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Abstract Juvenile and adult marine organisms differ in
their morphology, chemistry, physiology, behavior, and
ecology. Because juvenile algae are thinner, smaller, and
have more delicate tissues than adults, they are often
assumed to be more susceptible to grazers. We examined
within-species food preferences of four common gener-
alist herbivores for juvenile and adult tissues of eight
common brown algae in two-choice laboratory food-
preference experiments. Our results showed that juvenile
algae did not tend to be a preferred food of herbivores.
Juvenile tissues were significantly preferred over adult
tissues in only four of the 32 combinations of algae and
herbivores tested. In 12 experiments, adult tissues were
preferred over juvenile tissues, and no choice occurred in
the remaining 16 experiments. When sea urchins exhib-
ited a preference, it was always for adult tissues. The
other three herbivores, an isopod and two snails, were
more variable in their choices, sometimes preferring
juveniles, sometimes adults, and sometimes having no
preference. We measured nitrogen and phlorotannin
concentrations in adult and juvenile seaweeds to see
whether these parameters were correlated with herbivore
food preferences. Nitrogen levels were similar in juve-
niles and adults of three algal species and were higher
in juveniles of two. Phlorotannin levels were higher in
juveniles of four species and lower in juveniles of one.
The other three species showed no differences in
phlorotannin levels. Phlorotannin concentrations de-
creased with increasing juvenile size in three species and
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increased with increasing size in one species. Neither
nitrogen nor phlorotannin concentrations explained
overall herbivore food preferences for algae of different
stages. Our results suggest that preferences of certain
grazers for juvenile algae are not as strong as previously
assumed and are dependent on herbivore species. Pre-
ferences between juveniles and adults are likely to be
determined by a combination of morphological and
chemical features of the tissues and the unique responses
of herbivore species to those features.

Introduction

Survival to a reproductive size in algae is often depen-
dent upon juvenile traits (see reviews by Hawkins and
Hartnoll 1983; Chapman 1986; Santelices 1990; Vadas
et al. 1992). Most marine macroalgae release large
numbers of spores, but only a few are likely to survive
and become reproductive adults (Chapman 1984;
DeWreede and Klinger 1988). In intertidal algae, high
rates of mortality occur in early post-settlement stages.
Factors contributing to mortality include intrinsic fac-
tors involved with fertilization, germination, attach-
ment, and growth and extrinsic factors, such as
competition, desiccation, scouring, and grazing (see re-
view by Vadas et al. 1992). In many systems, herbivory
is thought to be the major factor limiting survival
through juvenile stages (e.g., Hawkins 1981, 1983;
Lubchenco 1983; Harris et al. 1984; Keser and Larson
1984; Gunnill 1986; Dean et al. 1988; Chapman 1990).

Juvenile marine organisms are physically and chem-
ically different from adults (e.g., Bernard 1967; Paul and
Van Alstyne 1988; Keesing and Halford 1992; Gosselin
and Qian 1997). Consequently, the ecology of juveniles,
particularly their interactions with other organisms, may
change as they age. For example, among-species food
preferences of herbivores for rockweeds and kelps have
been shown to differ between juveniles and adults
(Barker and Chapman 1990; Van Alstyne et al. 1999a);
species that are high-preference foods during juvenile
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stages are not necessarily high-preference foods during
adult stages. Likewise, herbivores have distinct prefer-
ences among life-history stages of algae; in laboratory
feeding experiments, adult Ulva lactuca were preferred
to juvenile U. lactuca by Littorina littorea, but juvenile
Fucus serratus were preferred to adults (Watson and
Norton 1985).

Only a few studies have examined how macroalgae
change as they grow with respect to physical and
chemical traits that affect resistance to herbivory. Juve-
niles are smaller, thinner, and have more delicate tissues
than adults. Juveniles of the siphonous green alga
Halimeda macroloba are significantly less calcified and
contain higher concentrations of the diterpenoid feeding
deterrent halimedatrial than adult tissues (Paul and Van
Alstyne 1988). Lipid-soluble extracts from juveniles are
more of a deterrent to herbivorous fishes than extracts
from adults (Paul and Van Alstynel988). In the rock-
weeds, Fucus vesiculosus and F. evenescens, concentra-
tions of phlorotannins are lower in juveniles than adults,
but phlorotannin levels in juvenile and adult F. spiralis
are similar (Denton et al. 1990).

The goal of this study was to examine food prefer-
ences of several grazers between juvenile and adult
brown-algal tissues. We expected that the morphological
differences between juvenile and adult algae would result
in juveniles being a preferred food. We also expected
that there might be differences in food choice among
grazers (purple sea urchins, Strongylocentrotus purpura-
tus, black turban snails, Tegula funebralis, isopods,
Idotea wosnesenskii, and snails, Lacuna porrecta) be-
cause of differences in their sizes and feeding appara-
tuses. Urchins are the largest of the four herbivores
examined in this study and thus are the least likely to be
deterred from feeding on plants by physical character-
istics of the tissue (algae will be referred to as plants here
even though, technically, they are protists). Conse-
quently, their choices may be more influenced by the
chemical composition of the foods. The two smaller, less
mobile grazers, I. wosnesenskii and L. porrecta, are
mesoherbivores (sensu Brawley and Fei, 1987). Meso-
herbivores are thought to have evolved different pre-
ferences for algae than macroherbivores because their
food also serves as a habitat (Duffy and Hay 1994). They
have been hypothesized to be unaffected by host plant
defenses whereas larger grazers are expected to be more
susceptible to the effects of these compounds (Hay et al.
1989a, b, 1990a, b). Thus, the relative importance of
structural and chemical characteristics of foods may be
different for mesoherbivores and generalist macroher-
bivores, such as urchins and turban snails.

We also examined differences in the nutritional
quality, as measured by nitrogen levels, and phlorotan-
nin concentrations of juvenile and adult tissues, to see
whether these correlated with food preferences. Herbi-
vores have been suggested to be nitrogen-limited
(Mattson 1980) and might feed preferentially on foods
with higher nitrogen concentrations. Phlorotannins are
multifunction compounds (Ragan and Glombitza 1986;

Targett and Arnold 1998) that have concentration-de-
pendent antifeeding activity towards many herbivores
(Geiselman and McConnell 1981; Steinberg 1985, 1988;
Steinberg and van Altena 1992; Winter and Estes 1992;
Steinberg et al. 1995; Pavia and Toth 2000), though not
all of them. Isolated phlorotannins are deterrent to two
of the herbivore species used in our feeding experiments,
S. purpuratus and T. funebralis (Steinberg et al. 1995);
they have not been tested as deterrents to the other two
species (1. wosnesenskii and L. porrecta).

Materials and methods

Collection sites and algal life histories

The four herbivorous invertebrates used in the feeding experiments
were collected from Boiler Bay, Oregon, USA, ~5 km north of the
town of Depoe Bay, Oregon, and from the Boiler Bay State Park,
~3 km north of Depoe Bay, Oregon. Sea urchins, Strongylocen-
trotus purpuratus, were collected from low- to mid-intertidal pools
at Boiler Bay. These pools were near many of the algae used in this
study, including Alaria marginata, Costaria costata, Egregia men-
ziesii, Hedophyllum sessile, and Nereocystis luetkeana. The snails
Lacuna porrecta and Tegula funebralis were collected from sand-
stone benches in the mid-intertidal zone of the south bench at
Boiler Bay. Brown algae found on those benches and included in
this study were E. menziesii, Fucus gardneri, F. spiralis, and
H. sessile. Isopods (Idotea wosnesenskii) were collected from a mid-
intertidal boulder field at the north end of Boiler Bay. 1. wosne-
senskii is often found living on intertidal and high subtidal algae
such as F. gardneri and A. marginata. All animals were maintained
in flow-through seawater tables at the Hatfield Marine Science
Center (HMSC) in Newport, Oregon. They were periodically fed a
mixture of macrophytes that included species used in the feeding
experiments.

The eight species of brown algae used in these experiments were
collected from Boiler Bay, Oregon. F. gardneri (juveniles: ~2-3 cm
long, adults: >15 cm long) and F. spiralis (juveniles: ~2-3 cm
long, adults: > 15 cm long) were collected from boulders or rock
benches in the high-intertidal to mid-intertidal zone of the pro-
tected end of the main (northern) bench in Boiler Bay. A. marginata
(juveniles: ~6-10 cm long, adults: >0.5 m long) and N. luetkeana
(juveniles: ~10-15 cm long, adults: >5 m long) were collected
from low-intertidal pools at the protected end of the most exposed
third of the main bench. Lessoniopsis littoralis (juveniles: ~4-6 cm
long, adults: >25 cm long) was collected from the low-intertidal
zone at the most exposed point of the main bench. E. menziesii
(juveniles: ~5-10 cm long, adults: >0.5 m long), H. sessile (juve-
niles: ~4-6 cm long, adults: >30 cm long), and C. costata (juve-
niles: ~4-7 cm long, adults: >25 cm long) were collected from the
low-intertidal zone in a moderately exposed area at the south set of
benches in Boiler Bay.

The six species of kelp (4. marginata, N. luetkeana, L. littoralis,
H. sessile, E. menziesii, and C. costata) and two species of rockweed
(F. gardneri and F. spiralis) examined in this study are common on
exposed Washington and Oregon, USA, coasts. Kelps, which
dominate the flora of many temperate benthic habitats along the
coasts of Washington and Oregon, have a complex life history in
which a macroscopic diploid sporophyte stage alternates with a
microscopic haploid gametophyte stage (Bold and Wynne 1985).
Eggs of gametophytes are fertilized and remain attached to the
oogonial wall where they develop into the sporophyte stage.
Because adult sporophytes grow in the same location as female
gametophytes, the ability of gametophytes to survive and repro-
duce will affect the location and development of kelp beds. Little is
known, however, about the ecology of the microscopic gameto-
phyte stage, partly because this stage has rarely been found in



nature. Similarly, little is known about the ecology of juvenile
sporophytes, a stage that also is likely to be susceptible to the
effects of grazers and physical stresses.

Fucoid brown algae or rockweeds have a simpler haplobiontic
life history (Bold and Wynne 1985). Species can be either
monoecious or dioecious. They release eggs and motile sperm into
seawater where fertilization occurs. In some species, gamete release
is triggered by a combination of dissolved inorganic-carbon de-
pletion during periods of low water movement and daylight
(Pearson et al. 1998). Fertilization occurs within a few hours
(Pearson et al. 1998) and propagules settle within a short distance
of adults (Johnson and Brawley 1998). Zygotes develop directly
into diploid adults.

Feeding-preference assays

Algae were collected from Boiler Bay, Oregon, and were trans-
ported on ice to HMSC where they were used in feeding-preference
experiments. Pairwise feeding-preference assays were used to de-
termine whether herbivores significantly preferred juveniles to
adults of the same algal species. In each experiment, consumers were
offered pairs of similar-sized pieces of juvenile and adult algae taken
from non-reproductive, non-meristematic areas of the center of the
blades. Even though the pieces were selected from similar areas of
juvenile and adult algae, the differences in sizes between juveniles
and adults made it impossible to entirely avoid having some con-
founding effects due to intra-plant variation in the physical and
chemical properties of the tissues. The sizes of the pieces depended
on the herbivore being used and the amount of juvenile algal tissue
available at the time the experiment was run. The pieces offered to
S. purpuratus had average masses ranging from 0.1 g (4. marginata)
to 0.5 g (E. menziesii). The pieces offered to 7. funebralis had
average masses ranging from 0.04 g (4. marginata) to 0.12 g
(H. sessile). Average masses of pieces offered to I. wosnesenskii
ranged from 0.07 g (4. marginata) to 0.20 g (F. gardneri), and to
L. porrecta, ranged from 0.04 g (L. littoralis) to 0.07 g (F. gardneri).

Experiments with all herbivores except L. porrecta were con-
ducted in 5-cm- diameter plastic Rubbermaid containers (7. fu-
nebralis and I. wosnesenskii) or similar 15-cm-diameter containers
(S. purpuratus) which had been modified by removing pieces from
the bottoms and lids and replacing them with 1-mm-mesh fiberglass
screening to allow water flow through the containers. Experiments
with L. porrecta were conducted in 40-mm-diameter plastic Petri
dishes which had been modified by cutting 25-mm-diameter holes
in both parts of the dish and covering them with 1-mm-mesh fi-
berglass screening. All experiments were conducted in outdoor
flow-though seawater tables at HMSC. Animals were starved for 2—
4 days prior to the feeding-preference experiments in order to en-
sure they would consume a measurable amount of algae before it
grew or deteriorated.

Ten replicate experimental containers (arenas) for each experi-
ment held a herbivore and one piece each of juvenile and adult
algae of the same species. An equal number of control arenas
contained only algae and were used to assess autogenic changes in
the algae that occurred during the experiments. Algal pieces were
blotted dry and weighed before the start of the experiments. Con-
tainers were checked periodically, and herbivores were removed
from the containers when it appeared that at least half of all the
algae in the experimental containers had been consumed, usually
after herbivores had fed for 1-2 days. At the conclusion of the
experiment, control and experimental algae were blotted dry and
weighed to determine mass changes during the experiments.

Data were analyzed according to Peterson and Renaud (1989).
For each algal piece, the final mass was subtracted from the initial
mass to determine the change in mass. The change in mass from
one piece of tissue was then subtracted from the change in mass
from the other piece in the arena to give a single number for each
arena. The values for control arenas were then compared to the
values from the experimental arenas for each combination of algal
species and herbivore with a Student’s z-test (« = 0.05). Because
herbivores often consumed tissues more rapidly than expected and
because our visual assessments of the amounts of material con-
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sumed could be inaccurate, experiments were not always ended
when half the algae were consumed. If only small amounts of
material were consumed, differences in consumption rates may
reflect which tissue was encountered first rather a food preference.
If large amounts were consumed, strengths of preferences may be
underestimated because grazers have one food left to choose from.
For these reasons, we did not include in the analyses replicates in
which grazers consumed less than 25% or greater than 75% of all
the algae present in the containers.

Measurement of tissue characteristics

To see whether plant characteristics at different developmental
stages were correlated with herbivore food preferences, we mea-
sured the nitrogen content, carbon to nitrogen ratios, and the
concentration of phlorotannin in juvenile and adult tissues from
most of the kelps and rockweeds used in the feeding-preference
assays. For measurements of carbon and nitrogen concentrations,
tissues of juvenile and adult algae were collected from Boiler Bay.
Pieces of tissue were excised from non-reproductive, non-meris-
tematic areas in the center of the blades and dried in an oven for
48 h at 60 °C. The dried tissues were ground by hand to a fine
powder with a mortar and pestle and carbon and nitrogen mea-
surements were made with a Control Equipment CEC 440 Ana-
lyzer.

To measure phlorotannin concentrations, juvenile and adult
tissues were collected from Boiler Bay, Oregon, during a single low
tide. Pieces of tissues were excised from the non-reproductive, non-
meristematic blade portions of the plants, frozen to —4 °C, and
transported on dry ice to the Shannon Point Marine Center in
Anacortes, Washington. The length of each individual was mea-
sured, then the algae were frozen in liquid nitrogen and lyophilized.
The dried tissues were ground by hand with a mortar and pestle to
a fine powder then extracted in 80% aqueous methanol. Phloro-
tannin concentrations were measured using the methods described
in Van Alstyne (1995). Phloroglucinol-dihydrate was used as a
standard. Angularly transformed phlorotannin concentrations in
juveniles and adults were compared with a Student’s ¢-test
(o = 0.05). A simple linear regression was used to see whether there
was a linear relationship between the log of plant length and the
angularly transformed phlorotannin concentrations in juveniles for
each of the eight species.

Results
Feeding preferences of herbivores

Relative food preferences between juvenile and adult
kelps differed among species and among herbivores.
Strongylocentrotus purpuratus were the most likely to
exhibit significant preferences (P <0.05) for adult tissues
over juvenile tissues, and in some cases the preference
was a very strong one (Fig. 1). For example, urchins
consumed nearly 14 times more adult than juvenile tis-
sue of Egregia menziesii.

Tegula funebralis were less likely than urchins to show
preferences for one tissue type over another, but when
significant preferences existed (P <0.05), they were also
for adult tissues, with the exception of a preference for
juvenile Fucus spiralis (Fig. 2).

Idotea wosnesenskii and Lacuna porrecta occasionally
exhibited preferences between adult and juvenile algal
tissues, but the patterns of preferences were different
from the patterns for S. purpuratus and T. funebralis.
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Fig. 1 Mean decreases in mass

Strongylocentrotus purpuratus

(mg + 1 SE) of juvenile and
adult brown algae in pairwise
feeding-preference experiments
with the purple urchin Strong-
vlocentrotus purpuratus. Dark
bars represent mean mass
changes of adult algae in
experimental arenas with
urchins. Open bars represent
mean mass changes of juvenile
algae in experimental arenas
with urchins. Shaded bars rep-
resent mean mass changes of
adult algae in control arenas
used to assess autogenic chang-
es in algal masses. Hatched bars
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Fig. 2 Mean decreases in mass
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F. spiralis
H. sessile
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Tegula funebralis

adult brown algae in pairwise
feeding-preference experiments
with the turban snail Tegula
funebralis. Bars are as described
in Fig. 1. P values from ¢-tests
comparing juvenile and adult
tissues are given below each set
of bars. n = 5-10

100 -

50 A

HEEl Adult With Tegula
[ Juvenile: With Tegula
Adult: Control
Juvenile: Control

Decrease in Mass (mg)

(0.23)

A. marginata

1. wosnesenskii had significant preferences (P <0.05) for
juvenile tissues of H. sessile and F. spiralis (Fig. 3);
however, they also exhibited significant preferences
(P<0.05) for adult Nereocystis luetkeana and Lessoni-
opsis littoralis tissues. L. porrecta significantly preferred
(P<0.05) adult F. gardneri, L. littoralis, and N. luetke-
ana, but juvenile F. spiralis (Fig. 4).

Preferences of herbivores were rarely consistent for a
given alga species (Table 1). All herbivore species ex-
hibited no preferences between juvenile and adult Alaria
marginata, but significantly preferred adult L. littoralis.
All of the smaller grazers (T. funebralis, I. wosnesenskii,
and L. porrecta) preferred juvenile F. spiralis, but the
larger urchin grazers preferred adult F. spiralis. Adult
N. luetkeana were preferred by S. purpuratus, 1. wosne-
senskii, and L. porrecta, but T. funebralis showed no
preferences between juvenile and adult N. [uetkeana.

(<0.001)(0.q91) (0.?3)

(0.006) (0.59)

(<0.001) (0.63)

1

C. costata -
E. menziesi
F. gardneri
F. spiralis
H. sessile
L. littoralis
N. luetkeana

Chemical characteristics of tissues

Tissue-nitrogen concentrations differed between juvenile
and adult tissues in only two out of the five species in
which they were measured. In 4. marginata and H. sessile,
juveniles had higher nitrogen levels (Fig. 5). However, in
the other three species, F. gardneri, L. littoralis, and
N. luetkeana, tissue-nitrogen concentrations did not dif-
fer significantly between juveniles and adults (P> 0.05,
Student’s ¢-test). Similarly, carbon to nitrogen ratios
differed only in the two species that exhibited stage-
specific differences in nitrogen concentrations. Carbon to
nitrogen ratios were 33% lower in juvenile 4. marginata
than in adults and 17% lower in juvenile H. sessile
(Fig. 5). Carbon to nitrogen ratios in F. gardneri, L. lit-
toralis, and N. luetkeana did not differ significantly
between juveniles and adults (P> 0.05).



Fig. 3 Mean decreases in mass
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When phlorotannins differed significantly between
juveniles and adults, levels were usually higher in juve-
niles (Fig. 5). Phlorotannin concentrations were higher
in juvenile E. menziesii, F. gardneri, H. sessile, and
L. littoralis, relative to adult concentrations. In N. luetke-
ana, phlorotannin concentrations were higher in adults
than in juveniles. In juveniles, phlorotannin concentra-
tions significantly decreased with plant size in A. mar-
ginata, F. gardneri, and H. sessile, but significantly
increased with plant length in N. luetkeana (Fig. 6).

Discussion

Contrary to our expectations, grazers did not uniformly
prefer juvenile to adult tissues. Urchins were most likely

to prefer adult tissues (Table 1), although no preference
between juvenile and adult tissues was exhibited for
three of eight algal species. The three smaller herbivores
were less likely than urchins to exhibit a preference be-
tween juveniles and adults and, when a preference did
exist, it was not always for adult tissues. Both Tegula

funebralis and Lacuna porrecta preferred juvenile tissues

in three of the eight trials and adult tissues in one of
eight trials. Idotea wosnesenskii preferred juvenile tissues
in two of eight trials and adult tissues in two of eight
trials. These results suggest that juvenile plants may be
more susceptible to attack by smaller grazers when
choices between juvenile and adult plants are available.
They also point out that the outcome of these interac-
tions is highly dependent on the algal species and her-
bivore species involved.
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It should be noted that all of these experiments in-
volved small pieces of tissues taken from juvenile and
adult plants. Although algae are not highly differenti-
ated, particularly at juvenile stages, there are chemical
and morphological differences between tissues within
individual kelps and rockweeds (Steinberg 1984; John-
son and Mann 1986; Tugwell and Branch 1989; Tuomi
et al. 1989; Van Alstyne et al. 1999b, in press). We at-
tempted to standardize our assays by selecting non-
reproductive, non-meristematic tissues from the center
of the blades. Nonetheless, intra-plant differences in the
chemical and morphological characteristics of tissues
could have affected the outcome of these experiments.
The hunger level of the herbivores could also have af-
fected the experiments. In order to get measurable rates
of consumption before the algal tissues deteriorated, we
had to starve the herbivores before the beginning of the
experiments. Cronin and Hay (1996) have shown that
starved animals can be less sensitive to the presence of
secondary metabolites in foods. If these patterns hold
for the species used in these experiments with pieces of
algal tissue, then the grazers may have been less likely to
show a preference when one existed.

Because animals use proteins as a structural compo-
nent, whereas plants use carbohydrates, animals typi-
cally contain much higher quantities of nitrogen than
plants do (Mattson 1980). Consequently, herbivore diets
are thought to be nitrogen-limited. One method herbi-
vores can use to increase their nitrogen uptake is to
preferentially consume plants or plant tissues with
higher nitrogen concentrations. If tissue-nitrogen con-
centration were an important determinant of food
choice in the herbivores we examined in our study, then
the tissues that were preferentially consumed should
have contained significantly higher nitrogen concentra-
tions.

Our data, however, suggest that nitrogen concentra-
tion was not a factor determining food choice between
juvenile and adult algal tissues. Tissue-nitrogen con-

Table 1 Summary of preferences of four herbivores (the four right-
hand columns) for juvenile and adult kelp and rockweed tissues
(left-hand column). A = significant (P <0.05) preference for
adults, J = significant (P <0.05) preference for juveniles, — = no
significant preference

Strongylo- Tegula Idotea Lacuna
centrotus  funebralis wosnesenskii porrecta
purpuratus
Alaria marginata ~ — — — —
Costaria costata — A
Egregia menziesii A A* — —
Fucus gardneri — — — A
Fucus spiralis A J J J
Hedophyllum A — J —
sessile
Lessoniopsis A A A A
littoralis
Nereocystis A — A A
luetkeana

*0.05<P<0.10

centrations were higher in the juvenile tissues of two
species, Alaria marginata and Hedophyllum sessile, but
were not significantly different from adult tissue-nitro-
gen concentrations in three others, Costaria costata,
Fucus gardneri, and Lessoniopsis littoralis. If herbivores
preferentially consume high-nitrogen tissues, then juve-
nile A. marginata and H. sessile should have been pre-
ferred over adult tissues. However, herbivores exhibited
no preferences between juvenile and adult A. marginata
tissues, and juvenile tissues of H. sessile were only pre-
ferred by one herbivore. This suggests that tissue-nitro-
gen concentration did not play a role in food selection
by these herbivores between juvenile and adult algal
tissues.

Phlorotannins are another chemical component of
brown algae that have been suggested to play a role in
determining herbivore food preferences (Geiselman and
McConnell 1981; Steinberg 1985, 1988; Steinberg and
van Altena 1992; Winter and Estes 1992; Steinberg et al.
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Fig. 5 Mean (£ 1 SD) nitrogen concentrations (as % DM), carbon to
nitrogen ratios, and phlorotannin concentrations (as % DM). Dark
bars represent adult algal tissues. Open bars represent juvenile algal
tissues. Asterisks indicate measurements in which juvenile values differ
significantly from adult values (Student’s z-test, P <0.05)



Fig. 6 Phlorotannin concentra-
tions as a function of plant
length in juvenile kelps and
rockweeds. Lines represent
best-fit linear regressions of
phlorotannin concentrations on
the log of plant length. Alaria
marginata (R* = 45.8%,

P =0.004), Fucus gardneri

(R? = 62.9%, P = 0.006),
Hedophyllum sessile (R> =
65.7%, P = 0.015), Nereocystis
luetkeana (R* = 48.5%,

P =0.008). No line indicates
there was not a significant rela-
tionship between length and
phlorotannin concentration
(linear regression: P>0.05)
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DM, on average) than low-preference species (4.53%

preference foods for Tegula funebralis generally had DM on average; Steinberg 1985). Brown-algae phloro-

lower phlorotannin concentrations (0.83% dry mass,

tannins incorporated in agar-based diets have been
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shown to deter feeding at concentrations as low as 1%
DM (Geiselman and McConnell 1981).

The phlorotannin concentrations of adult tissues ex-
amined in this study were generally low. Except for
Fucus gardneri and F. spiralis, mean phlorotannin levels
of adult algal tissues were less than 1% DM. These
values contrast with measurements taken from the same
species at the same site in May 1993 (Van Alstyne et al.
1999¢c). In 1993, concentrations of phlorotannins in
A. marginata, C. costata, Egregia menziesii, and H. ses-
sile were 80—600% higher than in this study in 1998, and
20-60% higher in F. gardneri, F. spiralis and H. sessile.
These differences reflect year-to-year variation in
phlorotannin levels that likely result from changes in
environmental conditions (e.g., sea temperatures, light
levels, or nutrient concentrations) that occur across the
entire site and that lower the phlorotannin levels of
many species of algae simultaneously.

Differences in phlorotannin concentrations between
juvenile and adult brown-algal tissues did not have
obvious effects on herbivore food preferences. Phloro-
tannin concentrations of juveniles were 213% higher in
E. menziesii, 38% higher in F. gardneri, 134% higher
in H. sessile, and 725% higher in L. littoralis, but 43%
lower in juvenile Nereocystis luetkeana, relative to adult
concentrations. Phlorotannin concentrations did not
differ significantly between juvenile and adult tissues of
A. marginata, C. costata, or F. spiralis. Herbivore food
preferences for juvenile versus adult algal tissues were
not correlated with differences in phlorotannin concen-
trations for any of the four herbivores. Only in L. litto-
ralis, the alga with the highest relative differences in
phlorotannin concentrations between juveniles and
adults, were preferences of all four herbivores in accor-
dance with the preferences that would be expected if
phlorotannin concentrations were determining herbivore
food preferences. Thus, it appears that factors other than
or in addition to phlorotannins were affecting food
choice.

Changes in phlorotannin concentrations that oc-
curred in some of the juvenile algae we examined are
consistent with patterns predicted by resource-allocation
models. Because phlorotannins presumably incur a
metabolic cost to the alga (Steinberg 1995; Pavia et al.
1999), there should be a trade-off between phlorotannin
production and growth. If phlorotannins serve a defen-
sive function, they should be preferentially allocated to
tissues most at risk from attack (Rhoades 1979). Other-
wise, the algae should preferentially allocate their
resources to growth. Smaller algae are generally con-
sidered to be more at risk from herbivores than larger
individuals because larger plants are thought to “escape
in size” upon reaching a certain size threshold. Labora-
tory feeding experiments have shown that littorinid
snails preferred 1- to 3-cm juvenile Fucus serratus to
individuals that were 5-7 cm long (Lubchenco 1983).
In field experiments, the major cause of mortality in
Lessonia nigrescens gametophytes <15 um long was
herbivory; in larger sporophytes, wave action was the

primary source of mortality (Martinez and Santelices
1998). There are two strategies that might be used by
algae to survive these vulnerable stages: (1) allocate large
amounts of resources to growth and few resources to
defense to try to reach a large size as quickly as possible;
or (2) allocate more resources to defense in order to
minimize damage from grazers at a cost of growing more
slowly.

It appears that some of the algae that we studied,
such as C. costata, E. menziesii, and N. luetkeana, may
be using the first strategy and producing very low con-
centrations of phlorotannins during juvenile stages.
Others, such as 4. marginata, F. gardneri, and H. sessile,
may be using the second strategy. In these algae,
phlorotannin concentrations are highest in the smaller
juveniles and decrease as the algae elongate, at a time
when they are presumably less vulnerable to mortality
caused by herbivory (Lubchenco 1983). Interestingly, at
very small juvenile stages, less than 0.5 mm in length,
F. gardneri produces very low concentrations (<0.5%
DM) of phlorotannins when grown in laboratory cul-
tures (Van Alstyne and Pelletreau 2000). This suggests
that these plants allocate very few resources to phloro-
tannins during the earliest stages of growth, a size at
which being sampled by an herbivore would be fatal.

In summary, we found that juvenile tissues of many
kelps and rockweeds were not always a preferred food of
grazers. Our data indicate that herbivore food choices
between juvenile and adult tissues are likely to be
determined by a complex combination of chemical and
morphological features. Furthermore, the features that
determine food choice may differ widely among herbi-
vore species. Tissue nitrogen, which is frequently con-
sidered an important determinant of food preference in
herbivores, did not appear to determine food choice
between juvenile and adult tissues for the grazers we
examined. Phlorotannin levels were higher in the juve-
nile tissues of several species and might account for
some, but certainly not all, of the food preferences. The
results of this study provide additional evidence that
juvenile marine organisms can be ecologically and bio-
chemically different from adults and reinforce Gosselin’s
(1997) contention that we not regard juveniles as simply
“miniature adults”.
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