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Abstract Variabilities in the responses of several South
African red and green macroalgae to direct grazing and
the responses of one green alga to cues from grazers
were tested. We used two feeding experiments: (1) testing
the induced responses of three red and one green algae
to direct grazing by mesograzers and (2) a multi-treat-
ment experiment, in which the direct and indirect effects
of one macrograzer species on the green alga Codium
platylobium were assessed. Consumption rates were as-
sessed in feeding assays with intact algal pieces and with
agar pellets containing non-polar extracts of the test
algae. Defensive responses were induced for intact pieces
of Galaxaura diessingiana, but were not induced in pel-
lets, suggesting either morphological defence or chemical
defence using polar compounds other than polyphenols.
In contrast, exposure to grazing stimulated consumption
of Gracilaria capensis and Hypnea spicifera by another
grazing species. In the multi-treatment experiment,
waterborne cues from both grazing and non-grazing
snails induced defensive algal traits in C. platylobium.
We suggest that inducible defences among macroalgae
are not restricted to brown algae, but that both the re-
sponses of algae to grazers and of grazers to the defences
of macroalgae are intrinsically variable and complex.

Introduction

It has been suggested that grazing can leave macroalgae
better defended, more susceptible or have no effect

against future grazing (Adler and Karban 1994). How-
ever, on evolutionary time scales, grazing pressure
should always tend to cause responses that increase algal
fitness (Steinberg and Van Altena 1992). Literature
suggests that it is possible to recognize two levels of
grazing: macrograzing and mesograzing. Macrograzing
is represented by macrograzers, which are mobile, gen-
eralist herbivores with large foraging ranges (Hay 1992).
In this study, by macrograzers, we mean generalist
herbivores with intermediate (0.5–1 m2) foraging ranges,
such as urchins, or large foraging ranges (up to 5 ha),
such as fish (Carpenter 1986). These grazers can deplete
the daily primary productivity in tropical areas or eat a
whole individual alga, greatly reducing algal fitness
(Lubchenco and Gaines 1981; Lewis et al. 1987; Hay and
Fenical 1988). In subtropical areas macrograzers can
have strong effects on algal distribution and algal bio-
mass (McQuaid and Froneman 1993). Mesograzing is
represented by the less mobile species specialized to live
in algae (Hay 1992). They usually exhibit smaller sizes
than macrograzers (< 2 cm) and small foraging ranges
(1–100 cm2). Examples of mesograzers are amphipods,
isopods, snails and some limpets (Hay et al. 1988; Pavia
and Toth 2000). Mesograzers have less impact on the
algal productivity, biomass and distribution than ma-
crograzers, unless they are at high densities (Underwood
and Jernakoff 1984; Carpenter 1986; Hay 1992). Linked
to the strong effects that grazers may have on the spatial
distribution and community structure of macroalgae in
coastal marine systems is the ability of algae to respond
in a variety of ways.

Among the forms of defence mediated by grazing are
non-induced morphological defences such as calcareous
structures and frond toughness, which increase the
structural rigidity of certain morphological features;
these have been evolved under the strong selective
pressure of grazing (Littler and Littler 1980; Steneck and
Watling 1982; Hay 1992). In contrast inducible mor-
phological defences operate over ecological time scales
(reviewed by Cronin 2001). The best known example of
an induced morphological defence is given by the dif-
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ferent growth forms of the alga Padina (see Lewis et al.
1987). A more widespread defence strategy involves the
use of secondary metabolites, especially polar com-
pounds such as polyphenols, to deter grazers (but see
Deal et al. 2003), and the use of non-polar compounds
(Hay 1992). Such chemical defences can be categorized
as constitutive or inducible. Constitutive defences in-
volve continuously high levels of deterrent secondary
compounds, irrespective of grazing intensity, and are
fixed as a trait in evolutionary time as with non-induced
morphological defences (Adler and Karban 1994;
Steinberg 1994) in response to permanently high levels of
grazing (Paul and Van Alstyne 1992; Hay 1996; Karban
et al. 1997); e.g. the green alga Avrainvillea longicaulis
produces a brominated diphenylmethanol called av-
rainvilleol that deters grazing by coral reef fishes (Hay
et al. 1990). Activated defences are a type of constitutive
defence where permanently stored precursors are con-
verted into deterrent compounds following physical or
grazing damage; e.g. constitutive defences in the red alga
Polysiphonia hendry and the green algae Ulva californica
deter grazing by the urchin Strongylocentrotus droeba-
chiensis (Van Alstyne et al. 2001). Constitutive defences
are related to high levels of grazing and can operate
extremely rapidly, on scales of seconds to minutes (Paul
and Van Alstyne 1992; Cetrulo and Hay 2000; Van
Alstyne et al. 2001). Inducible chemical defences are
based on the slower supply of defensive compounds
(commonly polyphenols and some non-polar com-
pounds) which increase days after damage by mesogra-
zers. This latter defence type has been confirmed in
marine systems for brown algae (e.g. Van Alstyne 1988;
Cronin and Hay 1996; Pavia and Toth 2000; Toth and
Pavia 2000; Sotka et al. 2002; Taylor et al. 2002; Rohde
et al. 2004; Macaya et al. 2005) and for red alga is
apparently based on either polar compounds, toughness,
or synergism between polar and non-polar compounds
(e.g. Weidner et al. 2004; Ceh et al. 2005). The induction
of chemical defences seems to be a strategy that offers no
deterrence by low concentration of the chemical com-
pounds or when the algae are not stimulated to increase
the concentration of the deterrent compounds. How-
ever, if the level of grazing becomes a danger to algal
fitness, the alga reacts, increasing the concentration of its
chemical compounds and becoming unpalatable (Cronin
and Hay 1996). Chemical compounds (most of them
non-polar) extracted from red algae can have stronger
deterrent properties than the polyphenols of brown al-
gae (Hay and Fenical 1988; Steinberg and Van Altena
1992).

Within assemblages of grazers and algae, certain algal
compounds may act as deterrents for one kind of ma-
crograzer but may stimulate feeding by another (Sakata
et al. 1986; Cetrulo and Hay 2000). This pattern has
been observed between sea urchins and fish, and also
between mesograzers and macrograzers; many mesog-
razers are not affected by compounds that deter ma-
crograzers (Hay et al. 1990; Duffy and Hay 1994). This
indicates that there is great variability in the effects of

these chemical compounds on different grazers. This
variability may be partially explained by differences in
physiology of the grazers and partially by spatial and
temporal differences in the chemical structures of the
compounds produced by algae (Hay 1992, 1996, 1997;
Cetrulo and Hay 2000; Weidner et al. 2004). Most the-
ories that explain the diversity in responses between
macro and mesograzers are supported by the fact that
some mesograzer species profit by sheltering within de-
fended algae, in order to avoid predation by omnivorous
macrograzers like fish (Hay et al. 1988, 1990, 1994; Hay
1992, 1997; Duffy and Hay 1991). Here the costs of
tolerating algal defensive compounds are less than the
costs of potential predation and, as a result, these
chemical compounds can be attractive to mesograzers.

Various factors can induce chemical defences,
including changes in abiotic factors such as UV irradi-
ance (Pavia et al. 1997) and nutrients (Yates and Peckol
1993; Peckol et al. 1996), as well as changes in biotic
factors, particularly grazing. Grazing effects can be
further classified as (a) direct grazing upon the alga
(Cronin and Hay 1996; Pavia and Toth 2000; Sotka
et al. 2002); (b) grazing upon a neighbouring alga that
causes the release of an alerting cue into the water (Toth
and Pavia 2000); and (c) the simulation of grazing by
artificial damage or clipping (Van Alstyne 1988; Pavia
et al. 1997; Hammerstrom et al. 1998; Pavia and Toth
2000). In the ‘‘talking-trees’’ debate of terrestrial sys-
tems, it is suggested that a chemical cue from a damaged
plant passes through the atmosphere to an undamaged
plant. The latter is consequentially alerted to a possible
predator and is hence able to defend itself against it
(Baldwin and Schultz 1983; Bruin et al. 1995). This
hypothesis has been criticized due to a lack of studies
that provide a complete picture about the whole process,
such as the type of damage, nature of the cue, and how
the receiver is stimulated (Bruin et al. 1995). In marine
systems little attention has been paid to the possibility of
a grazed alga releasing waterborne cues that stimulate
an increase in the production of secondary metabolites
in an ungrazed neighbouring alga. There are some
examples from brown algae (Toth and Pavia 2000;
Rhode et al. 2004; Macaya et al. 2005). One of these
examples is the brown alga Ascophyllum nodosum, which
responds to waterborne cues released when neighbour-
ing algae are grazed by Littorina obtusata by increasing
its production of secondary metabolites. In this case, it
was not clear if the increase in deterrent compounds was
induced by chemicals produced by the grazer or by ex-
udates from the neighbouring grazed algae (Toth and
Pavia 2000).

The objectives of this study were the following. (1) To
identify possible induced responses (stimulatory or
deterrent) in one green and three red macroalgae in re-
sponse to different grazers. We tested the responses to
artificial food based on non-polar compounds, as these
are predominant in green and red algae and we per-
formed one polyphenol assay with Galaxaura diessingi-
ana. (2) To assess the different mechanisms by which
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grazers can stimulate the induction of chemical re-
sponses in Codium platylobium. For this we used direct
and indirect grazing treatments with the macrograzer
Turbo sarmaticus, to determine if the waterborne cues
were released by the grazed macroalgae, its grazed
neighbours or by the grazer itself.

Materials and methods

Set-up

Experiments were carried out in the coastal laboratory
of Rhodes University at Port Alfred (33�33¢S; 26�53¢E)
on the south coast of South Africa, between February
and May 2003. All organisms used in the experiments
were collected randomly from the field in buckets with
abundant seawater from the nearby rocky shores
(20 min to laboratory).

The organisms (Table 1) comprised the two green al-
gaeCodium platylobium (fronds up 50 cm long and 7 mm
wide) and C. extricatum (cylindrical axes 15 cm long and
7 mm diameter) and three red algae Galaxaura diessingi-
ana (80 · 5 mm), Gracilaria capensis (150 · 5 mm2) and
Hypnea spicifera (20 cm · 2 mm). In addition two me-
sograzer species were used in our experiments: Paridotea
rubra (Isopoda, length ± 25 mm), Tricolia capensis
(Gastropoda, operculum diameter ± 4.5 mm) and the
macrograzer Turbo sarmaticus (Gastropoda, operculum
diameter ± 36 mm). The snail Tricolia capensis and the
isopod P. rubra were collected from the branches of
H. spicifera.

The sites chosen for collection were Rufanes (33�45¢S,
26�96¢E) and Old Woman’s (33�45¢S, 27�15¢E), both of
which are categorized as wave-sheltered sites (Lindsay
1998). The shore at Rufanes consists of medium (50 cm
diameter) to large (2 m) sandstone boulders. The shore

at Old Woman’s forms a gently sloping sandstone
platform. The low shore at both sites is dominated by
the red alga H. spicifera, which has creeping rhizomes
and exhibits nearly 100% cover in this zone. This alga is
inhabited by numerous mesograzers such as T. capensis
and P. rubra. The green alga C. extricatum is found at
the same shore level, in crevices and pools. The snail
Turbo sarmaticus extends from this zone into the sub-
tidal. Galaxaura diessingiana, which has flat axes with a
lime-impregnated skin, and Gracilaria capensis, which is
foliose with large thalli, appear as scattered sub-domi-
nants in the shallow subtidal, as does the green foliose
C. platylobium, which grows on sandy bottoms.

Alga–grazer combinations were determined in quan-
titative pilot assays in the laboratory. The pilot studies
were carried out in different individual aquaria with
specific alga–grazer combinations. We weighed the alga
at the beginning and at the end of the study. Many alga–
grazer combinations were tested, but not all grazers
consumed all algae and many algae showed bleaching.
We chose alga–grazer combinations in which algae re-
mained healthy in the absence of grazing and grazers
showed continuous consumption rates (Table 1). All
combinations were artificial except H. spicifera with
Tricolia capensis (personal observation), as T. capensis
inhabits the rhizomes of H. spicifera. The consumption
of algae is the principal requirement to test for responses
in macroalgae, so we required combinations where the
alga was visibly damaged. For the screening experiment,
appropriate numbers of grazers per aquarium were
determined in quantitative pilot assays in the laboratory,
where we could perceive visible damage by the grazer
(Table 1). For the multi-treatment experiment, con-
sumption alone was not enough to test for the direct and
indirect induction of response; we needed to know if the
alga first exhibits direct induction. For this reason we
ran a pilot study in which we exposed pieces of

Table 1 Experimental overview showing the alga–grazer combinations used in the screening and multi-treatment experiments

Alga Grazer Experiment dA Treatment Feeding assays

Intact
algae

Food
pellets

nT dT ni di np dp

Galaxaura diessingiana Paridotea rubra Screening 10 5 6 5 3 5 3
Pilot consumption = 0.002 ± 0.001 g ind�1 day�1

Gracilaria capensis Paridotea rubra Screening 10 5 6 5 3 5 3
Pilot consumption = 0.003 ± 0.001 g ind�1 day�1

Hypnea spicifera Tricolia capensis Screening 10 10 6 10 3 10 3
Pilot consumption = 0.001 ± 0.002 g ind�1 day�1

Codium extricatum Tricolia capensis Screening 10 10 6 10 3 10 3
Pilot consumption = 0.001 ± 0.002 g ind�1 day�1

Codium platylobium Turbo sarmaticus Multi-treatment 14 1 7 1 1 1 1
Pilot study = grazed 0.2 ± 0.02 and non-grazed 0.11 ± 0.05 g ind�1 day�1

The duration in days is given for the acclimation phase (dA), treatment phase (dT), duration of intact feeding assays (di) and artificial food
(pellets) feeding assays (dp). n indicates the number of grazers in the different phases: nT during the treatment phase, ni during the intact
feeding assays and np during the artificial feeding assays. Pilot consumption shows the daily consumption per grazer
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C. platylobium to Turbo sarmaticus and pieces that
remained without grazers, and then we measured the
consumption (Table 1).

Seawater was drawn directly from the sea, passed
through a filter of mesh size 25 lm into three 100 l
plastic tanks in the laboratory. Using 0.5 cm diameter
hoses, 60 (40 for the screening experiment and 20 for the
multi-treatment experiment) transparent 2 l plastic
containers (referred to as experimental units or EUs)
were individually supplied with a non-recirculating
supply of fresh seawater at a constant flow rate of
1 ml s�1. For C. platylobium, the flow rate was increased
to 4 ml s�1 as this species suffered fungal infection at
lower flow rates. These different flow regimes did not
confound the results because C. platylobium was not
compared with the other species. The light regime was
12:12 h light:dark with a light intensity of
19.3 ± 5.04 lmol m�2 s�1 supplied by daylight bulbs
(60 W, General Electric, Enrich Spot). Each (EU) was
divided by a perforated PVC mesh (mesh size < 1 mm)
into an upstream compartment and a downstream
compartment.

Two experiments were conducted to test for inducible
responses: (1) the screening experiment to test different
responses under direct grazing used four algal species:
G. diessingiana, G. capensis, H. spicifera and C. extric-
atum (40 EUs) and (2) the multi-treatment experiment
used one algal species, C. platylobium (20 EUs), to test
the effect of different grazing inductions such as direct
grazing, waterborne cues and presence of the grazer on
the algal responses. Each experiment was divided into:
(a) an acclimation phase, aimed at minimizing the effects
of the unknown grazer histories on each alga and
adjusting algae to the experimental conditions; (b) a
treatment phase, in which algae were exposed to grazers;
and (c) finally after the treatment phase feeding assays
tested for induced responses. Because the red alga Gal-
axaura diessingiana showed inducible defences, an extra
experiment was conducted to assess the induction of
polyphenols. This basic design was developed from the
published work of Weidner et al. (2004), Rhode et al.
(2004) and Ceh et al. (2005).

Acclimation phase for screening and multi-treatment
experiments

Before starting the experiment, haphazardly collected
individual algae were cleaned of all visible epiphytes;
apical pieces (3 or 4 apices per plant) were removed 3 cm
from the tips and placed in one container. At the
beginning of the acclimation phase, three (for the
screening experiment) and four (for the multi-treatment
experiment) similarly sized pieces of the same algae were
drawn randomly from the container and placed with-
out grazers in each EU (initial weight mean ± SD:
G. diessingiana 0.13 ± 0.03 g, Gracilaria capensis
0.49 ± 0.12 g, H. spicifera 0.37 ± 0.12 g, C. extricatum
0.91 ± 0.21 g and C. platylobium 1.52 ± 0.55 g). Each

piece was marked for later identification (using different
colours of thread) and weighed. One piece was later used
for the intact feeding assays, the second piece was used
in artificial food feeding assays, while the third piece was
left in the EU to test for autogenic changes (changes in
mass due to growth or degeneration). The fourth piece
in the multi-treatment experiment was used to calculate
the algal growth rate of C. platylobium during the
treatment phase. For each of the three algal species in
the screening experiment, we set up 10 EUs, while 20
EUs were used per alga–consumer combination in the
multi-treatment experiment. For the duration of the
acclimation phase see Table 1.

Treatment phase

Screening experiment To assess the relative effects of
direct grazing on algal palatability during the feeding
assays phase, pieces of Galaxaura diessingiana, Graci-
laria capensis, H. spicifera and C. extricatum were ex-
posed to grazers in five randomly selected EUs
(treatment) while the remaining five EUs were left
without grazers (control). The grazers used during the
experiment were P. rubra for Galaxaura diessingiana and
Gracilaria capensis and Tricolia capensis for H. spicifera
and C. extricatum. Grazer–alga combinations, the
duration and number of grazers are provided in Table 1
and Fig. 1.

Multi-treatment experiment Four treatments were ap-
plied to assess the relative effects of Turbo sarmaticus
grazing on C. platylobium. The four treatments were: (1)
DG, direct grazing where one grazer and four algal
pieces were placed together in the downstream com-
partment while the upstream compartment was empty;
(2) IG, indirect grazing where four pieces of test algae
were in the downstream compartment and received
water from the upstream compartment containing one
snail and one additional piece of the same alga species;
(3) PG, presence of grazer where one grazer was kept in
the upstream compartment excluded from four pieces of
test algae in the downstream compartment; and (4) no
grazers (control), four pieces of test algae were posi-
tioned in the downstream compartment while the up-
stream compartment was empty (Fig. 1). T. sarmaticus is
a generalist grazer that can cause significant damage to
algae while feeding (Foster and Hodgson 1998) and we
chose C. platylobium and T. sarmaticus as the alga–
grazer combination for the multi-treatment experiment.
T. sarmaticus consistently ate C. platylobium, but not the
other species of algae. In addition the pilot study showed
that grazed pieces of C. platylobium were more preferred
than non-grazed pieces (t = �2.97, df = 4, P = 0.04),
suggesting an inducible response and we assumed that
this alga–grazer combination would be suitable for
testing the indirect induction mediated by waterborne
cues, as attack by a macrograzer would have a higher
impact on the algae and could trigger the release of
waterborne cues. Duration of the treatment phase for
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the screening and multi-treatment experiments was in
the range of induction times found in the literature
(Hammerstrom et al. 1998; Toth and Pavia 2000).

Feeding assays for screening and multi-treatment
experiments

Following the treatment phase, the algal test pieces were
removed from the EUs, blotted dry with paper tissue
and individually weighed (SARTORIUS scale, precision
0.0001 g) at the beginning and end of the feeding assays.
In the no-choice feeding assays, we used either intact
pieces to assess the combined effects of morphological
and chemical defensive algal traits or agar-based artifi-
cial food (pellets) to assess the defence response of non-
polar secondary metabolites alone. To avoid grazer
adaptations to food quality, we used the same grazer
species but different non-starved individuals in the
feeding assays and in the treatment phase of the induc-
tion experiments, as recommended by Cronin and Hay
(1996). All feeding assays were conducted in 2 l trans-
parent plastic containers of seawater and the seawater
was changed once per day. Consumption by a grazer on
a single alga piece, including a correction factor to ac-
count for autogenic changes of intact algae incubated in
a feeding assay, was calculated as:

Consumption ¼ To
Cf

Co

� �
� Tf

� �
; ð1Þ

where ‘‘o’’ and ‘‘f’’ were the pre- and post-assay wet
masses, respectively, of the intact plant piece consumed
in a feeding assay (T) and a non-consumed piece con-
trolling for autogenic changes (C) (Cronin and Hay
1996). The consumption of artificial food was calculated
as the difference in wet mass of an artificial food pellet at
the beginning and end of a feeding assay. The feeding
assays were conducted in random order, and the con-
sumption of the treated pieces was compared with the
appropriate control. Each feeding assay continued until
an algal piece showed a perceivable loss of biomass (see
Table 1 for the duration of experiments and densities of

grazers). During the feeding assays of the multi-treat-
ment experiment we lost several pieces used as controls
for autogenic changes through fungal infection. We
calculated the average of the remaining pieces to obtain
the (Cf/Co) value. This was possible because growth rate
did not change during the treatment phase (see Results
section).

Polyphenol analysis in Galaxaura diessingiana

An extra experiment was carried out to test for the
deterrent role of polyphenols. Twenty algal individuals
of G. diessingiana were collected. Half were exposed to
the isopod P. rubra (1 alga and 2 grazers per EU;
treatment, n = 10) and the other half were kept free of
grazers (1 alga per EU; control, n = 10). Six days later,
0.1 g of each algal piece was submerged in 4 ml of 80%
methanol for 48 h in total darkness in order to extract
polyphenols. To determine the concentration of po-
lyphenols per gram, we used the Folin-Ciocalteu (Sigma)
assay (Waterman and Mole 1994; Van Alstyne 1995;
Hammerstrom et al. 1998) and compared this with a
phloroglucinol standard, which was used to calculate the
calibration slope (Waterman and Mole 1994). We added
5 ml of the reagent Folin-Ciocalteu to 0.18 ml of the
polyphenol extract. After 5 min 0.4 ml of a sodium
carbonate solution (2 g ml�1) was added and the volume
was made up to 6.3 ml with deionized water. After 2 h
we measured the absorbance at 760 nm in a Shimadzu
UV-1201 spectrophotometer.

Assessment of growth rates in the multi-treatment
experiment

The growth rate of C. platylobium exposed to T. sar-
maticus was calculated using the fourth intact algal piece
for each treatment. The formula used was: growth
rate = [Tf/To]/time, where To is the mass of the algal
piece at the beginning and Tf the mass at the end of the
treatment phase.

Direct
grazing

Indirect 
Grazing

Presence of
grazer

Control

Screening
experiment

Multi-treatment
experiment

mesh

EU

G

A
A

AAA
A

G

+A

G
G

n = 5 n = 5

n = 5n = 5n = 5n = 5

Downstream compartmentUpstream compartment

Direct
grazing

Indirect 
Grazing

Presence of
grazer

Control

Screening
experiment

Multi-treatment
experiment

mesh

EU

n = 5 n = 5

n = 5n = 5n = 5n = 5

Downstream compartmentUpstream compartment

Fig. 1 Diagram of the
experiments used to induce
responses in algae. Screening
experiment consisted of two
treatments, direct grazing (DG)
and control (C). Multi-
treatment experiment consisted
of four treatments, direct
grazing (DG), indirect grazing
(IG), presence of grazer (PG)
and control (C). The letter ‘A’
indicates alga and ‘+A’
indicates an additional piece of
alga to test for waterborne cues.
The letter ‘G’ indicates grazer
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Preparation of agar-based artificial food pellets
containing non-polar algal extracts

We extracted secondary metabolites using dichlorome-
thane, which is a highly volatile solvent and is commonly
used to extract lipid-soluble compounds, which are rel-
atively non-polar secondary metabolites. Secondary
metabolites are often responsible for chemical defences
in red and green algae (Kazlauskas et al. 1980, 1981;
Paul et al. 2001; Steinberg et al. 2001). For the prepa-
ration of artificial food, one algal piece was removed
from each EU at the end of each treatment phase and
was extracted in 2 ml dichloromethane per 0.5 g algal
wet mass for 48 h at room temperature (Hay et al. 1994;
Ceh et al. 2005). Extracts containing the non-polar
fraction of algal chemicals were poured over 1 g of
freeze dried Ulva fasciata powder and allowed to evap-
orate for 48 h at room temperature. Eight millilitres of
distilled water was then added. Afterwards, a mixture of
0.36 g agar–agar in 6 ml distilled water was boiled and
mixed with the chemically tagged Ulva powder. The hot
mixture was flattened between two glass plates (1 mm
gap) on a 2 cm2 mesh used to provide stability to the
artificial food preparation. In order to make artificial
food, it is necessary to use powder from an undefended
alga such as U. fasciata, which has been tested in similar
feeding assays (Weidner et al. 2004).

Statistical analysis

We tested for the normality and homogeneity of vari-
ances using Shapiro-Wilk’s W and Cochran C tests,
respectively. Data were transformed using natural loga-
rithms when necessary; if the transformation was
unsuccessful, non-parametric tests were used. The con-
sumption rates of grazers on the control and treated in-
tact algal pieces (screening experiment), for intact and for
artificial food feeding assays, were analysed using two-
tailed t-tests or U-tests. The effects of different grazer
treatments (multi-treatment experiment) were analysed
using a one-way ANOVA or Kruskal–Wallis ANOVA
when the data were neither parametric nor homoge-
neous. A Newman-Keuls post-hoc test determined the
sources of any significant differences (Underwood 1997).
In the screening and multi-treatment experiments, there
was the possibility that two pieces of alga from the same
plant would be compared. We assumed independence as
the probability of such non-independence was low (7 and
4%, respectively, for the two experiments).

Results

Screening experiment

Intact algae Grazing by the isopod P. rubra signifi-
cantly reduced palatability in directly grazed pieces of
G. diessingiana with the control algae being significantly

preferred (t = �4.45, df = 8, P = 0.002). In contrast,
directly grazed pieces of the red alga Gracilaria capensis
were significantly preferred over the control (t = �2.39,
df = 8, P = 0.043; Fig. 2a). The latter trend, although
not significant, was detected for H. spicifera algal pieces
exposed to Tricolia capensis (t = 1.36, df = 8,
P = 0.212; Fig. 2a). Similarly, a non-significant trend of
enhanced grazing in the treated algae was detected for
C. extricatum plants (U = 11, P = 0.754; Fig. 2a).

Artificial food Palatability of artificial food (containing
non-polar algal extracts) showed significant differences
only for H. spicifera (t = 2.4, df = 8, P = 0.042),
which showed the significant chemical stimulation by
treated pieces exposed to grazers (Fig. 2b).

The algae Galaxaura diessingiana (t = �0.89,
df = 8, P = 0.399), Gracilaria capensis (t = �0.17,
df = 8, P = 0.865) and C. extricatum (t = 1.476,
df = 8, P = 0.178) did not show significant differences.

Polyphenol analysis in Galaxaura diessingiana

The concentration of polyphenols for G. diessingiana
was (mean ± SD) 0.4 ± 0.3 mg g�1 wet mass for the
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compounds. Asterisks indicate significant differences. n = 5 per
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treated pieces and 1.3 ± 1.7 mg g�1 wet mass for the
controls. No significant difference in the concentration
of polyphenols was detected between the grazed and
control pieces (t = �1.23, df = 18, P = 0.233).

Multi-treatment experiments

Intact algae Snail consumption in feeding assays was
significantly different among the algae exposed to dif-
ferent grazing treatments (one-way ANOVA:
F3,12 = 3.56, P = 0.039; Fig. 3a). Post-hoc Newman-
Keuls tests indicated that consumption rates on indirect
grazing algal pieces were significantly lower than on al-
gal pieces exposed to direct grazing treatments
(P = 0.042).

Artificial food Snail consumption of artificial food was
significantly affected by grazing treatments from the
induction experiment (one-way ANOVA: F3,14 = 3.56,
P = 0.041; Fig. 3b). Newman-Keuls post-hoc tests

indicated that the consumption rates on algal pieces
exposed to the presence of grazers were significantly
lower (P = 0.043) than on pieces exposed to direct
grazing.

Growth rate

The growth rates of C. platylobium in the different
treatments exposed to Turbo sarmaticus did not show
any significant difference (Kruskal–Wallis, H = 0.508,
n= 5 for all treatments, P = 0.917).

Discussion

Most references to inducible defences are restricted to
the brown algae, particularly the fucales (Van Alstyne
1988; Cronin and Hay 1996; Pavia and Toth 2000; Toth
and Pavia 2000; Sotka et al. 2002; Taylor et al. 2002;
Rohde et al. 2004; Macaya et al. 2005), with two recent
reports of chemical defences in red algae (Weidner et al.
2004; Ceh et al. 2005). We found grazing-mediated
changes in palatability for three red algae and one out of
the two green algae analysed. Among the red algae, in-
tact pieces of G. diessingiana produced defences when
exposed to the isopod P. rubra, whereas intact Gracilaria
capensis and pellets of H. spicifera showed increased
palatability for mesograzers. The green alga C. extrica-
tum showed no changes in palatability, whereas the
palatability of C. platylobium decreased in response to
waterborne cues from nearby grazed conspecifics and of
non-grazing consumers. These findings indicate that the
defence mechanisms mediated by grazing are both var-
iable and plastic.

Induced defences in the red alga Galaxaura diessingiana

Intact non-grazed control pieces of G. diessingiana were
preferred by the isopod P. rubra over grazed pieces,
indicating that anti-herbivore defence was induced in the
grazed pieces. This suggests that the defence was due
either to the induction of a deterrent compound re-
stricted to the polar fraction of Galaxaura secondary
metabolites, which would not have been extracted with
dichloromethane during the preparation of artificial
food, or to a morphological defensive trait. The deter-
rent polar fraction is commonly represented by po-
lyphenols; however, this fraction in G. diessingiana was
low, and was similar to that for the undefended kelp
Ecklonia radiata, which has been described as a low
polyphenol concentration alga (Steinberg and Van
Altena 1992). Moreover, we observed no increase in the
polyphenol levels in G. diessingiana when it was con-
sumed. Recently it has been discovered that polyphenols
are not the only deterrent compounds in the polar
fraction. In Fucus vesiculosus, defence has been attrib-
uted to the polar galactolipids rather than polyphenols
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(Deal et al. 2003). As we did not measure these, it cannot
be determined if such compounds could explain the lack
of induction in our artificial assays. Induction of mor-
phological anti-herbivore defence, such as changes in
growth form (Lewis et al. 1987) or growth of adventi-
tious branches (Van Alstyne 1989), has been docu-
mented for some brown algae. However, we did not
observe any alteration to the growth patterns in
G. diessingiana algal pieces following exposure to P. ru-
bra. Alternatively, G. diessingiana might increase calci-
fication levels in response to grazers to further increase
tissue toughness and reduce its nutritive value (Cronin
2001). Solandt and Campbell (2001) reported that
Galaxaura sp. individuals exhibit 70% calcification on
average, suggesting that induced morphological defence
in G. diessingiana is possible; however, we did not
measure tissue toughness. Our results from the feeding
assays may corroborate those of Del Val et al. (2001),
who found antimicrobial activity of G. rugosa methanol
extracts, because bio-active substances were absent from
the non-polar fractions of Galaxaura extracts in both
studies. Irrespective of whether defences were morpho-
logical or chemical or a combination of both (Hay et al.
1994; Hay 1997), our findings along with those of
Weidner et al. (2004) and Ceh et al. (2005) for Pteroc-
ladiella capillacea and Hypnea pannosa, respectively, are
among the first reports of inducible defences in red
algae. In all three cases, defence was detected in assays
of living tissue, but not in pellets based on non-polar
extracts.

Inducible stimulation in Gracilaria capensis and Hypnea
spicifera

Grazing of both G. capensis and H. spicifera resulted in
increased grazing rates, suggesting an induction of gra-
zer stimulation. However, this occurred in different ways
for the two species. (1) Grazers showed no preference for
artificial food containing non-polar G. capensis extracts,
but when offered intact pieces, they preferred grazed
over control algae. After the treatment phase, no visible
changes in algal morphology were observed (Lewis et al.
1987; Van Alstyne 1989). We did not assess tissue
toughness and so cannot exclude morphological plas-
ticity. Neither did we isolate the polar fraction of this
alga, which could explain the difference between intact
and artificial feeding assays. (2) The snail Tricolia cap-
ensis, assayed with H. spicifera, showed no increase in
consumption on the intact algal pieces, but a significant
increase in the consumption of pellets containing non-
polar compounds (Fig. 2b).

Sakata et al. (1986) found compounds called feeding
stimulants in some algae that promote ingestion and the
continuation of feeding, and these can be ecologically
important (Stachowicz 2001a). Treatments used to
investigate inducible (Pavia et al. 1997) and activated
(Cetrulo and Hay 2000) defences have led to both
defence responses and stimulated grazer feeding. Such

stimulation is an ambiguous response, because the alga
seems to stimulate a decrease in its own fitness, and there
are alternative interpretations. (1) An increase in palat-
ability may be explained by the variability in responses
of herbivores to different compounds (Hay and Fenical
1988). For example, Steinberg and Van Altena (1992)
reported that secondary non-polar compounds can ei-
ther attract the urchin Tripneustes grutilla at high con-
centrations or repel it at low concentrations. In addition,
more than 400 different compounds have been reported
in the genus Laurencia. Most repel fish, but others have
no effect on them, and may repel other grazers (Hay
et al. 1988). (2) Complex ecological interactions could
ultimately increase the fitness of the alga and the grazer,
for example by attracting grazers that clean the alga of
epiphytes or possible competitors (Stachowicz 2001b).
Such interactions have been described for aquatic plants
(Underwood et al. 1992; Kerffoot et al. 1998; Jones et al.
1999) and terrestrial plants (Williams and Myers 1984).

We suggest that stimulation by an alga of its own
consumption could reflect the results of complex mutu-
alistic interactions that have not been extensively
explored. There are no reported interactions between
P. rubra and Tricolia capensis and we suggest that
grazing induces defences against other grazers while
simultaneously promoting grazing by P. rubra. Complex
ecological interactions seem to explain the T. capensis–
H. spicifera effect. Since T. capensis is frequently found
on the stipes of H. spicifera, an association between
them could benefit both. The snail could remove com-
petitors and epiphytes from H. spicifera, while receiving
shelter and food from the alga. A similar pattern has
been observed by Hay et al. 1990, in which the chemi-
cally defended alga Avrainvillea longicaulis provided
shelter to the ascoglossan gastropod Costasiella ocellif-
era and the crab Thersandrus compressus. These grazers
feed on the alga and receive chemical protection against
fishes; however, the benefits to the alga are not men-
tioned. A similar example given by Stachowicz (2001b)
for the decorator crab Libinia dubia and the alga
Dictyiota menstrualis suggests that the alga can obtain
nutrients from the crab excretions and at the same time
the crab can remove herbivorous amphipods.

Absence of induced defences in Codium extricatum

For C. extricatum, no significant differences were de-
tected between the treated algal pieces and the controls,
in either intact or artificial feeding assays. This could be
due to the presence of activated defences, or could
simply mean that there are no chemical defences within
these algae. We cannot discard the first possibility at
least in regard to this particular grazer, as our experi-
mental design was not sensitive enough to detect acti-
vated defences. Activated defences are a short-term
mechanism, occurring in seconds. If the two algal pieces
were damaged by Tricolia capensis, induction could
have been shown by a significant reduction in the
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consumption of the alga either in the intact feeding as-
says or in the pellets. We observed considerable damage
to the algae, presumably sufficient to induce chemical
defences (Karban et al. 1997). It has been reported that
C. extricatum has a high nutritive value (Foster and
Hodgson 1998), which may override the effects of de-
fences by secondary metabolites (Hay 1996). This result
agrees with the lack of defence induction for other spe-
cies of Codium spp. tested with mesograzers: C. decor-
ticatum in Brazil (Weidner et al. 2004), C. tomentosum in
Portugal and C. fragile in Sweden (M. Molis et al.,
unpublished data).

Rudimentary alert system in Codium platylobium

During this experiment a decrease in palatability relative
to direct grazing was observed in two of the treatments
(indirect grazing and presence of grazers) involving
waterborne cues. Due to the lack of significant differ-
ences between controls and indirect treatments (presence
of grazers and indirect grazing), we can only report a
weak trend of reduction in palatability (Fig. 3). Indirect
alert signals that can induce chemical defences have only
been reported for the brown algae Aschophylum nodo-
sum (Toth and Pavia 2000), Fucus serratus (Rohde et al.
2004) and Glossophora kunthii (Macaya et al. 2005).

Indirect grazing and presence of grazer treatments
resulted in negative consumption rates, indicating that
the grazers ate less than the alga grew during the
experiment. Even though the growth rates of C. platyl-
obium did not differ among treatments, there was neg-
ative consumption in the indirect grazing treatment
(Fig. 3a), confirming that Turbo sarmaticus ate fewer
pieces that had been indirectly grazed than directly
grazed treatment pieces. Only indirect grazing (in intact
assays) and the presence of the grazer (in artificial food
assays) induced a decrease in palatability, suggesting the
presence of a waterborne cue that may stimulate the
production of secondary compounds originating from
the grazer rather than the alga. The present results
indicate that the presence of a predator in the vicinity of
C. platylobiummay alert neighbouring algae, stimulating
the production of non-polar defensive chemicals and so
reduce their palatability. We cannot report defence
induction as neither indirect grazing nor the presence of
grazer was significantly different from the control. Al-
though, these results show that direct grazing is not the
only mechanism that can induce responses, the discus-
sion about whether direct damage plays the most
important role in defence induction continues (Toth and
Pavia 2000; Rhode et al. 2004; Macaya et al. 2005).

It is almost inevitable that algal–herbivore interac-
tions will be complex and ‘‘non-linear’’ as they will be
shaped by the effects of natural selection operating on
shifting balances between costs and benefits for both the
consumer and the prey (Stachowicz 2001a, b). There are
both costs and benefits to an alga in the production
of induced chemical defences and there are costs and

benefits to a grazer in tolerating such defences. For
example, geographic variability within a species may be
a phenotypic response to the variable grazing intensity
or may be explained by the concept of an evolutionary
moving target (Adler and Karban 1994). This model
assumes a population of plants, each of which responds
to attack by altering its phenotype, but does not revert
to the original phenotype in the absence of further at-
tack. These phenotypic changes occur on ecological time
scales, but are non-directional, as the plant can become
either more or less vulnerable, making it difficult for the
grazer to evolve the effectiveness of its attack on these
plants. The present study reports plasticity in the re-
sponse of green and red algae to grazers. We found
preliminary evidence of an induced reduction of palat-
ability in one red alga (Galaxaura diessingiana) and
grazing stimulation in two. Neither of the green algae in
the genus Codium showed induced defences, although C.
platylobium tended to decrease its palatability when ex-
posed to waterborne cues from the macrograzer T. sar-
maticus. This variability could represent a strategy for
avoiding some grazers while at the same time attracting
others that may eliminate parasites or competitors. Such
variability in the algal responses mediated by grazers has
been shown in many studies in marine (Hay 1992, 1997;
Steinberg and Van Altena 1992; Cetrulo and Hay 2000;
Van Alstyne et al. 2001; Weidner et al. 2004) and ter-
restrial plants (see review by Nykänen and Joricheva
2004).
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