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INTRODUCTION

Phlorotannins from brown algae represent a large
and commonly studied class of marine secondary
metabolites (reviewed in Steinberg 1992, Targett &
Arnold 1998, Van Alstyne et al. 2001a). Although
phlorotannins are often considered to function as
chemical defenses against herbivores, both direct tests
(Steinberg 1988, Steinberg & van Altena 1992,
Boettcher & Targett 1993, Steinberg et al. 1995, Pavia
& Toth 2000, Deal et al. 2003) and correlative experi-
ments (Van Alstyne 1988, Denton & Chapman 1991,

Steinberg et al. 1991, Tugwell & Branch 1992, Yates &
Peckol 1993, Targett et al. 1995, Pavia et al. 1997) have
shown great variance in the deterrent effects of
phlorotannins of brown algae against marine herbi-
vores; e.g. (1) high-molecular weight phlorotannin
mixtures (>10 kDa) may affect herbivore physiology
while low-molecular weight phlorotannins from the
same alga may not (Geiselman & McConnell 1981,
Boettcher & Targett 1993); (2) some herbivores with
acidic guts avoid phlorotannin-rich seaweeds while
other herbivores with basic or surfactant-rich digestive
tracts readily consume the same seaweeds (Tugwell &
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Branch 1992, Targett et al. 1995, Targett & Arnold
1998); (3) effects on herbivores can vary geographi-
cally even among herbivores with similar digestive
systems: herbivores in temperate Australasia are mini-
mally affected by phlorotannin-rich extracts that deter
similar herbivores from the Pacific coast of North
America (Steinberg & van Altena 1992, Steinberg et al.
1995).

Differences in digestive physiology and evolutionary
experience with phlorotannins may account for much
of the among-herbivore variance in phlorotannin
effects, but differences in the structures of the phloro-
tannins found among algae species and populations
also contribute to variable effects and make it difficult
to construct general paradigms for phlorotannin-medi-
ated plant–herbivore interactions. Phlorotannins may
also possess primary metabolic functions, for example
contributing to cell wall structure and reproduction,
which could lead to misinterpretation of data testing
ecological theories of chemical defense (Arnold &
Targett 2003). Similar difficulties have restricted gen-
eralizations about the function of terrestrial plant tan-
nins, which were originally proposed to act as
digestibility reducers that few herbivores could toler-
ate (Feeny 1976), but which were later found to occa-
sionally act as toxins and, in other cases, to be tolerated
or even to stimulate some grazers (reviewed in Bernays
et al. 1989).

Due to their polarity and polymeric structure,
phlorotannins are difficult to separate, purify and char-
acterize. Thus, biologists have commonly used colori-
metric assays such as the Folin-Denis (Folin & Denis
1915), Folin-Ciocalteu (Waterman & Mole 1994), or
2,4-dimethoxybenzaldehyde (DMBA) (Stern et al.
1996a) assays to measure total phlorotannins, without
considering their molecular size, structure, or demon-
strated bioactivity (e.g. Van Alstyne & Pelletreau 2000,
Hemmi & Jormalainen 2002, Norderhaug et al. 2003).
The convenience of measuring total phlorotannins as a
proxy for ‘defense’ is counteracted by numerous
demonstrations that some phlorotannins depress her-
bivore assimilation while others do not (e.g. Boettcher
& Targett 1993), that certain phlorotannin mixtures
deter feeding by some herbivores but not others (e.g.
Steinberg et al. 1995), and that herbivore digestive
efficiency or willingness to feed on seaweeds may be
either related to (e.g. Steinberg 1985, Denton & Chap-
man 1991) or unrelated (e.g. Steinberg et al. 1991, Tar-
gett et al. 1995) to the concentrations of phlorotannins
in seaweeds.

The first demonstration that phlorotannins of brown
algae could function as chemical defenses against her-
bivores used bioassay-guided fractionation of deter-
rent extracts from Fucus vesiculosus to show that
phlorotannins deterred snail feeding (Geiselman &

McConnell 1981). Deterrent activities were also de-
tected in other fractions, but these fractions were not
chemically investigated. Two decades later, Deal et al.
(2003) used bioassay-guided separations to detect a
deterrent galactolipid in F. vesiculosus; additional
deterrent metabolites were also apparent, but were not
identified. Thus, phlorotannin-producing seaweeds
like F. vesiculosus can produce defensive metabolites
other than phlorotannins (see also Steinberg & van
Altena 1992), but these other metabolites have been
largely uninvestigated. These deterrent metabolites
may be inadequately investigated by ecologists
because of the previous focus on phlorotannins,
because these compounds are unstable or chemically
intractable using standard methodologies, and/or
because they are found at very low concentrations in
plant tissues relative to phlorotannins (e.g. Kubanek et
al. 2003). In this study, we explore the possibility that
unrecognized defensive metabolites co-occur with
phlorotannins, and may confound assays focused on
phlorotannins alone.

This study asked the following questions: (1) How do
extracts of Fucus vesiculosus from New England and
North Carolina affect feeding by the 2 herbivorous
amphipods Ampithoe valida and A. longimana and the
sea urchin Arbacia punctulata? (2) If extracts are deter-
rent, is this due to phlorotannins or to other com-
pounds? (3) If other compounds function as defenses,
what are these compounds? (4) How do phlorotannins
from F. vesiculosus affect herbivore feeding when pre-
sented in foods at high concentrations? (5) How do
F. vesiculosus phlorotannins affect the fitness of her-
bivorous amphipods raised from birth on a phlorotan-
nin-rich versus phlorotannin-free diet?

MATERIALS AND METHODS

Organisms and study sites. Fucus vesiculosus is an
intertidal brown alga (Fucales) that occurs in the west-
ern Atlantic from the Canadian Arctic to North Car-
olina (Schneider & Searles 1991). F. vesiculosus and
congeneric species have been the focus of many cor-
relative and experimental studies on phlorotannin-
based algal chemical defenses (see Ragan & Glombitza
1986, Steinberg 1992, Van Alstyne et al. 2001a for
reviews). Thus, F. vesiculosus is among the best cur-
rent examples of well-studied seaweeds that use
phlorotannin-based chemical defenses. Differences in
phlorotannin molecular size, structural distribution,
and total concentration (0.1 to 15% of alga dry mass)
have been reported for this species (Ragan & Glomb-
itza 1986, Boettcher & Targett 1993).

The seaweeds used in our assays were collected
from the intertidal zone at Beaufort, North Carolina
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(34° 43’ N, 76° 41’ W), and Avery Point, Connecticut
(41° 19’ N, 72° 04’ W), USA. Whole plants were brought
to the laboratory in seawater, blotted dry, and frozen or
extracted fresh. Frozen plant material used for extrac-
tion was thawed and its volume measured by displace-
ment in methanol. Conversion of plant volume to dry
mass was determined by freeze-drying a known vol-
ume of Connecticut Fucus vesiculosus (n = 10) and
determining the dry mass/volume relationship. At
Beaufort, 5 collections were made: January 1996
(830 ml, frozen), October 16, 1998 (350 ml, frozen),
November 16, 1998 (300 ml, fresh), November 18, 1998
(50 ml, fresh), December 5, 1998 (400 ml, fresh). At
Avery Point, 2 collections were made: October 21, 1998
(925 ml, frozen) and December 7, 1998 (1000 ml,
frozen).

Feeding preference bioassays were performed with
the herbivorous amphipods Ampithoe valida and A.
longimana and the sea urchin Arbacia punctulata.
Amphipods were originally collected from seaweeds
found near Beaufort, and then maintained on various
fresh seaweeds in culture in the laboratory. A. punctu-
lata were collected at Radio Island Jetty, Beaufort, and
maintained in aquaria at 20 to 22°C on fresh Ulva sp.
and Enteromorpha sp. with flowing natural seawater.

The herbivorous amphipod Ampithoe valida is a
common mesograzer on Fucus vesiculosus and readily
consumes this seaweed in both the laboratory and field
(Deal 1997, Cruz-Rivera & Hay 2000). In contrast,
Ampithoe longimana and the sea urchin Arbacia punc-
tulata were chosen to represent generalist herbivores
(Hay et al. 1986, 1987, Duffy & Hay 1991, 1994, Cruz-
Rivera & Hay 2001) that do not typically co-occur in the
same microhabitat as F. vesiculosus. A. longimana is
relatively uncommon on F. vesiculosus at the sites we
investigated (M. Deal, E. Cruz-Rivera & E. Sotka pers.
comm.), but readily eats subtidal brown algae (Fucales
and Dictyotales) (Hay et al. 1987, Duffy & Hay 1991),
including F. vesiculosus in laboratory studies (Cruz-
Rivera & Hay 2001). Its scarcity on F. vesiculosus is due
to this alga’s intertidal distribution; if F. vesiculosus
plants are moved into the subtidal zone, they are colo-
nized by A. longimana (J. K. & S. L. unpubl.). Likewise,
A. punctulata is primarily found in the subtidal zone
and thus does not usually encounter F. vesiculosus in
the field. A. punctulata is also a good test herbivore
because its feeding preferences are similar to those of
local omnivorous fishes (which have access to
F. vesiculosus at high tide), and several brown algal
metabolites that deter fishes also deter these urchins
(Hay et al. 1987, 1988, Cronin & Hay 1996). These sim-
ilarities suggest that reactions of A. punctulata to algal
chemical defenses could be a proxy for reactions of
other generalist consumers. Lastly, because amphi-
pods and other mesograzers use seaweeds as hiding

places from their predators, they sometimes are resis-
tant, or even attracted, to seaweed compounds that
deter larger consumers (Hay et al. 1987, Duffy & Hay
1994, Hay & Fenical 1996). This provides an interesting
opportunity for contrasting the effects of F. vesiculosus
chemical defenses against a macro-herbivore versus
2 mesograzers.

Feeding assays. Agar and seaweed-based test foods
for urchins and amphipods were made using the proto-
col of Hay et al. (1994, 1998). Freeze-dried and finely
ground Ulva sp. was used as the nutritional base of the
artificial food fed to urchins, while similarly treated
Enteromorpha sp. was used for food fed to amphipods.
When testing lipophilic extracts, these were dissolved
in a suitable solvent (e.g. diethyl ether), added to 2.0 g
of freeze-dried, powdered seaweed, with the solvent
removed by rotary evaporation. The resulting treated
powder was then suspended in deionized water
(8.0 ml). If extracts or compounds to be assayed were
water-soluble, they were dissolved in the deionized
water just before adding the algal powder. The alga
and water suspension was then mixed with a ~60°C
solution of 0.36 g agar in 10.0 ml deionized water and
stirred rapidly. Before cooling, the liquid food was
poured into a mold clamped over window-screening
(see Hay et al. 1994, 1998); the screen provided a flex-
ible base to which the agar and algal mix adhered.
Control food was made in the same way, using the
same solvents but without the addition of extracts. The
extract or fraction from a 20 ml volume of fresh Fucus
vesiculosus was added to 20 ml of artificial food, thus
assuring a natural volumetric concentration of extract.
However, because the amount of algal powder that
could be held in the agar matrix while still allowing the
agar to gel properly was only one-third the dry
mass/volume of F. vesiculosus, our foods held 3× the
natural concentration of extract on an alga dry mass
basis.

For each urchin feeding assay, the window-
screening with attached agar and seaweed was cut
with a razor blade into 40 strips containing a square of
1 control and 1 treatment food, each approximately
1 cm2 in area and 2 mm thick. Each replicate consisted
of 1 urchin and 1 food strip within a 1 l plastic tub with
flow-through seawater. Food strips were checked for
consumption every 30 min. Herbivores were permitted
to feed until about half of either the treatment or con-
trol food was consumed, or until 3 h had passed. Repli-
cates in which less than 10% of the total available food
or more than 90% of the total available food was con-
sumed were omitted from consideration. As a result, 20
to 30 replicates were usually available for analysis in
each assay. Feeding was measured by clearance of
food from the window screen grid (64 food-filled
squares). Analyses were accomplished using paired,
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directed t-tests, with 80% of statistical power allocated
to detection of deterrent effects, and the remaining
20% power reserved for detection of feeding stimula-
tion (Rice & Gaines 1994).

Amphipod feeding assays were similar to the urchin
assays, except that smaller and thinner food squares
were made (36 window-screening units per square,
about 0.5 mm in thickness) by pressing the mixture
into the window-screening. Between 3 and 5 conspe-
cific amphipods were used per assay replicate, with 25
to 40 replicates per assay. Data were collected when
about half of either food was consumed, or after 16 to
48 h if feeding was slower. Data were analyzed as for
urchin assays.

General chemical methods. Solvents and chemicals
were reagent-grade and were used without further
purification. Fractionation of extracts was monitored
by thin-layer chromatography (TLC) on reversed-
phase (C18) or normal-phase silica gel plates. Phloro-
tannins were visualized on TLC plates by absorption of
UV light (254 nm) and by the formation of red stains
upon heating, after spraying with vanillin in an
ethanolic sulfuric acid solution. Nuclear magnetic res-
onance (NMR) spectroscopy (Varian 300 and 400 MHz
instruments) was used to confirm molecular structures.
Spectra were recorded in deuterated chloroform,
methanol, or water and referenced to the residual light
solvent.

Extraction and bioassay-guided fractionation of
Fucus vesiculosus extracts. Fresh or thawed samples
of F. vesiculosus were placed in methanol and homog-
enized in a blender. During the course of 2 d, each
sample of F. vesiculosus was extracted using
methanol/water (7:3) 3 times, followed by extraction
with methanol twice. Extraction was performed in the
dark at –20°C under 1 atm of nitrogen. Extracts were
combined and reduced in vacuo. Crude methanolic
extracts of F. vesiculosus plants from Connecticut or
North Carolina were incorporated into agar-based
artificial foods at natural volumetric concentration and
offered to herbivores. Extracts that deterred feeding
were subjected to solvent-partitioning.

Crude extracts were partitioned between water (500
to 1000 ml depending on sample volume) and
dichloromethane (500 ml) and these fractions were
tested in feeding assays. The water-soluble partition
was deterrent, so it was partitioned against ethyl
acetate (500 ml). The aqueous extract was initially
deterrent, but lost activity after a few days of storage at
–20°C in the dark under nitrogen.

In all feeding assays discussed up to this point, we
utilized natural volumetric concentrations of extracts
and fractions. These concentrations could be low on a
per volume basis if our isolation methods were ineffi-
cient, if a proportion of the phlorotannins decomposed

during extraction, or if the populations of Fucus vesicu-
losus we investigated contained lower levels of
phlorotannins than is typical of the species in general.
We therefore decided to test phlorotannins at levels
greater than the natural concentrations found in our
study populations. Higher concentration assays were
expected to improve our ability to detect weak deter-
rence and also to test for dose-dependent responses.
Additionally, the populations we investigated con-
tained phlorotannins at 1 to 4% of plant dry mass.
Other populations of this species and other brown sea-
weeds produce higher levels (commonly 2 to 10%, a
few even higher: Ragan & Glombitza 1986, Steinberg
1989, Steinberg et al. 1995, Van Alstyne et al. 2001a).

Although volumetric measurements of natural con-
centrations reasonably predict the concentration of
chemical compounds that a consumer may experience
per bite, consumers respond not only to deterrent com-
pounds, but also to the nutritional value of the prey
containing those compounds (Duffy & Paul 1992, Hay
et al. 1994, Cruz-Rivera & Hay 2003). Thus, nutrition-
ally rich foods may better mask the effect of a feeding
deterrent than nutritionally poor or dilute food. Our
assay food contained 0.11 g ml–1 of palatable alga (Ulva
sp. or Enteromorpha sp.), producing a food that hard-
ened well so that food surfaces were not damaged by
the physical movement of herbivores (as opposed to
their feeding); however, our populations of Fucus
vesiculosus contained 3× more alga mass per volume
(0.33 ± 0.01 g ml–1, n = 10) than our assay food. This
means that the natural volumetric concentrations of
extracts in our initial feeding assays were 3× the nat-
ural concentration of alga dry mass.

Purification of phlorotannins. To obtain purified
phlorotannins, Fucus vesiculosus from Connecticut
(1000 ml, December 7, 1998) was extracted as
described earlier and partitioned between dichloro-
methane, ethyl acetate, and water; the phlorotannins
occurred in the ethyl acetate and water partitions. The
ethyl acetate-soluble materials were dissolved in ace-
tone/methanol (2:1), loaded atop an Avicel microcrys-
talline cellulose column (17 × 2.5 cm), and 2 fractions
were collected: vanillin-reactive substances (indicat-
ing phlorotannins) eluting with acetone/methanol
(2:1), and methanol-eluting substances without TLC
characteristics.

The aqueous Fucus vesiculosus extract was subjected
to dialysis (cellulose ester membrane tubing, molecular
weight cut-off 1000 Da). The extract was dissolved in
deionized water and pipetted into the dialysis tubing,
which was clamped shut, immersed in deionized water,
and vigorously stirred at 15°C for 1 h. Material that re-
mained inside the tubing was reduced to near-dryness
on a Savant Speed-Vac and then adsorbed onto Avicel
microcrystalline cellulose. This was loaded onto a cellu-
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lose column (37 × 5.0 cm), and fractions were eluted
with acetone/methanol (2:1) and then with methanol.
As with the ethyl acetate-soluble material, the earlier
fraction contained the phlorotannins.

Characterization of phlorotannins. TLC was initially
used to identify fractions containing phlorotannins.
Percent phlorotannin was calculated from isolated
yield by multiplying the mass of the sample × percent
purity (assessed by 1H and 13C NMR spectroscopy).
Additionally, 2 colorimetric methods were used: the
Folin-Denis assay (Folin & Denis 1915) modified
(Swain & Hillis 1959, Ragan & Craigie 1978, Yates &
Peckol 1993) and adapted to small samples (Cronin &
Hay 1996), and the Folin-Ciocalteu assay (Folin & Cio-
calteu 1927, Waterman & Mole 1994). The Folin-Denis
reagent was made according to the method of the
Association of Official Analytical Chemists (1970). The
Folin-Ciocalteu reagent and phloroglucinol were pur-
chased from Sigma.

Samples to be analyzed by the Folin-Denis method
were weighed (5 to 7 mg) and extracted at 0°C for 24 h
in 1.00 ml methanol/water (7:3). Two 100 µl aliquots of
each sample were then added to vials of 8.40 ml
water/methanol (9:1) acidified to pH 3 to 4 with acetic
acid; 1 vial of each sample was treated with 120 mg of
polyvinylpolypyrrolidone (PVPP) (Andersen & Todd
1968), agitated for 10 min, and then centrifuged and
decanted. This procedure with PVPP was repeated
3 times. Folin-Denis reagent (0.50 ml) was added to
each vial (1 having been treated with PVPP [‘+PVPP’]
and the other not [‘–PVPP’], for each sample) and, after
3 min, 1.00 ml saturated sodium carbonate solution
was added and the time recorded as zero. After 20 min,
the UV absorbance at 724 nm was read using a Spec-
tronic 21D UV spectrophotometer. Absorbance (abs) of
reacted phlorotannins in each sample was determined
as (abs[–PVPP] – abs[+PVPP]). A standard curve was
constructed using solutions of phloroglucinol (7 dilu-
tions), which were treated in the same way as test
samples. Regression analysis was used to calculate the
‘mg phloroglucinol equivalents’ in each sample, which
was converted into percent total phlorotannins. Results
are mean values of % phlorotannins ±1 SE.

Samples analyzed by the Folin-Ciocalteu method
were treated very similarly to those analyzed by the
Folin-Denis method (Bolser et al. 1998). The Folin-
Ciocalteu method is reported to be less prone to inter-
ference from other compounds, and is not generally
corrected by a PVPP extraction (Waterman & Mole
1994). Because PVPP was not used, extracts were not
acidified. Instead, a 100 µl aliquot of each sample
(extracted in 1.00 ml methanol/water [1:1]) was diluted
with deionized water (7.90 ml), and Folin-Ciocalteu
reagent (0.50 ml) was added to this solution. After
waiting 2 min, saturated sodium carbonate solution

(1.50 ml) was added to each vial. Absorbance at
760 nm was read, after allowing 2 h for reaction, and
compared to a standard curve constructed using
phloroglucinol. Phlorotannin measurements using the
Folin-Denis and Folin-Ciocalteu methods were com-
pared and no difference exceeding usual experimental
error was detected (data not shown).

Purified phlorotannin fractions were subjected to
molecular size determination using ultrafiltration. An
Amicon 8400 Millipore 400 ml stirred cell was used in
conjunction with double layers of YM10 (molecular
weight, MW, cut-off 10 000 Da) and YM100 (MW
100 000)-regenerated cellulose membrane filters. Trip-
licate samples (50 to 80 mg) were dissolved in 50 ml
methanol and passed through the stirred cell under
nitrogen gas (5 to 20 pounds per square inch) in semi-
darkness. Material that passed and did not pass
through the filters was dried in vacuo and then
weighed. 1H and 13C NMR spectroscopy was used to
characterize samples smaller and greater than each
molecular weight cut-off in order to qualify values with
estimates of purity.

Measurement of phlorotannins in assay food. Loss
of phlorotannins from, and phlorotannin binding to,
foods throughout the course of feeding assays was
quantified as follows. Assay foods containing purified
phlorotannins (6× isolated yield) were removed from
assays after 0 h (i.e. before use in the assay), 1.5 h
(urchin assay), and 6, 12, and 36 h (amphipod assay).
These foods (n = 5) were extracted and analyzed by the
Folin-Ciocalteu method as described above.

Feeding and growth assays using purified phloro-
tannins. Ethyl acetate- and water-extracted phlorotan-
nins (combined isolated yield of 1.4% of plant dry
mass) were incorporated into agar-based amphipod
assay food at 3× (4.2% dry mass), 6× (8.4%), and 12×
(16.8%) isolated yield per dry mass of alga. Urchins
were assayed at 3× and 6× isolated yield. At 12× iso-
lated yield, the thicker foods used in the urchin assays
did not gel properly and caused food to be dislodged
from screens as urchins moved over them, confound-
ing physical damage and feeding, and thus preventing
urchins from being assayed at the highest concentra-
tion. The assay food used for amphipods allowed
greater concentrations to be used because it was
pressed more thinly and adhered more readily to the
screen. Therefore, amphipods could be assayed at 12×
isolated yield, by reducing the amount of palatable
alga by 50% while the amount of phlorotannins and
liquid added remained the same as in the 6× natural
concentration assay — a technique unsuccessful when
applied to urchin food.

To assess the long-term effects of consuming
phlorotannins, we raised juvenile Ampithoe valida on
seaweed-based artificial diets with or without Fucus
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vesiculosus phlorotannins at 3× their isolated yield
(4.2% of alga dry mass) and monitored their survival,
growth, and ovulation over a period of 64 d. Adult
female amphipods holding eggs were collected from
low-intertidal F. vesiculosus beds in Beaufort, placed
in individual petri dishes with seawater and fresh
algae, transported to the laboratory at Georgia Insti-
tute of Technology, and monitored for release of juve-
niles from the mother’s brood pouch. We obtained
juveniles from 20 mothers, allowing for 20 replicates
blocked by mother. Experimental treatments consisted
of a phlorotannin-rich algal diet, a phlorotannin-free
algal diet, and an agar-only diet (starvation control).
The algal diets contained a 1:1:1 mixture of finely
ground, freeze-dried Gracilaria tikvahiae, Hypnea
musciformis and Enteromorpha sp. These seaweeds
are generally palatable and A. valida is known to grow
and survive well on diets of mixed algae (Cruz-Rivera
& Hay 2001). Phlorotannin-rich diets were prepared by
dissolving phlorotannins purified from F. vesiculosus
(4.2% alga dry mass) in 7.0 ml of methanol, adding this
to 0.50 g powdered algae, removing the methanol by
rotary evaporation, and mixing the algae with 2.0 ml of
distilled water. This was then stirred together with a
hot agar solution made of 0.090 g agar and 2.5 ml of
distilled water. The resulting mixture was poured onto
the window screen and pressed flat; upon cooling, the
mixture congealed and adhered to the screen. Small
squares, equally sized across treatments, were then cut
and given to the amphipods. Phlorotannin-free treat-

ments were produced in an identical fashion, but with-
out addition of the phlorotannins.

Because juveniles from the same mother were as-
signed at random to each of the 3 treatments, variance
within families should have been equally distributed
among treatments and each treatment within a block
should have started with amphipods of equal size. An
equal number of juveniles from each mother was as-
signed to each treatment within a replicate block. Each
replicate block had between 1 and 5 amphipods per
treatment dish (i.e. from a mother producing 3 to 25
juveniles). Filtered seawater was replaced, dishes were
cleaned, and new experimental food was added to each
dish every 2 to 3 d. Amphipods were monitored daily
for survivorship and, eventually, reproductive maturity
in females. Replicates were started on October 8, 11,
and 14, 1999 (Blocks 1 to 5, 6 to 9 and 10 to 20, respec-
tively). The last blocks of experimental treatments were
terminated on December 18, 1999 (Day 64), although
ovigerous females were killed sooner (Day 52 and 58)
so that eggs could be counted and sized. On November
4, 1999 (Blocks 1 to 5 were 26 d old, Blocks 6 to 9 were
23 d old, and Blocks 10 to 20 were 20 d old); all surviv-
ing amphipods were briefly removed from their dishes
and measured from the rostrum to the last large coxa
under a microscope. This length measurement was
then divided by the amphipod’s age in days to deter-
mine a growth rate (mm d–1). Comparisons of percent
survivorship, number of days survived, and growth
were made between the phlorotannin-free and

phlorotannin-rich treatments using 2-tailed
paired t-tests.

RESULTS

Crude extracts of Fucus vesiculosus pop-
ulations from both North Carolina and
Connecticut consistently deterred feeding
by all 3 of our test herbivores, with the
deterrent effects being concentrated in the
water-soluble fractions (Figs. 1–4). From
preliminary work, we knew that Connecti-
cut plants were rich in both ethyl acetate-
and water-soluble phlorotannins whereas
North Carolina plants contained only
water-soluble phlorotannins. In order to
expose herbivores to the greatest diversity
of phlorotannins, we chose to use extracts
from the Connecticut plants for further
bioassay-guided fractionations in attempts
to separate and identify all bioactive
compounds. Partitioning of the Connecticut
extract between water and dichloro-
methane produced a deterrent aqueous

84

Fig. 1. Ampithoe valida and A. longimana. Effects of Fucus vesiculosus
crude extracts on feeding (no. of food squares eaten) by 2 herbivorous 

amphipods. Data are means +1 SE. C:  control; T: treatment



Kubanek et al.: Ambiguous role of phlorotannins in algae

fraction (p < 0.001) and a stimulatory dichloro-
methane fraction (p < 0.001), with both species of
amphipods showing similar behavior toward the vari-
ous fractions (Fig. 2). We attempted to identify the
compounds stimulating feeding in the dichloro-
methane fraction, but this activity was unstable, and

was lost following short-term storage of the extract
(data not shown).

When the deterrent aqueous extract was partitioned
between ethyl acetate and water, the ethyl acetate
fraction (which contained 0.42% phlorotannins on a
plant dry mass basis) did not affect feeding by either
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Fig. 2. Ampithoe valida and A. longimana. Effects of solvent partitions of Connecticut Fucus vesiculosus extracts on feeding 
(no. of food squares eaten) by 2 herbivorous amphipods. DCM: dichloromethane; EtOAc: ethyl acetate. Data are means +1 SE. 

C: control; T: treatment

Fig. 3. Arbacia punctulata. Effects
of North Carolina Fucus vesiculosus
aqueous extracts on sea urchin
feeding over time. Further details 

as in Fig. 1
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species of amphipod (p = 0.73 and 0.49 for Ampithoe
valida and A. longimana, respectively), but the aque-
ous fraction (which contained 0.63% phlorotannins on
a plant dry mass basis) strongly deterred feeding by
both: A. valida = p < 0.001 (n = 25); A. longimana = p =
0.034 (n = 13 during the first 16 h of assay). If we
included all observations throughout the 40 h duration
of the A. longimana assay, then the feeding deterrence
became non-significant (p = 0.13, mean squares eaten
± SE, control = 15.0 ± 1.8, treatment = 10.9 ± 2.2, n =
24). This suggests that decomposition or leaching of
deterrent metabolites may have occurred during the
40 h of the assay, but that initial deterrence was strong
enough to be statistically detected during the first 13 h.
When assayed again 1 wk later, material from the
same fraction no longer deterred feeding by A. valida
(p = 0.21, mean squares eaten ± SE, control = 12.4 ±
1.4, treatment = 10.3 ± 7.4, n = 21), suggesting decom-
position of active compound(s) during storage despite
keeping the material under nitrogen at –20 C° in the
dark. At a time midway between the deterrent and the
non-deterrent results, Folin-Ciocalteu analysis indi-
cated that phlorotannins in this extract equaled 1.1%
of plant dry mass.

Assays using amphipods required 16 to 40 h for mea-
surable feeding to occur, and the artificial foods
needed to be very thin so that the limited feeding by
these small herbivores could be quantified reliably.
The long duration of assays and the high surface-to-
volume ratio of foods could have compromised our
ability to assay unstable or water-soluble metabolites
because such compounds might dissolve rapidly from

these foods or decompose during the 40 h assay. In
contrast, sea urchins eat more food and eat it faster.
Thus, foods made for urchin assays could be thicker
(reducing surface-to-volume ratios and thus potential
rates of leaching), and assay times could be shortened
to 3 h or less. For these reasons, we thought assays with
sea urchins might prove more useful in investigating
the causal agent of unstable or water-soluble deter-
rents in Fucus vesiculosus extracts.

The aqueous extract from a January 1996 collection
of North Carolina Fucus vesiculosus significantly
deterred feeding by Arbacia punctulata in several
assays (p = 0.024, 0.015, 0.012, 0.026, Fig. 3) conducted
shortly after extraction of plant material that had been
kept frozen for 27 to 30 mo following collection. How-
ever, this extract lost its deterrent properties following
storage at –20°C for 17 to 42 d (p = 0.64, 0.94, 0.18,
Fig. 3). Similarly, an October 21, 1998 collection of
F. vesiculosus from Connecticut produced a deterrent
crude extract (p = 0.008, Fig. 4), but this deterrence
was lost when the extract was partitioned between
dichloromethane, ethyl acetate and water (p = 0.21 to
0.71, Fig. 4), suggesting that the deterrent metabolites
in this extract degraded during the separation proce-
dures. These efforts were repeated, producing similar
results. Additionally, when the fractions were recom-
bined to reconstitute the crude extract, this was no
longer deterrent (data not shown). The loss of deter-
rence was thus due to decomposition rather than the
active metabolite being split among multiple fractions.

The chemical properties of aqueous extracts that
deterred urchin feeding were compared with those of
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Fig. 4. Arbacia punctulata. Effects of
solvent partitions of Connecticut Fucus
vesiculosus extracts on sea urchin feed-

ing. Further details as in Fig. 2
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stored extracts that had lost deterrent activity to see if
we could identify chemical changes that might be
responsible for the altered biological activity. Colori-
metric assays indicated that the North Carolina aque-
ous extract from the January 1996 collection had simi-
lar phlorotannin levels before and after deterrence was
lost (0.32 and 0.28% of plant dry mass, respectively).
NMR spectral analysis of these deterrent and non-
deterrent aqueous extracts indicated no observable
difference in the presence or intensity of signals attrib-
utable to phlorotannins or to carbohydrates apparent
in the samples, suggesting that the loss of deterrence
was caused by decomposition of minor component(s).

Folin-Ciocalteu analysis indicated that North Car-
olina plants contained 3.5 ± 0.4% phlorotannins by
plant dry mass while those from Connecticut contained
2.7 ± 0.3% (n = 6). Despite these somewhat similar con-
centrations of total phlorotannins, TLC and NMR spec-
tral analysis indicated that there were marked chemi-
cal differences between the phlorotannins in ethyl
acetate extracts of North Carolina versus Connecticut
Fucus vesiculosus. These differences were consistent
for 2 collections from each area (North Carolina Octo-
ber and November 1998, and Connecticut October and
December 1998). F. vesiculosus from Connecticut
yielded a substantial ethyl acetate extract rich in
phlorotannins (0.29 to 0.52% of plant dry mass), while
North Carolina ethyl acetate extracts were negligible
in mass and phlorotannin content (<0.001% of plant
dry mass). In assays run together with replicates inter-
spersed, neither of these extracts deterred urchin feed-
ing and the results of these 2 assays were not signifi-
cantly different from each other (mean squares eaten ±
SE: North Carolina control = 25.3 ± 5.7, treatment =
30.0 ± 5.2, n = 23; p = 0.85; Connecticut data control =
22.3 ± 4.5, treatment = 23.9 ± 5.4; n = 24; p = 0.71; p =
0.32, 2-tailed t-test comparing proportion of treatment
and control foods eaten between 2 assays). In contrast
to the differences seen for the composition of ethyl
acetate-soluble phlorotannins, aqueous extracts of
F. vesiculosus from the 2 locations (North Carolina
October, 1998, and Connecticut October, 1998) con-
tained similar concentrations of phlorotannins (0.71
and 0.63% of plant dry mass for North Carolina and
Connecticut, respectively). Neither extract deterred
urchin feeding and the results of the 2 assays were not
significantly different from each other (mean squares
eaten ± SE: North Carolina control = 16.9 ± 3.7, treat-
ment = 14.4 ± 3.1, n = 34; p = 0.43; Connecticut  control
= 16.2 ± 3.1, treatment = 11.5 ± 2.8, n = 37; p = 0.21; p =
0.44, 2-tailed t-test comparing proportion treatment
and control foods eaten between 2 assays). The iso-
lated yields of phlorotannins from North Carolina and
Connecticut represented only 20 to 43% of the total
phlorotannins predicted to be present in these plants

by the Folin-Ciocalteu assay. This loss was likely due
to a combination of error in the Folin-Ciocalteu deter-
mination using phloroglucinol as a standard (e.g.
Hagerman & Butler 1989, Van Alstyne 1995, Stern et
al. 1996a), incomplete extraction, and some decompo-
sition during purification, all of which could have
affected feeding responses by herbivores. Therefore, it
became important to test isolated phlorotannins at ele-
vated concentrations to compensate for potential loss.

To perform assays with elevated levels of phlorotan-
nins, phlorotannins were purified from both the
water- and ethyl acetate-soluble extracts of Connecti-
cut Fucus vesiculosus.  NMR spectral analysis of puri-
fied ethyl acetate-extracted phlorotannins revealed a
complex mixture of phloroglucinol derivatives (1H
NMR δ 5.8 to 6.4 ppm; 13C NMR δ 94 to 103, 122 to
130, 150 to 164 ppm). There were no other signals in
the 13C NMR spectrum, and only very weak impurity
signals at δ 1.2 to 1.6 ppm in the 1H NMR spectrum,
suggesting that the ethyl acetate-soluble phlorotan-
nins were >95% pure, therefore comprising approxi-
mately 0.52% of plant dry mass. Molecular size de-
termination using ultrafiltration indicated that
phlorotannins in this fraction were distributed across
a broad molecular weight range: 10% were measured
<10 000 Da, 72% were 10 000 to 100 000 Da and 18%
were >100 000 Da in size.

NMR spectral analysis of phlorotannins purified from
aqueous extracts indicated trace quantities of mannitol
and other carbohydrates plus signals consistent with
complex phlorotannin polymers similar to the ethyl
acetate material described above, suggesting that this
phlorotannin fraction was 80 to 90% pure, represent-
ing approximately 0.90% of plant dry mass. Ultrafiltra-
tion coupled with NMR spectral analysis indicated that
phlorotannins with molecular weights <10 000 Da
made up 20% of this mixture, phlorotannins of 10 000
to 100 000 Da in size constituted 70%, and those of
>100 000 Da constituted 10% of the mixture. When
combined with the ethyl acetate-extracted phlorotan-
nins, the isolated phlorotannins represented 1.4% of
plant dry mass. Folin-Ciocalteu analysis of whole-plant
extracts from this Fucus vesiculosus collection sugges-
ted a total of 2.7% phlorotannins, again representing
significant loss or discrepancy between these 2 meth-
ods (purification of phlorotannins vs Folin-Ciocalteu
analysis).

The ethyl acetate-soluble and water-soluble phloro-
tannins were combined and assayed for their effects on
urchin and amphipod feeding at 3×, 6×, or 12× isolated
yield as a proportion of plant dry mass (Fig. 5). At 3× (=
4.2% phlorotannins by dry mass) and 6× (= 8.4%
phlorotannins) isolated yield, no significant effect was
observed for any of the 3 herbivores. At 12× isolated
yield (16.8% phlorotannins), changes in the food tex-
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ture prevented urchins from being assayed. At 12× iso-
lated yield, feeding by the amphipod Ampithoe valida
was significantly deterred (p < 0.0001); feeding by A.
longimana was unaffected (p = 0.93).

When phlorotannins were added to assay foods and
these were immediately re-extracted without being
exposed to water, we could extract only about 5% of
the phlorotannins we had just added (4.7 ± 0.3% for
the urchin food and 6.5 ± 0.5% for the amphipod food,
n = 5). Thus, about 95% of the phlorotannins appeared
to be irreversibly bound to the food. Because all previ-
ous behavioral assays demonstrating deterrence of
purified phlorotannins also used agar-based foods

(Geiselman & McConnell 1981, Steinberg 1988, Stein-
berg & van Altena 1992, Winter & Estes 1992), this
should have occurred in these earlier assays as well.
Furthermore, this finding suggests that it is unlikely
that there was significant leaching of phlorotannins
during our feeding assays.

Raising Ampithoe valida on an alga-based diet con-
taining Fucus vesiculosus phlorotannins at 3× their
natural yield (4.2% of food dry mass) resulted in signif-
icantly enhanced, rather than depressed, survivorship
(Fig. 6) and growth (Fig. 7). At Day 29 (approximately
the midpoint of our experiment), survivorship was 54%
for amphipods feeding on the phlorotannin-rich diet
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Fig. 5. Ampithoe valida, A. longimana and
Arbacia punctulata. Effects of Connecti-
cut Fucus vesiculosus phlorotannins on
herbivory by amphipods and sea urchins
at various concentrations relative to iso-

lated yield by plant dry mass

Fig. 6. Ampithoe valida. Survi-
vorship of amphipods raised on
artificial diets, averaged within
each replicate (1 to 5 amphi-
pods per replicate). Inset: mean
number of days survival (calcu-

lated on Day 52)
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and only 14% for those on the phlorotannin-free diet
(p < 0.001). By Day 52, when the first female produced
eggs, survival was 28% on the phlorotannin-rich diet
and only 8% on the phlorotannin-free diet (p = 0.023).
Mean longevity of the amphipods (to Day 52, when the
first female was sacrificed to measure eggs) was
increased by about 50% when phlorotannins were
added to the diet (p < 0.001, Fig. 6 inset).

When the size of surviving amphipods was measured
(on Days 20 to 26 of the experiment, depending on
when the mother for each replicate released young,
thus allowing the experiment to start), there were
8 diet blocks for which amphipods from the same
mother were alive in both phlorotannin-rich and phlo-
rotannin-free treatments, allowing a contrast paired by
mother. For these 8 paired replicates, amphipods
raised on the phlorotannin-rich diet grew 33% more
than those on an equivalent diet without added phlo-
rotannins (mean of 0.060 vs 0.045 mm d–1, paired t-test
p = 0.003, Fig. 7). If all growth rate data are included in
the analysis (9 replicates with survivors in the phloro-
tannin-free diet and 17 replicates in the phlorotannin-
rich treatment), the amphipods on the phlorotannin-
rich diet show a 26% higher rate of growth (unpaired
t-test p = 0.01). Only 3 females became reproductively
mature or ovigerous during the course of the experi-
ment, 2 at Age 53 d and 1 at Age 59 d. All 3 were raised
on the phlorotannin-rich diet.

DISCUSSION

All 3 species of herbivores were similarly deterred
by crude extracts of Fucus vesiculosus, and the pattern
and magnitude of deterrence was similar irrespective
of whether the seaweeds had been collected from the
southern end of the range in North Carolina or the cen-

ter of the range in Connecticut (Figs. 1 to 4). However,
after the deterrent extracts had been stored frozen for
a period of days to weeks, the water-soluble extracts
lost their deterrence (Fig. 3, also see Deal et al. 2003).
Deterrence was also lost in 1 assay when the crude
extract was partitioned between dichloromethane,
ethyl acetate, and water (Fig. 4). These changes in
palatability were not paralleled by a detectable alter-
ation in phlorotannin concentration or composition, as
measured by colorimetric and NMR spectral analyses.

When purified phlorotannins from Connecticut
Fucus vesiculosus were assayed at 3× and 6× (for Arba-
cia punctulata) or 3×, 6× and 12× (for the amphipods)
of phlorotannin yield (= 4.2 to 16.8% food dry mass),
phlorotannins deterred neither of the herbivores that
normally avoid F. vesiculosus (A. punctulata and Ampi-
thoe longimana). The herbivore that commonly associ-
ates with and eats F. vesiculosus in the field (A. valida)
was not deterred by F. vesiculosus phlorotannins at 3×
or 6× isolated yield, but 12× isolated yield (16.8% food
dry mass) did significantly deter this consumer (Fig. 5).
Typical phlorotannin levels for unpalatable brown
algae range from 1 to 10%, with only a few exceeding
10 to 15% (Ragan & Jensen 1977, 1978, Ragan & Glom-
bitza 1986, Steinberg 1989, Steinberg & van Altena
1992, Steinberg et al. 1995). Therefore, our tests were
within the ranges of phlorotannin concentrations found
in brown algae.

It seems unlikely that our failure to detect deterrence
was a result of testing phlorotannins from the smaller
size classes, which are suggested to be less active
(Steinberg 1988, Steinberg & van Altena 1992,
Boettcher & Targett 1993). Molecular size determina-
tion using ultrafiltration indicated that 90% of the ethyl
acetate-extracted phlorotannins from Connecticut
plants were larger than 10 000 Da, with 18% having
molecular weights >100 000 Da. The water-extracted
phlorotannins were also relatively large: 70% of the
isolated phlorotannins were 10 000 to 100 000 Da, and
10% were >100 000 Da.

Although almost all ecologically realistic assays of
chemical defenses against marine herbivores employ
behavioral assays like ours (Hay et al. 1998), it is possi-
ble that herbivores avoid the physiological conse-
quences of consuming phlorotannins by rejecting
plants based upon some non-phlorotannin cue that
reliably occurs in phlorotannin-rich seaweeds. If this is
the case, then short-term behavioral assays might fail
to detect damaging physiological effects that the
consumers would experience if they consistently con-
sumed seaweeds producing phlorotannins (see
Boettcher & Targett 1993).  To evaluate this possibility,
we raised juvenile Ampithoe valida on foods with and
without phlorotannins at 3× isolated yield (4.2% of
food dry mass).
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Adding purified phlorotannins to foods significantly
increased, rather than decreased, the survivorship
and growth of these amphipods (Figs. 6 & 7). Only
3 females produced eggs during the experiment, all
from the phlorotannin-rich treatment.  The increased
growth, survivorship, and possibly reproduction of
Ampithoe valida fed phlorotannin-rich diets could
have resulted from (1) phlorotannins being used by
amphipods as a carbon source, as occurs in some ter-
restrial grasshoppers and locusts (Bernays & Chamber-
lain 1980, Bernays & Woodhead 1982); (2) phlorotan-
nins reducing the negative effects of pathogenic
agents, as has been shown for gypsy moths feeding on
hydrolysable tannins (Schultz et al. 1990); (3) phloro-
tannins complexing and therefore reducing deleteri-
ous effects of other compounds from algae used to
make the artificial diet (Gracilaria tikyahiae, Hypnea
musciformis and Enteromorpha sp. — these are not
known to contain toxins but this has not been exten-
sively studied), as has been hypothesized to occur with
terrestrial tannins consumed by vertebrates that feed
on alkaloid- and saponin-rich plants  (reviewed in
Bernays et al. 1989); (4) phlorotannins increasing the
retention of dietary proteins, as occurs in some rumi-
nants in which binding of terrestrial tannins to dietary
proteins appears to prevent protein deamination by
gut microbes (reviewed in Bernays et al. 1989) (how-
ever, this has not been shown to occur in marine inver-
tebrates); (5) other unknown mechanisms. The current
study could not distinguish among these alternative
possibilities, but investigations of how plant defensive-
metabolites might sometimes serve as medicinal or
nutritional agents seem warranted due to the accumu-
lating examples of positive effects of metabolites other-
wise thought to act as feeding deterrents (Bernays &
Chamberlain 1980, Bernays & Woodhead 1982,
Bernays et al. 1989, Schultz et al. 1990; see also Cruz-
Rivera & Hay 2003 for data on the isopod Paracerceis
caudata cultured on brown algae diterpenes). There
are now numerous marine examples of consumers
whose feeding is not deterred by phlorotannins (Stein-
berg & van Altena 1992, Steinberg et al. 1995, Targett
et al. 1995, Jormalainen et al. 2001, Deal et al. 2003),
and there are various testable hypotheses about how
gut physiology and other herbivore traits may allow
specific consumers to tolerate phlorotannins (Targett &
Arnold 1998).  To our knowledge, however, the present
study comprises the first example of a marine herbi-
vore whose fitness is significantly enhanced by the
consumption of phlorotannins.

In this study, feeding assays were conducted using
agar-based foods, as in all previous investigations that
have directly shown phlorotannins to act as chemical
defenses that decrease feeding by some herbivores
(Geiselman & McConnell 1981, Steinberg 1988, Stein-

berg & van Altena 1992, Winter & Estes 1992, Stein-
berg et al. 1995, Pavia & Toth 2000). We were con-
cerned that phlorotannins might leach from the agar
into the surrounding seawater and be lost from treat-
ment foods during the assay. However, 95% of the
phlorotannins added to our foods did not leach out and
could not be re-extracted, even with methanol. Addi-
tionally, because our initial amphipod assays with
crude extracts ran for 48 h and documented strong
deterrence, it is unlikely that the active compounds
were typically lost from the foods over a 48 h test
period.

The binding of phlorotannins to agar-based foods
could be a methodological problem or a solution,
depending on how phlorotannins act within con-
sumers — when they do so. If polyphenolic compounds,
including phlorotannins, act by complexing dietary
proteins and lowering assimilation or digestibility of
these nutrients, as suggested by numerous studies
(Feeny 1976, Swain 1979, see marine example pro-
vided by Boettcher & Targett 1993), then the complex-
ation occurring in our artificial foods mirrored natural
effects. However, if they act as toxins, or by binding
the consumer’s digestive enzymes, or in other ways
(Bernays et al. 1989, Stern et al. 1996b), then by pre-
binding them in our food, anti-herbivore mechanisms
of action may have been prevented. However, all of the
published reports that have directly shown feeding
deterrence due to phlorotannins have used agar-based
assays (Geiselman & McConnell 1981, Steinberg 1988,
Steinberg & van Altena 1992, Winter & Estes 1992,
Steinberg et al. 1995, Pavia & Toth 2000), indicating
that phlorotannins in agar can exhibit deterrent
effects.

Our assay food differed from previous studies in that
our food contained dried algae particles rather than
just the water extract of the algae. As such, our foods
should have been more nutritionally valuable, and
probably more ecologically realistic, than the foods
used in most previous assays. Deterrent effects of
defensive metabolites vary with the nutritional value of
the foods in which they are presented, and compounds
that deter feeding in low-value foods may have no
effect in higher value foods (Duffy & Paul 1992, Hay et
al. 1994). For example, Bernays and colleagues
(reviewed in Bernays 1981) showed that terrestrial tan-
nins were more deterrent when presented to insects in
foods lacking plant protein than in foods containing
protein.

Previous evidence demonstrating deterrence of
phlorotannins came from assays in which the nutri-
tional value of the test food may have been low com-
pared to that of the seaweeds from which the
phlorotannins were extracted. As examples, Geisel-
man & McConnell (1981) ground fresh palatable algae
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in water, then added this mixture (with the water dilut-
ing the algae material) to additional water and agar to
make the food in which their algal extracts were
tested. Steinberg et al. (1995) and Pavia & Toth (2000)
apparently used similar procedures. Steinberg (1988)
ground 1 part fresh palatable alga in 3 parts of water,
filtered out the solid alga pieces, and used this flavored
water in assay food. Winter & Estes (1992) used similar
procedures. In all these assays, the nutritional value
per volume of food would have been very low relative
to the original alga. The alga dry mass per volume of
our assay food was only 33% of that in Fucus vesiculo-
sus, but this value would have been higher than that in
foods used in previous investigations. However,
including dried plant matter or aqueous plant extracts
as a nutritional base in assay foods could be problem-
atic, if phlorotannins become bound to plant proteins
in assay foods and thus cannot be detected by herbi-
vores. This cannot be avoided unless protein-free
foods are used — reducing the ecological meaning of
the results.

Although effects of Fucus vesiculosus crude and
aqueous extracts on herbivore feeding clearly demon-
strate that the seaweed is chemically defended (Figs. 1
to 4), we found no evidence that this defense is based
on the behavioral or physiological effects of phlorotan-
nins. Unfortunately, because of decomposition, we
were unable to isolate and identify the metabolites that
defend this seaweed. However, the similar effects of
extracts from both North Carolina and Connecticut
populations of F. vesiculosus demonstrate that these
defenses are not restricted to 1 unusual population. It is
conceivable that there was 1 deterrent (but unstable)
phlorotannin or small group of phlorotannins that
eluded us in the phlorotannin purification process that
was responsible for the original deterrence of the
crude extracts. Although unlikely, this could be possi-
ble if (1) the deterrent phlorotannins were at such low
concentration that NMR spectral analysis could not
distinguish them against a background of other
phlorotannins (since we detected no change in
phlorotannin composition by NMR spectral data dur-
ing the time when activity of the crude extract was
being lost), (2) they were more readily decomposed
than most other phlorotannins during handling and
storage (possible for biologically active compounds)
but (3) remained active in assay foods for up to 48 h
when tested in crude extracts. Our inability to detect
significant effects of F. vesiculosus phlorotannins on
consumer feeding or physiology (Figs. 5 to 7), even at
considerably elevated concentrations, makes it more
plausible that phlorotannins from the F. vesiculosus
populations we studied did not deter feeding.

In a previous study of Fucus vesiculosus collected
from the same Beaufort site, Deal et al. (2003) demon-

strated that an ethyl acetate-soluble galactolipid and an
unidentified non-phlorotannin water-soluble metabo-
lite deterred feeding by Arbacia punctulata. We did not
detect the galactolipid in the extracts we analyzed, ei-
ther by bioassay or by NMR spectroscopy. The differ-
ences between our findings and those of Deal et al.
(2003) could indicate a temporal pattern of production
for this compound or that our differing extraction meth-
ods resulted in loss of the compound. Additionally,
physical stresses can constrain production or retention
of defensive metabolites in seaweeds (Renaud et al.
1990, Cronin & Hay 1996), and conditions may have dif-
fered during the 2 studies. As in our work, Deal et al.
(2003) were unable to demonstrate any deterrent effect
of phlorotannins from F. vesiculosus on urchin feeding
behavior, even when tested at 2 to 4× natural concen-
tration. They attributed part of the deterrence they ob-
served to water-soluble metabolites(s) other than
phlorotannins, but were unable to purify and identify
the active metabolite(s). Other investigators studying
chemical defenses in phlorotannin-producing brown
seaweeds report that losing activity following storage
or separation of extracts is not uncommon (P. Steinberg
& N. Targett pers. comm.), and thus still-unidentified
deterrent compounds may be more common than re-
flected by the literature. Although the identity and
physiological effects of these metabolites cannot be de-
termined until methods are developed for purifying and
identifying the active metabolites, ecologists with inter-
ests in these areas should be aware of the evidence
suggesting that chemical defenses of brown algae may
be more diverse than is presently reflected by the liter-
ature.

Given that crude and aqueous extracts of Fucus
vesiculosus strongly deterred feeding of 3 generalist
herbivore species including 1 macro-herbivore and
2 mesograzers, but that these deterrent effects could
not be attributed to phlorotannins (Figs. 5 to 7), future
studies of variation in chemical defenses (in response
to actual or simulated herbivory: e.g. Hammerstrom et
al. 1998 and Arnold et al. 2001; in response to variance
in nutrients: e.g. Cronin & Hay 1996, Hemmi & Jor-
malainen 2002; across various spatial and temporal
scales: e.g. Denton & Chapman 1991 and Van Alstyne
et al. 1999, 2001b) need to confirm that the metabolites
being monitored do indeed function as defenses, and
that other unrecognized metabolites are not confound-
ing interpretations.

To date, 5 studies have directly tested purified or
semi-purified phlorotannins from Fucus vesiculosus on
herbivore behavior or physiology (Geiselman &
McConnell 1981, Steinberg 1988, Boettcher & Targett
1993, Deal et al. 2003, this study), 4 of them employing
the same agar-based bioassay design. In these studies,
5 herbivores (1 fish, 3 snails, and 1 echinoderm) were
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negatively affected by at least some mixtures of
phlorotannins at natural, or close to natural, concentra-
tions (Geiselman & McConnell 1981, Steinberg 1988,
Boettcher & Targett 1993), and 3 herbivores (2 amphi-
pods and 1 echinoderm) were undeterred (Deal et al.
2003, present study). We suggest that in addition to the
possibility of phlorotannin structure, herbivore gut
environment, and biogeographical effects mediating
the role of phlorotannins in brown seaweeds, polar and
unstable, but strongly deterrent, metabolites other
than phlorotannins may be a confounding factor in
identifying the chemical defenses of brown algae. We
suggest that measurements of total phlorotannins will
often provide little insight into the chemical defenses
of brown algae, and call for the development of new
approaches in the hope of being able to identify the
deterrents that play an ecological role in defending
Fucus vesiculosus and possibly other brown seaweeds.
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