparisons with standards.

RESULTS

Release of individual volatile organic compounds from the plant
samples was estimated by subtracting the seawater control concentration

from the seawater plus plant concentration, then dividing by the dry

weight of the plant sample. Table 2 summarizes the results for the
hydrocarbons and halogenated methanes. Most of the discussion will be
restricted to samples which showed more than 5 times the concentration of
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TABLE 2: Hydrocarbon and halomethane release rates (ng/g dry wt/
day) from algae into seawater. Values in parentheses
indicate that seawater concentrations of volatiles
after algal incubation were two to five times greater
than concentrations found in the control seawater. Other
values represent increases in seawater concentrations of
hydrocarbons of more than five times over the concentrations in the control seawater.

Release Rates
(ng/g dry wt./day)

nCl5 nCl7 nCi7: 1

nC17 : 1

PHAOPHYTA

Fucus vesiculosus, May
Fucus vesiculosus, Aug.

Fü vesiculosus, Oct~
Fucus vesiculosus, Oct.

20
(2 )

(3)
( 0.4)

(germl i ngs)

Petalonia fascial
Scytosiphon lomentar is

40

Sargassum filipendula

(0.7)

Ascophyllum nodosum

(0.9)

CHLOROPHYTA

Codium fragile

( 1)

Enteromorpha spp.

60

(2)
200

RHODOPHYTA

Polysiphonia spp.
Porphyra umbilicalis

(4)

Chondrus crispus

Ceramium spp.
SEAGRAS
Zostera marina

30

(2 )
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TABLE 2: (Continued)
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a given compound relative to the control seawater. Increases of only 2 5 times over control levels are shown in parentheses in the tables.

DISCUSSION

Pentadecane was released in large quantities in three samples: 1)

Fucus vesiculosus, collected May 11; 2) Petalonia/Scytosiphon, collected

May 11; 3) Enteromorpha spp., collected Oct. 2. All other brown algal
samples showed small releases (less than 5 times that of control

seawater) of this compound. Pentadecane release by!. vesiculosus
samples collected in August and October may be lower than that of May

samples for reasons of method or plant physiological differences. May

o
samples were purged at 35 C; all following samples were purged at
o
20 C and

hence may have shown lower pentadecane release due to lower

temperature of stripping. However, this interpretation was not supported
when we found that an October F. vesiculosus sample

stripped at 500C

o
released 6 ng. /g., while the May sample stripped at 35 C released 20

ng./g. Thus, while there may be some effect of temperature of stripping
on pentadecane release it is likely that other factors are important.

Seasonal physiological differences affect algal chemical content and

release. For Norwegian !. vesiculosus and Ascophyllum nodosum,
accumulation and exudation of various plant products have been shown to
vary between summer and winter, particularly with respect to
fructifi.cation periods (Haug and Larsen, 1958; Jensen, 1969; Baardseth,

1970; Ragan and Jensen, 1978). Conover (1958) found that F. vesiculosus

:1
I
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from Vineyard Sound was "dormant" during summer months of July and August
and that maximum growth took place in months before and after this time.
~iathieson et al. (1976) showed that maximum growth and reproduction of !.

vesiculosus in a New Hampshire estuary occurred during spring and early

summer. Thus, the variations in the release of pentadecane between May
and October F. vesiculosus samples may be related to the seasonal
periodicity of growth and reproduction.

Blumer and his coworkers (Clark and Blumer, 1967; Youngblood ~~.,
1971; Youngblood and Blumer, 1973) reported the presence of pentadecane

in brown algae, with values of 10 -' 100 pg./g. dry wt. algae. Even the
largest re lease rates, calculated for the brown algal samples from the

present work, would take many months to empty such a reservoir of
pentadecane from these algae. Therefore., the release rates appear

reasonable. These investigators also reported somewhat lower levels of
pentadecane (1 pg./g.) in the green alga, Enteromorpha sp. The higher

release rates of pentadecane from our sample of Enteromorphamay indicate
greater cell excretion by this plant compared to the others examined.

Enteromorpha spp. have a high surface-to-volume ratio compared to species
such as F. vesiculosus and A. nodosum, yet it is similar to that of
Porphyra umbi1icalis, which released very low levels of pentadecane.

Damage from handling this seemingly fragile form during the experiment is
unlikely to have caused greater rates of release than those which occur
in its environment, where it is exposed to breaking waves and extremes of
temperature and desiccation during low tides.
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Simple calculations indicate that the release rates found in these
exper iments can account for the observed leve ls of pentadecane in

Vineyard Sound seat.ater. A typical benthic algal biomass for this region
2

is between 1.5 and 4 kg. wetwt./m. (Conover. 1958). Assuming these
plants are 80% water, this corresponds to 300 - 800 g. dry wt.
2

algae/m. At a production and release rate of 30 ng. pentadecane/g.

,i
i

dry wt. / day and assuming the average residence time of water at CD is 2
days (1.5 - 2.5 m. depth, 0.6 m. tidal amplitude), a standing stock of
2

pentadecane from 18 - 48 pg./m. may be expected. For a 2 m. water
column, this corresponds to 10 - 20 ng. pentadecane/l. seawater. Nearly
all of the seawater samples assessed in a year-round study at CD were of

similar concentration (Gscht.end, 1979). On three occasions during that
study (June and September, 1977 and May - June, 1978), pentadecane levels

in the coastal seawater rose dramatically. These incidents may reflect
particularly strong storm activity breaking up macroalgae and releasing
pentadecane to the seawater, or they may relate to seasonal physiological
changes in algal growth and reproduction.

Heptadecane was not produced and released at rates similar to those

of pentadecane in these incubation experiments. This observation is
surprising since previous t.orkers reported the importance of this

hydrocarbon, particularly in red algae (Youngblood et al., 1971;

Youngblood and Blumer, 1973). They found between 100 and 1000 pg.
heptadecane/g. dry wt. red algae. At most, only a few ng. heptadecane/g.

dry wt. algae/day were released in our experiments. A standing crop
calculation similar to that performed for pentadecane indicates that this
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rntf! would Rupport about 0.5 - 2 ns. heptadeciine/L. seawater.

H~ptad~Cllne concentrations reported throughout the year at CD equal or

exceed this concentration range. Peak heptadecane concentrations at CD
may be derived from algal species or physiological stages of algae not
included in these studies.

The two green algae studied revealed very high production rates for
two unsaturated 17-carbon compounds .

The retention time and GCMS data,

along with the work of Youngblood et al. (12), suggest that the compound
from Enteromorpha spp. was cis-3-heptadecene. Codium fragile demonstrated

production and release of a different heptadecene. Since these compounds
showed such high release rates, one might expect to observe them along
wi th pentadecane in coastal seawater. However, neither unsaturated

compound was seen in CD seawater. This reaffirms the suggestion made by

Schwarzenbach !!~. (1978) that brown benthic algae are the major Source
of pentadecane in this coastal region and suggests that the green algae
are less important as a source of hydrocarbons to this coastal seawater,
perhaps due to smaller produc tion rates and standing crops compared to
the brown algae and perhaps

because their olefins are degraded rapidly_

The biochemical and ecological roles of these natural hydrocarbons remain

un known .
Halogenated methanes were released by plants in our incubation
experiments. All of these compounds were previous ly reported from a red
alga, Asparagopsis taxiformis (Burreson et al., 1975 and 1976).
Halogenation in the Rhodophyta has been extensively

documented (Fenical,

1975), but little work has been done on other algal divisions.

- - -- - -- -

;
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In our experiments, bromoform (tribromomethane) was released by
species in the Rhodophyta, Phaeophyta, and Chlorophyta, as well as by the

marine vascular plant, Zostera marina.

Epiphytic algae or microbes on

the seagrass may have been responsible for production of this compound,

or, the seagrass may have accumulated it from the surrounding seawater,

only to release it upon purging. Production artifacts such as these may
also have been operating for some of the algae examined and may explain
the prevalence of bromoform release.

An examination of the F. vesiculosus data suggests that maximum

re lease of bromoform occurs in the midd le of the sumer, when the algae
are "dormant" (Conover, 1958) but are subjected to pest pressures such as
settling of epiphytes and grazing by herbivores.

Lesser amounts of chlorodibromomethane were frequently produced with

bromoform. High release rates of this compound were confined to the
brown algal samples.
Release rates of 20 - 40 ng. haloform/g. dry t.t./day suggest standing

stocks of 1 - 2 ng. haloform/l. seawater in coastal seawater (these

weight values, however, underestimate the true haloform levels due to
insensitivity of an FID relative to the 1-chloro-n-octane internal

standard). Such levels of bromoform were observed in some samples of
Vineyard Sound seawater during summer months (Gschwend, 1979;

Schwarzenbach et al., 1978) and in the August and October control
seawater samples of this study.

Two dihalomethanes were also found. These were produced at about

one-tenth the rate of the trihalomethanes. Since a 1, 1, I-tribromo-2-
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keto-compound, released into seawater, will react to produce bromoform
(Burreson et al., 1975, 1976), the observed lower rate of produc tion

ofdihalomethanes may reflect the greater difficulty of cleavage of the
dihalo-2-keto-compounds in seawater relative to the trihalo analogues.

Al though most dihalo-2- keto-compounds would not be expected to be
cleaved in weakly basic seawater, the presence of iodine in both of these
dihalocompounds would serve to enhance and possibly permit this cleavage.

XBr C-C (~O )-R

K

2

HXIC-C (=O)-R

XBr CH + HOC(=O)R
2

Kho?

XICH2 + HOC(=O)R

X=Cl

X=Br

Thus, the keto-compounds may be the chemical agents actually produced and
released by the algae.

Release rates on the order of several ng. dihalomethane/g. dry
weight/ day suggest that standing stocks of less than 1 ng.

dihalomethane/l. seawater would result. Thus, our detection of these
compounds would not be expected and, indeed, the CD year-round seawater

samples did not reveal the presence of these compounds. Future work
utilizing an electron capture detector may yield more information on the
levels of these compounds in seawater because this detector is
particularly sensitive to halogenated compounds.

Other compounds with other combinations of halogen substitution were
likely present in the plants we examined but were not detected due to
limitations of our methods (e. g., iodoform may be too soluble and have

too high a boiling point to be purged from seawater).
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Surprisingly, our red algal samples showed less inclination to
release halogenated compounds

than brown and green algal samples. Red

algae are well known to contain halogenated terpenes and other

metabolites (Fenical, 1975; Crews, 1977). Previous analyses may have
used extraction techniques which disrupted plant cells and organelles and
caused release of compounds not normally released into seawater.
Al ternatively, halocompounds may not have been released from our red

algal samples due to their seasonal physiological status.

The physiological and ecological roles of the halocompounds in these

algae are unknown. It has been hypothesized that these compounds serve
as algal defenses against epiphytes, parasites, and herbivores (Fenical,

1975). It may be advantageous for the plant to produce or store these
compounds near the surfaces subj ect to attack, or to release the

compounds into seawater to deter pests from approaching. Many
halocompounds are synthesized or stored in specialized vesicular cells or
in large refractile bodies in vegetative cells (termed "gland cells").

Similarly, chemicals used for defense in terrestrial plants are often
sequestered in specialized cells or organelles so as to protect these

plants from autotoxicity (Levin, 1976). Volatile and non-volatile
compounds in glandular trichomes of terrestrial plants are either

continuously secreted at low levels to deter pathogens and herbivores or
are discharged in high concentrations when cell walls are ruptured by an

attack (Levin, 1973). Release of compounds to seawater would be an
especially effective mode of defense since pests would be repelled prior
to inflic ting damage to the plant. Plants may maximize produc tion of
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these defensive compounds during periods of intense grazing pressure or

~piphyte settlement, such as spring and early summer for the species we

examined. Furthermore, pl ants unable to synthesize these protec tive
compounds may accumulate them from seawater during this time and derive

survi val advantage.
One objective of this investigation was to look for production of
compounds that may deter grazing by the ~ost abundant herbivore in this

marine conmunity, Littorina littorea. Bromoform, since it t.as released
by preferred food sources such as Enteromorpha and Petalonia/Scytosiphon
spp. as well as by algal species not eaten by this snail, appears not to

be a feeding deterrent for 1. littorea. The halomethanes CH2BrI and
CH I are suspected as defenses since they were produced by _F.
2 2

vesiculosus and Codium fragile, algae not grazed by this snail. These
two compounds were not released by algal species that the snail prefers

as food. Furthermore, field observations and laboratory experiments
indicated that ~. fragile becomes edible to the snails upon aging and
decomposi tion or grinding and heating. This suggests that with these

processes, C. fragile loses its defense, possibly these protective
compounds. Resul ts of ~. littorea feeding experiments bioassaying

CH I and CHBr3 will be reported elsewhere in the next section.
2 2

In sunmary, certain marine algal species released hydrocarbons and

ha10carbons into seawater at significant rates. The observed rates of
release were consistent with the levels of volatiles reported in seawater

samples in a year-round study of the region. Seasonal physiological
changes of the algae may be the most important factors controlling large

,k
L
:l;:j
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inputs of volatile organic compounds to seawater. Certain of these
compounds niay have ecological roles in

plant defense against pests.

ACKNOWLEDGMENTS

This research was supported by funds from the Woods Hole

Oceanographic Institution, the Dept. of Commerce NOAA Office of Sea Grant
(04-7-158-44104 and 04-8M01-l49), and the National Science Foundation

Division of Marine Chemistry (OCE-78-11573). We thank O. Zafiriou, R.
Gagosian, and J. Teal for advice during the course of this investigation.

-173-

CHAPTER 5, PART II

EFFECT OF CH2 I2 AND CHBr 3 ON FEEDING ACTIVITY OF LITTORINA LITTOREA
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INTRODUCTION

In the preceding section we reported that diiodomethane (CH2I2) is

released into seawater by Codium fragile and ~ vesiculosus. Because
these algal species are not

grazed by Littorina littorea and because halochemical defenses

compounds have been hypothesized, but not 'ptovên, as

against herbivores, I chose to test the effect of CH I on the feeding
2 2

activity of L. littorea. In addition, bromoform (CHBr3), a halocompound
we found to be released by nearly all algal species, was bioassayed for
its effect on snail feeding.

METHODS

2 2 3

Bioassayswere conducted using~. littorea and the algal-agar feeding

media as described in Chapter 1.

CH I (Pfaltz and Bauer) and CHBr

(Eastman) were diluted in 100% ethanol and added using a syringe to the

-7 .-1
media as it cooled (final concentration range: 10 - 10 mg./ml. Two
sets of experiments were run. The first consisted of 2-way choice
experiments using divided petri plates to offer the snails the control
media and the experimental media to t.hich the chemicals had been added.
Resul ts for each compound concentration were expressed as % experimental

media consumed relative to the control. The second set of experiments
offered a single choice of media in each plate to the snails; the plates
were in isolated seawatei' tanks to prevent possible cross-.contamination
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of mt'dia with the added chemicals. Results are expressed aSk media
consumed, both independent and relative to the control.

RESULTS

The dose-response

curve for the effect of CH2IZ on feeding by L.

littorea in 2-way choice experiments is given in Figure 1. CHZIZ
reduced feeding by at least 50% at concentrations between 0.0035 - 0.1

mg./ml. when the snails were offered a choice between experimental and

control media. When a single medium was offered, CH2IZ àt a
concentration

of 0.1 mg. /mL. reduced feeding to 25% compared to the

control during the first two days; after 5 days, the media to which

CH I had been added were consumed at levels greater than the control
2 2

(Table 3).
Figure 2 shows the dose-response curve for the effect of CHBr3 on

feeding by L. littorea in 2-way choice experiments. Results of single

medium experiments are sumarized in Table 4. The snails exhibited large
ranges of feeding responses to media with added CHBr3, with consumption

levels from 25 - ZOO% those of controls. For each concentration of
CHBr3, the range included 100% consumption; thus, the addition of
CHBr3 did not significantly reduce L. littorea feeding.

-:1 76~

Figure 1.

Dose-response curve for the effect of CH I on feeding by
2 2

L. littorea.
% media consumed = experimental media consumed 100%

control media consumed x 0,

(mean + s.e., n = 4).
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TABLE 3:

Effect of CH212 and CHBr3 on feeding by L.
(Mean std. error = + 5% media consumed).-

Halomethane

Media Consumed

After

After

2 days,

CH212, 10-2

li ttorea

Media Consumed, ReL. to

After

After

5 days

2 days,

5 days

25%

50%

63%

126%

10-1

10%

55%

25%

126%

CHBr3, 10-2

35%

100%

88%

250%

10-1

40%

45%

100%

113%

40%

40%

( 100%)

( 100 %)

In Media

(mg/ml)

CH2 12'

CHBr 3 ,

Control

Contro 1
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Figure 2. Dose-response curve for the effect of CHBr 3 on feeding by

L. iittorea.
%0 medi.
a d experimental
iOO%
consume
= .media
. consumed
control
media
consumed
x 0,
(mean + s.e., n = 4).
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DI SCUSS ION

Diiodomethane deterred feeding by ~. littorea and hence may account
for a significant part of the resistance of certain algal species to this

herbivore. In our experiments, this compound was released at a rate of 9
ng./g. dry wt. alga/day by f. fragile and 1 ng./g. dry wt. alga/day by!.

vesiculosus. Both of these algae (mature plants) are of low food
preference to L. littorea (it should be noted here that germlings of F.

vesiculosus, which are of medium preference, released lesser amounts of

CH2I2 than mature plants). Furthermore, extrac ts from these two
species inhibit grazing by L. littorea when added toa preferred food
source (Chapter 1). F. vesiculosus has high levels of pheno ls and

polyphenols which deter herbivores, hence this plant species may have

several classes of compounds which are antiherbivore in nature. C.
fragile does not have high levels of phenols or polyphenols (Chapter
III); whether CH2I2 is the primary feeding deterrent in its active
extracts remains to be determined.

Several lines of evidence suggest that the resistance of f. fragile
to L. littorea is due to a labile factor such as a volatile compound.

For example, in the field, f. fragile becomes edible to L. littorea when

it is old and beginning to decompose (Figures 3a, 3b). In laboratory
feeding experiments, f. fragile is eaten when it is macerated and heated

(Chapter 1). In these cases, it could be that the active deterrents are
volatile compounds that are lost upon decomposition of the alga.
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Figures 3a and 3b. Codium fragile (last year's thalli which had broken
down during the winter) being eaten by ~. littorea during
early spring (March, 1978; Falmouth, Mass.).
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a.

b.
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How~v~r, other chemi calA and factors such as toughness and nutri tional

content may be important in add ition to the volatile defense.
In the bioassays, CHZ IZ caused reduced levels of grazing by L.

littorea during the first few days of the experiments, but activity

appeared to be lost after Z - 5 days. This suggests that the compound
was either lost from the media to the seawater or transformed to less
active compounds (e.g., Moore, 1977, rep.orted that CH I liberates
Z Z

free iodine upon exposure to air and light). Further experiments are

Volatile compounds from terrestrial plants have been shown to repel
or attract herbivores in feeding and oviposition experiments (Vernon et

~i., 1977; Bergstrom, 1978; Brattsen et al., 1977). In some plants, the
active compounds are emitted continuously at low concentrations, while in
other plants the compounds are sequestered in special structures and are
released in high concentrations upon damage to plant tissues (Levin,

1973). We found that ~. fragile released CHZI2 to the surrounding
seawater when incubated in flasks; whether this release is naturally

continuous or due to stress remains to be determined. At concentrations
of 0.0035 - 0.1 mg./ml. of food media, CH2IZ inhibited L. littorea

feeding. Experiments to determine the concentrations of CHZIZ within
~. fragile tissues and released by the tissues when

damaged

by an

herbi vore are needed.

Moore (1977) suggested that CH2IZ from the red alga Asparagopsis
taxiformis may result from photooxidation of iodoform,
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bromodiiodomethane, and dibromoiodomethane. This may also hold for C.
fragile. Regardless of origin, the compound i s activity against

herbivores remains; in fact, studies of terrestrial plants have shown
that herbivore damage often induces formation of toxic compounds frdm

non--toxic precursors (Berenbaum, 1978; Miles, 1969).
Bromoform did not deter ~. littorea feeding significantly when added

to a preferred food medium. It sometimes appeared to enhance feeding

while it at other times slightly reduced feeding. It could be that
bromoform was lost from the media or degraded more rapidly than was
CH2 12. Or, bromoform may indeed have little or no activity against

~. littorea, as suggested by its release into Vineyard Sound by many
algal species , including those highly preferred as food to L. littorea,

such as Enteromorpha spp. Bromoform has also been reported in algae from
other marine communities and in fish, shrimp, and mussels (Lunde, 1973;

Moore, 1977), suggesting that the compound may be ubiquitous and not

highly toxic. The effect of plant chemicals on herbivores invariably
depends on concentration, and in some cases, low concentrations are
~
phagostimulatory while

high concentrations are inhibitory (Chapman,

1974); bromoform may act in this manner. However, even at high
concentrations, few plant chemicals have inhibitory effects to all

herbivores. These suggestions could be affirmed or disproved by further

experiments monitoring bromoform's release and effec t on other organisms.
Other halogenated compounds such as brominated phenols and ketones
have shown antialgal, antifungal, and antibacterial effects (see Fenical,

1975 for review). Hence, algal-produced CH2I2 and CHBr3 may affect

:l
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other organisms in the plant community in addition to herbivores such as
L. 1 ittorea , conveying selective advantages to those algae producing

them. Neither CH212 or CHBr 3 had previously been studied for

effects on herbivores; indeed, I know of no studies demonstrating
antiherbivore activity of any halogenated compounds from marine algae.

tn summary,CH212, a compound released by ~. fragile and F.
vesiculosus, was shown to inhibit feeding by ~. littorea when added to

its preferred food source. Bromoform, in contrast, did not consistently
or significantly affect L. littorea feeding, perhaps because of its rapid
loss or degradation.
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