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Abstract

Many species of macroalgae survive after becoming dislodged from their primary substratum, but little is known
about their capacity to express anti-herbivore defences after detachment. We examined the effect of detachment on
the relative palatability of the two kelp species Lessonia nigrescens and Macrocystis integrifolia to mesograzers.
Laboratory and field experiments were conducted on the northern-central coast of Chile to investigate whether
(1) time after detachment and (ii) grazing on detached and attached algae could trigger internal defence mechanisms
in the algae, which may have acted as deterrents to grazing. In order to examine palatability, feeding assays were run
after each experiment using fresh algal pieces and artificial food. Time after detachment had a significant influence
on palatability of L. nigrescens but not of M. integrifolia. During the first 12 days of detachment, detached L.
nigrescens held in grazer-free laboratory tanks were not significantly more palatable than attached conspecifics
from the field but thereafter detached individuals became more palatable. Floating individuals of M. integrifolia
showed no effect of detachment, indicating that this alga maintains its defence after detachment. An experiment
conducted in the field confirmed these results for M. integrifolia. An additional laboratory experiment confirmed
that attachment status plays an important role on algal defence reaction for L. nigrescens when exposed to grazers.
Detached and previously grazed individuals of this species were less palatable than grazer-free control algae, but
grazing had no effect on palatability of attached algae. Our results indicate that kelps have varying capacities for
development of anti-grazing responses once they become detached, possibly depending on their capacity to float
and survive after detachment.

Introduction

Defence mechanisms against herbivorous grazers have
been reported for numerous species of marine macroal-
gae (e.g. Van Alstyne, 1988; Paul & Van Alstyne,
1992; Sotka et al., 2002). These mechanisms include
(i) morphological defences such as calcification of
structures, increase in tissue toughness and/or modi-
fication of growth form (Littler & Littler, 1980; Hay
et al., 1988; Hay, 1991) and (ii) chemical defences
including the production of noxious or unpalatable
chemical compounds, which are termed secondary
metabolites, because usually they are not associated
with the primary metabolism of the plant (Bazzaz

et al,, 1987; Duffy & Hay, 2001). Among chemi-
cal defences three mechanisms have been recognized:
(1) constitutive defence, where secondary metabolites
are produced continuously, independent of attack or
presence of grazers (e.g. Pavia & Toth, 2000), (2) in-
ducible defence, where algae enhance production of
secondary metabolites when under attack by herbi-
vores (e.g. Sotka et al., 2002), and (3) activated de-
fence triggered by injury and acting extremely rapidly
(seconds to minutes) by converting a less potent stored
secondary metabolite to a more potent one (e.g. Paul
& Van Alstyne, 1992; Cetrulo & Hay, 2000). The three
mechanisms function as herbivore deterrents, and they
have been reported from a wide diversity of different
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macroalgae, including brown, green, and red algae (e.g.
Steinberg, 1984; Paul & Fenical, 1986; Van Alstyne,
1988; Peckol et al., 1996; Cetrulo & Hay, 2000; Pavia
& Toth, 2000; Van Alstyne et al., 2001; Sotka et al.,
2002; Taylor et al., 2002).

Two classical approaches have been employed to
test for the presence of chemical defences in marine
macroalgae. The first is based on an empirical method
where algae that were exposed to either: (i) naturally
occurring herbivory, (ii) experimental grazing levels
or (iii) artificial injury in situ, are collected from the
field and evaluated for the presence of chemical or
morphological defences, or (iv) they were injured af-
ter collection (e.g Van Alstyne, 1988, 1989; Paul &
Van Alstyne, 1992; Peckol et al., 1996; Cronin & Hay,
1996a,b; Pavia et al., 1997; Hammerstrom et al., 1998;
Cetrulo & Hay, 2000). In the second type of studies,
algae are usually maintained detached in experimental
outdoor flow-through systems, where they are grown
in tanks of variable sizes and are treated with differ-
ent grazing regimes and after exposure tested for the
presence of defensive mechanisms (e.g. Toth & Pavia,
2001; Sotka et al., 2002; Taylor et al., 2002). Although
this allows all algae in a tank to be exposed to the same
light and nutrient regimes over time, it does not nec-
essarily reflect the natural condition where algae are
growing attached to a firm substratum.

Benthic algae, particularly in shallow areas, are ex-
posed to varying degrees of wave and water currents,
which may dislodge them from the substratum. This
detachment can cause physical stress for the plants,
possibly altering seaweed palatability, as is known in
cases of desiccation (Renaud et al., 1990). Stressed
algae often show a limited potential for chemical de-
fence (Renaud et al., 1990; Cronin & Hay, 1996b), and
it is expected that this is also true for detached algae.
However, little is known about the effect of detach-
ment on the presence of defence mechanisms in ma-
rine macroalgae even though this appears important in
understanding the mechanisms of chemical defence in
a natural situation. Understanding the relationship be-
tween detachment and defence appears important since
assemblages of unattached seaweeds are commonplace
in nature (e.g. Benz et al., 1979; Olafsson et al., 2001;
Hirata et al., 2001; Thiel & Gutow, 2004). Storms
frequently cause detachment of benthic macroalgae
(Norton & Mathieson, 1983), which then contribute
to floating or drifting populations. Some macroalgae
possess gas bladders (e.g the giant kelp Macrocystis
pyrifera) or a plant body that temporarily acts as a bal-
loon (e.g. the entire thallus of Colpomenia perigrina)

(Norton & Mathieson, 1983), allowing them to float at
the sea-surface. Other species of algae have no float-
ing potential and after detachment sink to the sea-floor
where they might contribute to a species-rich assem-
blage of drifting macroalgae in shallow waters (Benz
et al., 1979; Norton & Mathieson, 1983; Norkko &
Bonsdorft, 1996).

After detachment, macroalgae may be exposed to in-
tense herbivory (biological stress). For example, float-
ing macroalgae harbour many animals, including herbi-
vores, that have originally been living on them and thus
can quickly consume them (Ingélfsson, 1995, 1998).
Also drift-algae in shallow waters are commonly inhab-
ited by a wide diversity of mesograzers, in particular
amphipods and isopods (Inglis, 1989; Geertz-Hansen
et al., 1993; Ing6lfsson, 2000; Brooks & Bell, 2001).
Floating algae may survive for extended periods at the
sea surface (Hobday, 2000) despite high abundances
of grazers, but drifting algae often face high grazing
pressure from a wide diversity of benthic grazers and
may have little chance to survive for long (see e.g.
Rodriguez, 2003). Thus, it can be hypothesized that
kelp species that float after detachment may be capable
of maintaining their defence after detachment, while
kelp species that sink after detachment may lose their
defence capacity shortly after detachment.

Here we tested whether two kelp species from the
SE-Pacific, that differ in their behaviour (floating or
drifting) after detachment, maintain their defences, or
whether they loose them due to physiological alter-
ations caused by detachment. Plants of Lessonia ni-
grescens are negatively buoyant and sink to the seafloor
after detachment where they may contribute to a large
pool of drifting algae. In contrast, Macrocystis integri-
folia floats after detachment and may travel for a long
time with ocean currents (e.g. Helmuth et al., 1994).
Field and laboratory experiments were conducted on
the northern temperate coast of Chile in order to learn
how detachment affects the palatability and thus the
defence capacity of these two macroalgae.

Materials and methods

Both laboratory and field experiments were carried
out to test the changes in palatability following ex-
tended detachment of the two kelp species. Laboratory
experimentation was done with Lessonia nigrescens
and Macrocystis integrifolia while field experimenta-
tion was carried out with M. integrifolia only. An ad-
ditional laboratory experiment was conducted with L.



nigrescens to test whether defence can be induced in
attached as well as in detached plants of this species.

Collection and culture conditions of macroalgae

Kelps used in the laboratory were collected by hand
during low-tide in the vicinity of Coquimbo, Chile (Fig-
ure 1). After collection, algae were kept in a cooler at
their ambient temperature and immediately transferred
to seawater tanks at the Marine Seawater-Laboratory
of Universidad Catélica del Norte, Coquimbo. Grazers
and epiphytes were carefully removed by hand from
test algae prior to experiments. Laboratory experiments
were either conducted in a large flow-through seawa-
ter tank, containing & 1800 L of seawater, or in plastic
aquaria measuring 10 x 19 x 13 cm and containing ~
1.5L of seawater. The tank was supplied with an air
pipe and with flowing seawater. The large tank was
used to test for the effect of extended detachment in
L. nigrescens and M. integrifolia whereas the small
aquaria were used for the induction experiment with L.
nigrescens.

The small aquaria received filtered (10 um cotton
cartridge) seawater that was continuously pumped from
the shallow subtidal waters of Bahia La Herradura
into 4 plastic reservoirs (70L) from where it was
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then redistributed. Flow regulators were used to sup-
ply each aquarium with an individually-controlled flow
rate (*0.1Lh™"). Aquaria were additionally main-
tained with continuous aeration. All laboratory exper-
iments were conducted in outdoor tanks and aquaria
with algae were shaded with a black plastic cloth in
order to protect them from direct sunlight.

The field experiment with M. integrifolia was car-
ried out at Isla Damas (Figure 1) under natural con-
ditions. With this field experiment we also tested the
effect of extended detachment.

Mesograzers used in experiments and feeding assays

The consumers used to determine algal palatability af-
ter the laboratory and field experiments were either the
amphipods Parhyalella ruffoi and Hyale hirtipalma or
the isopod Isocladus bahamondei. The amphipod P.
ruffoi was also used in the grazing treatment in the in-
duction experiment. All mesograzers were previously
observed living and feeding on a variety of different
macroalgae (e.g. Thiel, 2002), indicating that they are
generalist grazers not specialized to a particular algal
species. Amphipods and isopods were collected from
mixed assemblages of drift algae at Playa Guayacan
and from intertidal algae in La Pampilla (Figure 1).
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Figure 1. Map of Chile with the locations of the sampling sites in the vicinity of Coquimbo.
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Freshly collected individuals of all grazers (P. ruffoi,
H. hirtipalma and I. bahamondei) were used in feeding
assays after each experiment in order to examine the
palatability and thereby the defensive mechanisms of
the selected macroalgae.

General design of the feeding assays to examine algal
palatability

All feeding assays were conducted in a culture room
(12h L: 12h D; 15 £ 1 °C; light intensity 40 &+ 10 um
photons m~2 s~!). Choice and no-choice feeding assays
were done mainly with fresh algal pieces but also with
artificial agar-based food (see below). In choice feeding
assays the grazers were offered two algal pieces simul-
taneously, such that they had the possibility to express
a dietary choice. In the no-choice feeding assays graz-
ers could only feed on the offered alga or they would
starve. Feeding assays were conducted in petri-dishes
(diameter ~ 8.8 cm; volume &~ 30 mL). For feeding as-
says with fresh algal pieces, we determined the amount
consumed in mg, and for assays with artificial pieces
we counted the number of squares consumed (see be-
low for details). All feeding assays were carried out
with five replicates (n = 5), unless noted otherwise.

Preparation of artificial food

After completing the respective algal treatments, a
lipophilic crude extract was obtained from one piece
of each alga. The extraction was done for 48 h with
dichloromethane according to a 1:2 ratio (1 g algae
wet weight: 2 mL dichloromethane). Dichloromethane
extracts only the lipophilic compounds, and thus any
non-lipophilic compounds, which may also contain
feeding deterrents, are disregarded by this procedure.
The lipophilic extract was dropped on freeze-dried and
finely powdered Ulva lactuca. The dichloromethane
then evaporated leaving behind the compounds ex-
tracted from the algal tissues. To determine the amount
of Ulva powder for every sample, algae were weighed
before adding the dichloromethane. A ratio 3:1 (g alga
wet weight: g dried Ulva powder) was used in order
to obtain approximately similar proportions between
the dried powder and the wet mass of the algae. Af-
ter evaporation of the lipophilic extract, 8 mL distilled
water was added to the Ulva powder. A specific amount
of agar (0.36 g) was mixed with 10 ml distilled water
and heated to boiling point in a microwave. After the
agar cooled down to 40 °C the Ulva powder with the
lipophilic crude extract was added. The agar/Ulva mix

was poured into a mold lying over a fly mesh (mesh size
1 mm?) and 200 squares were cut out after hardening.
The artificial food went directly into feeding assays.

The experiments

1. Effect of extended detachment on the palatability
of two kelps in an experimental tank: This laboratory
experiment was run in the large outdoor tank between
March and May 2003. The aim was to examine whether
kelps detached from their primary substratum become
more palatable to mesograzers after 3, 6, 12, 24 and 42
days of detachment compared to attached conspecifics
taken directly from their natural substratum in the field.
Detached algae were held in a grazer-free environment
in the laboratory tank, while attached conspecifics in
the field were exposed to the natural grazing regime.

Apical parts of M. integrifolia were collected from
Isla Damas and those of L. nigrescens from La
Pampilla. Algae were maintained together with two
other detached algal species (Ulva sp. and Cryptome-
nia obovata) in the large tank since detached algae also
accumulate in multi-species assemblages in the field.
The algae in the tank (laboratory treatment) were stirred
briefly, twice a day, to provide some water movement.
Palatability was tested after 3, 6, 12, 24 and 42d in
choice feeding assays with detached individuals from
the tank (laboratory treatment) and attached individu-
als from the field (field treatment) that were collected
on the same day. In each petri-dish (n = 5) we placed
three amphipods (P. ruffoi) and allowed them to feed
for three days.

2. Effect of detachment on the palatability of
Macrocystis integrifolia in the field: In order to test
the detachment effect on the palatability of apical parts
of Macrocystis integrifolia, a field experiment was car-
ried out from January to May 2003 at Isla Damas. Both
floating and natural attached plants were exposed to
natural grazer conditions in the field. Algae were de-
tached from the primary substratum in January 2003,
placed in wide-mesh bags (mesh size: 65 mm), and teth-
ered at the sea surface for the duration of the experi-
ment. Palatability was tested after 6, 24, 42, 67 and
97 d in choice feeding assays with apical blades from
tethered floating and from natural attached plants. In
each petri-dish (n = 5) we placed five amphipods (H.
hirtipalma) and allowed them to feed for three days.
Additionally, we conducted identical feeding assays in
which we used six isopods (I. bahamondei) instead of
the amphipods.



3. Induction experiment with attached versus de-
tached Lessonia nigrescens: An outdoor laboratory
experiment was conducted during austral fall (May)
2003 to examine whether attached or detached L. ni-
grescens plants are more susceptible to amphipod graz-
ing. A total of 35 complete juvenile plants (18 g)
of the brown alga Lessonia nigrescens were sampled
randomly during low tide in the intertidal zone of La
Pampilla (see Figure 1). During collection, all juve-
nile plants were carefully removed with their com-
plete holdfast from the substrate using a scalpel. The
holdfasts of these juvenile plants had a diameter of
approximately 8 cm and a blade length (5-8 blades
per plant) of 10—15cm. Five plants were frozen at
—40°C immediately after sampling in order to rep-
resent the natural level of defence (natural attached
algae). The remaining 30 plants were distributed in-
dividually over 30 aquaria, each with a volume of
1.5L and continuously flowing seawater. To each of
the aquaria we added one complete juvenile plant of
L. nigrescens but in one half of the aquaria (n =
15) the algae were maintained as detached individu-
als whereas in the other half (n = 15) the juvenile
plants were carefully sewn with their holdfasts onto
the aquaria wall, representing attached plants. All al-
gae continued to grow during the experiment, and the
“attached” plants firmly grew onto the plastic wall of
the aquarium.

The experiment was separated into an acclimation
and a treatment phase, each lasting 10 d. The acclima-
tion phase was included to adjust the defence level after
an unknown consumption history in the field. After the
acclimation phase, small apical blades were taken from
5 attached and from 5 detached plants and stored in the
freezer for 2d at —40°C. All frozen algae pieces were
later compared in artificial food feeding assays (see
above).

In the following treatment phase, the factor direct
grazing with P. ruffoi was tested to examine whether
grazing attacks by amphipods might induce defences
in detached as well as in attached algae. The algae were
exposed to two different grazing levels (direct grazing
and grazer-free control): 10 amphipods P. ruffoi each
were added to one half of the detached L. nigrescens
(n = 5) and to one half of the attached L. nigrescens
(n = 5), while the other half of the detached (n = 5)
and attached L. nigrescens (n = 5) were left without
grazers as control treatments. After the treatment phase,
small apical blades were cut off from all algae in order
to carry out feeding assays with artificial food as well
as with fresh algae pieces.
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We conducted choice-feeding assays with 4 individ-
uals and no-choice feeding assays with 2 individuals
of P. ruffoi. Choice-feeding assays with artificial food
(made from the frozen apical blades) were carried
out after the acclimation phase to examine for differ-
ences between (A1) the natural attached and the control
detached algae pieces, and between (A2) natural at-
tached and control attached pieces. After the treatment
phase, choice-feeding assays were carried out (T1) be-
tween grazed detached and control detached pieces,
(T2) between grazed attached and control attached al-
gae pieces, (T3) between control attached and control
detached, and (T4) between grazed attached and grazed
detached. Additionally no-choice feeding assays were
done (A3; TS). All feeding assays with artificial food
lasted for 2d. The fresh algae choice and no-choice
feeding assays were conducted with the same treatment
combinations as described for the artificial food assays,
with the exception that the assays were terminated after
3d.

Statistical analysis

The same statistical procedure was used for the labo-
ratory and the field experiment, testing for the effect
of extended detachment and grazing on algal palata-
bility. Choice feeding assays, testing for differences in
palatability (consumption) between attached and de-
tached algae were analyzed with a t-test for dependent
samples for each sampling date, rather than with a 2-
way ANOVA, because some data sets contained nega-
tive consumption values caused by algal growth during
the assays. Prior to analysis the data were inspected for
normality, using Cochran’s test. When data were nor-
mal a t-test was used, or alternatively a non-parametric
Wilcoxon matched pairs test was conducted.

The consumption data from the induction experi-
ment with L. nigrescens were examined for normality
using the Cochran’s test and In (x + 1) transformed if
necessary. Choice feeding assays were analyzed with a
t-test for dependent samples. No-choice feeding assays
were analyzed with a 2-way ANOVA, with the fixed
factors grazing and attachment status, or with the cor-
responding non-parametric Kruskall-Wallis test. When
the ANOVA revealed significant differences, a post-hoc
Tukey HSD was applied.

Results
1. Effect of extended detachment on the palata-

bility of two kelps in an experimental tank: In the
assays designed to measure the effect of detachment
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Figure 2. Mean consumption (mg) by the amphipod Parhyalella ruffoi of Lessonia nigrescens and Macrocystis integrifolia after different days
of detachment. At each sampling date, grazers were offered a choice between plants from the field (attached) and plants from the experimental

tank (detached); error bars represent + 1 SD (n = 5). (*p < 0.05).

on palatability of the two kelps Lessonia nigrescens
and Macrocystis integrifolia, a clear tendency was ev-
ident for L. nigrescens (Figure 2). The palatability of
detached L. nigrescens held in the grazer-free labora-
tory tank increased over time. At days 12, 24 and 42
after detachment, the grazer P. ruffoi consumed sig-
nificantly more from the detached pieces (tank) than
from the attached pieces (#-test for dependent samples,
t = —7.097, df = 4, p = 0.002, Wilcoxon matched
pairs test p = 0.043 and Wilcoxon matched pairs test
p = 0.043, respectively, n = 5) (Figure 2). Conse-
quently, for L. nigrescens the time after detachment ap-
peared to play an important role in the expression of de-
fensive mechanisms. In contrast, the giant kelp M. inte-
grifolia did notreveal any significant differences during
any of the sampling dates (¢-test for dependent samples,
p > 0.05).

2. Effect of detachment on the palatability of
Macrocystis integrifolia in the field: The time after de-
tachment (6, 12,24,42, 67 and 97 days) had no apparent

effect on the palatability of M. integrifolia blades from
detached compared to attached plants (Figure 3). No
statistical differences were detected between the algae
tips neither for the feeding assays using the amphipod
H. hirtipalma nor for those with the isopod 1. baha-
mondei (Table 1).

Table 1. Result of r-test for dependent samples for the mean con-
sumption (mg) of Macrocystis integrifolia by the two grazers after
different time intervals. wx = Value from Wilcoxon matched pairs
test

Hyale hirtipalma  Isocladus bahamondei

Time

intervals (d) d.f. ¢ )4 t p

6 4 0.007 0.995 2.347 0.079
12 4 1.173 0306 1.273 0.272
24 4 —0.074 0945 0227 0.831
42 4 0.038 0971 0524 0.627
67 4 1.632 1.178 1.608 0.183
97 4 0.865 0436  wx 0.08
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Figure 3. Mean consumption (mg) of Macrocystis integrifolia by the grazers: (A) Hyale hirtipalma and (B) Isocladus bahamondei after different
sampling dates (d). Grazers were offered simultaneously an artificially floated alga piece and an alga piece from plants growing on substratum

(attached); error bars represent +1 SD (n = 5).

3. Induction experiment with attached versus de-
tached Lessonia nigrescens: After the acclimation
phase, when offering the amphipod P. ruffoi a choice
between artificial food made from attached and de-
tached algae (A1), and between those made from con-
trol or natural algal pieces (A2), no statistical dif-
ferences were detected (Figure 4A, r-test for depen-
dent samples, + = 0.507, df = 4, p = 0.639 and
Figure 4B, t-test for dependent samples, ¢ = 0.040,
df = 4, p = 0.97). The same result was found for
the no-choice feeding assays with artificial food (A3)
(Figure 4C, Kruskal-Wallis test, p = 0.685).

In the assays designed to measure the palatabil-
ity in response to direct grazing after the treatment
phase, we found statistical differences for both choice
feeding assays (T1) with artificial and fresh algal
pieces. Amphipods P. ruffoi consumed in the two as-
says (Figures SA and 6A, respectively) significantly
more of the detached ungrazed control pieces than from
the detached grazed pieces (artificial food: Figure 5A,
t-test for dependent samples, t+ = —3.249, df = 3,
p = 0.047, n = 4; fresh algal pieces: Figure 6A,
t-test for dependent samples, t = —3.766, df = 3,
p = 0.032, n = 4). Thus, if differences in palatability

were detected, these occurred in the treatments where
detachment and grazing were combined. No further
significant preferences were detected for the remain-
ing artificial food and live algal choice feeding assays
(T2-T4) (Figures SB-D and 6B-D, respectively). The
grazer P. ruffoi did not discriminate between attached
or detached algal pieces treated by grazing, or controls.
The two artificial food and fresh no-choice feeding as-
says (T5) (SE and 6E, respectively) did not display any
significant differences in the palatability concerning the
factors attachment status or grazing (Table 2).

Discussion

Our results indicate that extended detachment influ-
enced the palatability of Lessonia nigrescens but not of
Macrocystis integrifolia. Grazing also seemed to have
an effect on the palatability of detached L. nigrescens,
which were less palatable when previously exposed to
grazers compared to grazer-free controls. For attached
plants of L. nigrescens no such differences in palatabil-
ity were found, which suggests that time after detach-
ment may have an influence on defensive responses
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Table 2. Results of 2-way ANOVA after the treatment phase for the mean consumption (mg)
of Lessonia nigrescens from no-choice feeding assays by the grazer Parhyalella ruffoi

Artificial food

Fresh alga

No-choice feeding assays

treatment phase df MS

P daf MS F P

Attachment status (A) 12
Grazing (G)

52.874 0.352 0.854 15 0.000053 0.077 0.786
12 715.534 0.476 0.503 15 0.000001 0.001 0.972

GxA 12 474439 0316 0.584 15 0.000042 0.061 0.809
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Figure 4. Mean (+SD) number of squares consumed of artificial Lessonia nigrescens by Parhyalella ruffoi after the acclimation phase. (A & B)
choice feeding assays, and (C) no-choice feeding assays; error bars represent +1 SD (n = 5).

(and possibly other physiological processes) in marine
macroalgae.

Detachment effect

Some species of macroalgae only exist as popula-
tions of detached individuals, such as for example the
brown algae Sargassum natans and S. fluitans. Parr
(1939) mentioned that both Fucales show no signs of
attachment and lack reproductive organs. Their float-
ing thalli represent an effective long-distance disper-
sal mechanism (Deysher & Norton, 1982) and may
support survival of populations via asexual reproduc-
tion. Also, kelps that usually grow as attached individ-
uals may persist after detachment. Detachment does
not mean death for these plants, which may become
entangled in kelp forests or float freely for extended
periods (Hobday, 2000). During this floating time some

(e.g. the kelp M. integrifolia) may even be reproductive
(Macaya et al., 2005). Other algae sink to the seafloor
after detachment, where they may form dense accu-
mulations of drift algae (Norton & Mathieson, 1983;
Ingélfsson, 1995; Norkko & Bonsdorff, 1996). Fol-
lowing detachment, algae may start to deteriorate (e.g.
Hobday, 2000), which could be due to loss of antiher-
bivore defence making detached algae more palatable
compared to attached conspecifics.

We found that the detached kelp L. nigrescens be-
came more palatable to mesograzers 12 d after detach-
ment if held without grazers (Figure 2). One reason
for this could be that algae invested more energy to
growth, which resulted in fewer resources available to
the production of deterrents (Herms & Mattson, 1992).
Rapid growth might also be a mechanism to tolerate
future grazer attack. Detached algal species are exposed
to a variety of environmental conditions (e.g. light, nu-
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Figure 5. Mean (£SD) number of squares consumed of artificial Lessonia nigrescens by Parhyalella ruffoi after the treatment phase. Choice
feeding assays are represented by the graphs A, B, C and D, while no-choice feeding assays are represented by the graph E. (DG = direct grazing
treatment, C = control treatment). Error bars represent +1 SD Significance values are from #-test for dependent samples.

trients, temperature, herbivory) differing from those af-
fecting attached plants (Norton & Mathieson, 1983).
Possibly the conditions encountered by detached indi-
viduals are sub-optimal and thus they may have few ex-
traresources available for defence. Lessonia nigrescens
does not possess floating structures and consequently
will sink to the bottom after detachment. Similarly, as
in the natural environment after detachment, in the deep
tank used in the first experiment, the detached thalli of
L. nigrescens faced subtidal conditions while normally
they are growing in the intertidal zone (Hoffmann &
Santelices, 1997) where they are exposed to the air dur-
ing each low tide. Thus plants may have experienced
physiological stress in the tank after 12 d because they
lay at the bottom of the tank at a depth of about 1 m. As
a result, the detached plants in the tank received less
light than attached control plants in the natural envi-
ronment. If these changes in palatability after 12 d of
detachment indeed were stress-induced changes then

this process would be consistent with the result from
Renaud et al. (1990) who found that desiccation of the
unpalatable brown alga Padina gymnospora increased
its palatability to sea urchins via loss of chemical de-
fence. Physical features such as, for example, tissue
toughness (Watson & Norton, 1985) may also affect
herbivore choice. Possibly, over the extended detach-
ment time in the experimental tank the detached in-
dividuals lost their toughness (resistance to penetra-
tion) and were therefore more susceptible to the grazer
than freshly collected attached algae from the field. The
results from Littler et al. (1983) indicated that herbi-
vore preference is a function of the degree of seaweed
toughness.

In contrast to these results, where an increase in
palatability was observed beginning at day 12 after
detachment, no detachment effect was observed for
L. nigrescens after the 10 d of detachment during
the acclimation phase (Al) in the small containers
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(Figures 4A). Since later a detachment effect (increase
in palatability) occurred in this experiment, detachment
effects apparently become important around 10— 14
days after detachment.

No effect of extended detachment was observed for
the palatability of the kelp M. integrifolia after 24 and
97 days of floating, neither in laboratory (Figure 2) nor
in field experiments (Figure 3), suggesting that both
detached and attached individuals were (i) either un-
defended or (ii) maintained their defence. We suggest
that a permanently expressed defensive capacity ex-
ists in the apical tips of M. integrifolia. Macrocystis
pyrifera plants that detach from their substratum float
to the surface and may remain buoyant for a maximum
of between 65 and 109 days before beaching or sink-
ing (Hobday, 2000). Floating of this and other kelp
plants is made possible by gas-filled pneumatocysts
(Lobban & Harrison, 1994). Detached individuals con-

tinue to function physiologically for some time after
detachment (Hobday, 2000). It has also been shown
that individuals of M. integrifolia can reproduce af-
ter becoming detached (Macaya et al., 2005). Conse-
quently, it might be advantageous for this macroalga
to maintain its defensive capacity even after becoming
detached. Zubia et al. (2003) reported that detached in-
dividuals of two floating kelp species, in comparison
to attached conspecifics, had almost similar chemical
composition (lipids, proteins, minerals, amino acids).
This suggests that macroalgae, which have the capac-
ity to float, may possess and maintain anti-herbivore
defences after detachment.

Grazing effect

Grazing may have a strong effect on the commu-
nity structure of macroalgae in coastal marine systems



(Lubchenco & Gaines, 1981). Algae frequently suf-
fer attack by herbivores but many attached macroalgae
can suppress palatability in order to deter herbivores.
However, how do algae react against grazers after
becoming detached from their primary substratum and
while drifting on the sea floor or floating on the water
surface? Detached algae are often colonized by dense
assemblages of mesograzers, in particular amphipods
and isopods (Geertz-Hansen et al., 1993; Ing6lfsson,
2000; Brooks & Bell, 2001). It could thus be expected
that these detached algae may be either (i) very suscep-
tible to these grazers because of the physiological stress
caused by detachment, or (ii) use defensive strategies
in order to avoid high levels of herbivory.

In our first experiment, grazers were excluded dur-
ing the entire duration of the extended detachment
time, while in the attached control (plants from the
field) grazers might have been present. The holdfasts
of attached L. nigrescens for example, usually have
many internal cavities used as a habitat by diverse
invertebrate species (Hoffmann & Santelices, 1997;
Thiel & Vdasquez, 2000). This suggests that during
the entire experiment the attached individuals of L.
nigrescens (Figure 2), which were collected freshly
from the field, may have been well defended against
the tested grazer irrespective of the grazer pressure
in the field (constitutive defence). However, detached
plants may not have diverted extra-energy to produc-
tion of deterrents when grazers were absent and thus
lost their defensive capability. A similar pattern was
detected for L. nigrescens (T1) in the induction experi-
ment (Figures SA and 6A). Detached plants, previously
exposed for 10 days to grazers, were less palatable than
grazer-free individuals. This supports our hypothesis
that detached plants maintain their defensive capacity
when grazers are present but lose it when grazers are
absent.

Grazing appeared to have no influence on the palata-
bility of apical parts from attached and detached kelp
Macrocystis integrifolia since grazers exhibited no
preferences in any of the tested choice-combinations
(Figures 2 and 3). A comparatively homogeneous
palatability was obtained in the laboratory experiment
(Figure 2) between the grazer-free detached apical parts
from the tank and the attached apical parts from the
field where grazers usually are present. A similar pat-
tern was observed in the field experiment (Figure 3)
where both detached and attached algae were exposed
to possible grazer attacks for 97 days. This suggests that
detached and attached plants are equally defended, ir-
respective of the grazer intensity (constitutive defence).

433

Macrocystis kelp forests are inhabited by a variety of
invertebrate and vertebrate herbivores, many of which
use the kelp plants as food (North, 1994). The tested
plant parts, namely the upper parts of the plants, are
principally consumed by fishes. A constitutive defence
would be advantageous against herbivores that are very
mobile, such as fish, that move to more palatable food
after a few bites of distasteful food (Paul & Van Alstyne,
1992; Hay, 1996).

Conclusions

We report evidence that detached kelps L. nigrescens
and M. integrifolia are defended against herbivores.
Detached plants of L. nigrescens only maintained de-
fence when grazers were present. In the absence of
grazers, detached plants of L. nigrescens might in-
vest energy for survival or attempt to overcome phys-
iological stress, while attached individuals may have
sufficient energy to maintain constant defence. In con-
trast to L. nigrescens, where detached plants may lose
their defensive capability, apical parts of M. integrifo-
lia apparently maintain their defence even after being
detached for 97 days. In summary, our results indi-
cated that kelps, once detached from their natural sub-
stratum, can respond with defence against herbivorous
enemies but they responded differently, possibly de-
pending on their capacity to float (in the case of M.
integrifolia) or the presence of grazers (in the case of
L. nigrescens).
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