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INTRODUCTION

A review from 20 yr ago noted, ‘There are too few
studies of chemical induction in marine prey to ade-
quately evaluate the relative importance of large,
mobile versus small, sedentary consumers in inducing
chemical defences’ (Hay 1996, p. 116). This is still the
case. Many publications in the intervening years
have documented induced defences in response to
grazing by small, sedentary mesograzers (e.g. amphi -
pods, isopods, and snails), but investigations of induc-
tion due to mobile, macroherbivores have rarely been
published, as noted in meta-analyses of induction
studies focused on seaweeds (Toth & Pavia 2007, Jor-
malainen & Honkanen 2008).

Since Lewis et al. (1987) showed that Padina jam -
aicensis in duced morphological changes in response
to fish grazing (growing as creeping filaments in the
presence of fishes, but shifting to broad, upright
blades in the absence of fishes), there seem to have
been only a few published studies documenting a cor-
relation be tween morphology or metabolite concen-
tration and fish grazing intensity (Paul & Van Alstyne
1988, Coen & Tanner 1989) and, to our knowledge,
only one experimental test (Diaz-Pulido et al. 2007).
Likewise, reviews (Harvell 1990, Hay 1996) and meta-
analyses (Koricheva et al. 2004, Toth & Pavia 2007,
Jormalainen & Honkanen 2008) have not covered due
to fish grazing, apparently because too few studies
exist. It has become the ‘accepted wisdom’ that meso-
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grazers induce defences while large, mobile grazers
do not (Hay 1996, Pavia & Toth 2000, Toth et al. 2007,
Jormalainen & Honkanen 2008).

In aquatic ecology the thinking supportive of this
stems from Hay (1996), who hypothesised that meso-
grazers would induce defences in their algal prey
because they feed on small spatial scales, may
remain on one plant for ex tended periods of time and
rarely cause prey mortality. Thus, hosts would have
time to induce defences before much tissue was con-
sumed. In contrast, large, mobile grazers may con-
sume all, or much, of a palatable alga before the alga
could induce defences. Thus, herbivorous fishes that
were large and mobile relative to their algal prey
were thought to select for constitutive, rather than
induced, defences. There are parallels in terrestrial
systems where induced chemical defences in
response to invertebrate grazers are common and
well studied, whereas those induced in response to
vertebrate herbivores are rare or unstudied (Karban
& Baldwin 1997). It is unclear whether this results
from vertebrate herbivores not inducing plant
defences, from a lack of investigations involving ver-
tebrate herbivores, or a bias against publishing neg-
ative findings.

Despite the limited evidence for induction of algal
traits in response to large, mobile grazers, several ob -
servations suggest that it may be beneficial for
macroalgae to induce defences in response to verte-
brate herbivores. Firstly, fish grazing is not spatially
or temporally uniform (Hay et al. 1983, Diaz-Pulido et
al. 2007). Palatable algae in areas continually acces-
sible to grazers may be rapidly consumed (even to
local extinction), but those in areas of spatial or tem-
poral escape experience periodic and non-fatal bouts
of feeding, allowing time to induce defences before
another feeding bout commences (Hay 1981, Hay et
al. 1983). Variability in grazing by herbivorous fishes
occurs due to wave action (Vergés et al. 2011), turbu-
lence, depth, topographic structure of the habitat
(Hay 1981), and across seasons (Carpenter 1986).
This variation provides temporal or spatial escapes,
and in such situations, it may be advantageous to
induce rather than exhibit constitutive defences be -
cause induction would avoid the cost of continuous
production and maintenance of defence during
times, or locations, of minimal threat (Tollrian &
Harvell 1999). Secondly, given that seaweeds, terres-
trial plants, and even phytoplankton can chemically
sense attacks on neighbouring conspecifics, identify
the attacker via chemical cues, and respond by in -
ducing different defences appropriate for that con-
sumer (Karban & Baldwin 1997, Pavia & Toth 2000,

Long et al. 2007), it is reasonable to suspect that sea-
weeds could detect and respond to grazing fishes, as
they do for other herbivores. Thirdly, most common
reef seaweeds are clonal and many have basal sec-
tions that exist within structural refuges in the reef.
These protected portions escape consumption by
larger herbivores and so might be able to regenerate
induced tissue following bouts of even intense graz-
ing (Lewis et al. 1987, Harvell 1990). Finally, most
reef fish are resident to an area of reef and feed
within a defined home range (Sale 1980, Welsh &
Bell wood 2012). Thus, better-defended individual
seaweeds that have induced increased defences may
be sampled, remembered, and avoided by co-occur-
ring fishes.

In this study we investigated (1) whether herbi -
vorous fishes preferentially fed on Sargassum poly-
cystum fronds collected from areas with few herbivo-
rous fishes versus areas with many, (2) whether the
difference in palatability we observed could result
from an induced response to fish grazing, and (3)
whether differential tissue toughness or nutritional
value were associated with feeding preference, as
has been demonstrated in some studies of insects,
marine invertebrates, or fishes (Littler & Littler 1980,
Coley 1983, Burkepile & Hay 2009, Chan et al. 2012).

MATERIALS AND METHODS

Study sites

This study was conducted between May 2012 and
January 2015. Our study sites were 3 pairs of no-take,
marine protected areas (MPAs) and their adjacent
fished areas (non-MPAs) in the villages of Votua,
Vatu-o-lailai and Namada on the Coral Coast of Fiji’s
main island, Viti Levu, be tween 18° 11’ 23” S,
177° 37’ 15” E (Namada’s MPA) and 18° 12’ 58” S,
177° 43’ 01” E (Votua’s MPA; Fig. 1). Paired MPA and
non-MPA sites at each village were separated by ~0.3
to 1 km, and villages were separated from each other
by 3.3 to 7.6 km. These sites occur along an 11 km
stretch of continuous reef flat habitat, between 1 and
3 m depth at high tide. The MPAs of these 3 villages
were established in 2002− 2003 and cover areas of
~0.8, ~0.5 and ~0.5 km2, respectively (Simpson 2010).
Surveys conducted near the time of MPA establish-
ment indicated that MPA and non-MPA areas were
similarly low in coral cover and high in macroalgal
cover (Simpson 2010), suggesting similar physical and
biological regimes and selective pressures at that
time. However, in the >10 yr since MPA establish-
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ment, community composition of the MPAs and asso-
ciated non-MPAs came to differ dramatically. Biomass
and diversity of herbivorous fishes are 7 to 17 times
and 2 to 3.3 times greater in the MPAs than the adja-
cent non-MPAs, respectively (Rasher et al. 2013).
Macroalgal cover and diversity are 27 to 61 times and
2.6 to 3.6 times greater in the non-MPAs, respectively,
while coral cover is ~3 to 11 times greater in the MPAs
than the non-MPAs (Rasher et al. 2013). This differ-
ence in macroalgal cover is not the result of differing
physical conditions between the MPA and non-MPA
areas; caged recruitment and reciprocal transplant
experiments between the MPA and non-MPA areas
demonstrate that algae recruit and grow as well or
better (depending on the village) in the MPA, where
seaweeds are scarce, than the non-MPA, where they
are abundant, if they are protected from herbivorous
fishes (Rasher et al. 2012, Dell et al. 2016). Addition-
ally, isotopic investigations of seaweeds from the sites
indicate that MPA and non-MPA areas within a
village do not differ in sources of nitrogen (Dell et al.
2015). Despite the similar physical conditions be -
tween MPAs and non-MPAs at each village, there is
now considerable difference in the selective pressure
imposed by the higher densities and diversities of her-
bivorous fishes in MPA as opposed to non-MPA areas
(Rasher et al. 2013).

Study species

To assess potential differences in palatability and
possible induction of defences that might result from
differing grazing pressure, we selected the brown
macroalga Sargassum polycystum C. Agardh, which
is palatable to fishes (Rasher et al. 2013) and occurs

in both the MPAs and non-MPAs. S. polycystum is
one of the most common macroalgae in the coastal,
tropical and sub-tropical Pacific (Chiang et al. 1992).
On Fijian reefs, S. polycystum begins to regenerate
from perennial holdfasts in December and can grow
to 1.5 m long and dominate heavily fished reefs
(Rasher et al. 2013) by the end of its growing season
(June− July in Fiji). At this point the species may
reproduce sexually and uprights senesce (as per De
Wreede 1976).

Although 29 species of larger herbivorous fishes
oc  cur in the MPAs, 2 unicorn fishes (Naso unicornis
and N. lituratus) are the primary consumers of S.
poly cystum and brown macroalgae in general
(Rasher et al. 2013). Extensive fish surveys in each
MPA and non-MPA observed these fishes to be com-
mon to abundant in the MPAs and below detection
limits in the non-MPAs (see Supplemental Table A1
in Rasher et al. 2013).

Fish feeding assays

To assess the palatability of MPA versus non-MPA
S. polycystum to herbivorous fishes in the field,
fronds from both the MPA and non-MPA of each vil-
lage were collected, assembled into pairs of ropes,
and these rope pairs were put in Votua’s MPA to be
grazed. S. polycystum occurs throughout the non-
MPAs but in the MPAs is largely restricted to near-
shore, shallow areas. To avoid confounding effects
of depth versus MPA status, S. polycystum was first
collected from the MPA in each village from as far
off shore as possible and then from a comparable
depth and distance from shore in the adjacent non-
MPA of that village. The upper 15 cm of each frond
was collected, rinsed vigorously in seawater to
remove epiphytes and particulates and inspected to
ensure none remained which could potentially con-
found results. All algae were visibly free of encrust-
ing organisms and sediment. Fifteen to 20 g of the
algae were spun in a salad spinner for 15 revolu-
tions to remove excess water and weighed to the
nearest 0.1 g. This quantity was then affixed in
2 segments ~10 cm apart on one end of a 40 cm long
3-strand rope by entwining the algae within the
strands. The same was then performed with algae
from the other site so that one rope held algae from
the MPA and the other from the non-MPA. The
weight of algae on each rope was matched to within
1 g and assembled to be visually similar. Twenty
rope pairs were prepared, attached to cement
weights, and distributed in the MPA to be grazed.
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Fig. 1. Collection areas inside the marine protected areas
(MPAs) (dark grey) and non-MPAs (white) near 3 villages.
Modified from Dell et al. (2015). Study sites located between
18° 11’ 23” S, 177° 37’ 15” E (Namada’s MPA) and 18° 12’
58” S, 177° 43’ 01” E (Votua’s MPA). Distances between the
sites of collection (small ovals) in each MPA and non-MPA
are shown for each village. A: location where all feeding  

assays were conducted
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Ropes of a pair were separated from each other by
~50 cm, and pairs were positioned ≥2 m apart. Pairs
were removed when at least 50% of the macroalgae
on either member of a rope pair had been eaten.
Pairs were omitted from subsequent ana lysis if
<10% or >90% of the algae on both ropes had been
eaten; such events were rare. This eliminated repli-
cates in which relative preference would have been
obscured by inadequate or excessive fish grazing.
Grazing as says lasted 1 to 4 h, and the rope pairs
were monitored frequently during this time so that
they could be collected when sufficient grazing had
occurred. This frequent monitoring also allowed us
to observe that algal fronds were never dislodged
by wave action and that all grazing was by fishes
and not invertebrate grazers. Following the assay,
the algae were then spun again and weighed to
measure grazing as grams lost. This assay was
repeated with S. polycystum collected from each
village multiple times between May 2012 and May
2013 and for one village in January 2015.

Induction experiment

This experiment was conducted to determine
whether differential palatability of S. polycystum
might be due to induction of defence following initial
grazing by herbivorous fishes. In January 2015, we
collected 8 ramets of 15 cm in length from each of 25
S. polycystum holdfasts in Votua’s non-MPA, moved
them to the MPA where we exposed half (4 from each
of the 25 holdfasts) to grazing and protected the rest.
Four of the 8 ramets from each holdfast were
threaded through a rope and affixed to the sides of
cages (40 × 15 × 15 cm with mesh size of 1 cm) so that
the upper 5 cm protruded through the mesh while
the remainder of the thalli were protected in side the
cage. The remaining 4 ramets were threaded
through ropes and positioned in separate cages so
that they were entirely protected from grazing. All
cages (n = 25 pairs) were then distributed in the MPA
for a 4 h feeding period on 2 consecutive days, during
which time they were frequently monitored to
observe grazing. All observed grazing was by fishes
and occurred only on the treatment algae. After the
grazing period, the entire 5 cm section protruding
from the cage had been consumed by fish and the
cages were checked for invertebrate grazers; none
were found. The algal fronds were measured to give
length remaining (in cm) and the ropes were then
transferred to separate cages (3 for the treatment
ropes and 3 for the controls, each ~1.5 × 1.5 × 1 m in

size) where the algae could grow protected from
grazing for 2 wk.

After this period, the new growth was measured (in
cm) and collected from 3 of the 4 ramets from each
rope (~7 g spun wet mass in each replicate) for use in
a feeding assay as described above. Because S. poly-
cystum has apical growth, we could identify and use
only new growth by taking the uppermost portions of
the frond that exceeded that frond’s length at the end
of the grazing experiment. Using only new growth
avoided confounding the alga’s induced response
with the age, or other traits, of basal tissues left after
initial grazing on treatment plants. During the 2 wk
period of re-growth, some thalli detached from the
rope during heavy seas and washed against the side
of the cages where they could have been grazed. We
excluded these from the subsequent feeding assay
leaving n = 16 rather than 25.

Penetrometer measurements of blade toughness

To investigate the potential impact of blade tough-
ness on fish grazing preference, S. polycystum was
collected from the MPA and non-MPA of each village
in January 2015 for measurement with a penetrometer
(methods detailed in Littler & Littler 1980). Such
measures of ‘leaf toughness’ have been considered
important determinants of grazing in both marine and
terrestrial systems (Littler & Littler 1980, Coley 1983).

Briefly, the alga’s blade is clamped between 2
plexi glass sheets that have a predrilled hole where a
metal pin supporting a small plastic cup can be posi-
tioned so that the pin rests directly on the algal blade.
Small lead beads are then slowly added to the cup
until the pin pierces the algal blade. The lead beads,
needle, and cup are then weighed to determine the
mass needed to pierce the blade, thus giving a meas-
urement of algal ‘toughness.’ Eighteen to 20 S. poly-
cystum ramets were collected from the MPA and
non-MPA of Votua and Vatu-o-lailai, while 6 and 8
were collected from Namada’s MPA and non-MPA,
respectively, as S. polycystum was uncommon there.
For consistency, the needle was positioned in the
centre of the widest part of a blade growing 1 cm
below the apical meristem.

To assess whether fish grazing induced a change in
blade toughness in S. polycystum, 1 of the 4 ramets
from each replicate in the induction experiment was
reserved for penetrometer measurements (the re -
maining 3 were used in a feeding assay). A total of 23
control and 23 induced ramets from this experiment
were measured with the penetrometer.
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Nitrogen content and C:N ratio

As nitrogen can be limiting to herbivores (Mattson
1980) and increased N-content of seaweeds com-
monly increases herbivore preference for, or grazing
on, seaweeds (Burkepile & Hay 2009, Chan et al.
2012), we measured nitrogen content and C:N ratios
of S. polycystum fronds to determine whether MPA
and non-MPA thalli differed in nutritional value. The
top 5 cm from 5 S. polycystum ramets were collected
from each of the 6 sites in May 2012. These were
rinsed vigorously in seawater to remove particulates
and epibiota and frozen at −20°C until they were
dried at 70°C to a constant weight, ground into a fine
powder with a pestle and mortar, and analysed by
mass spectrometer for carbon and nitrogen content.
Further processing methods are detailed in Dell et al.
(2015).

Statistical analyses

Assumptions of normality and homogeneity of vari-
ance were assessed using the Shapiro-Wilk and Lev-
ene’s test, respectively. Statistical analyses were
completed using SPSS version 16.0. Means are
reported ±1 SE; α was set to 0.05.

Data from the fish feeding assays satisfied the as -
sumption of normality, or were successfully square-
root transformed to do so, and were analysed with
independent sample t-tests or t-test for unequal
 variance when data failed the assumption of homo-

geneity of variance. All penetrometer data satisfied
assumptions of normality (or were successfully log10-
transformed to do so) and homogeneity of variance
and thus were analysed by independent samples t-
test. Percent nitrogen and C:N data were analysed
with Mann-Whitney U, 2-tailed tests. Differences
between grazing on induced versus control pairs of
S. polycystum outplants in the induction experiment
satisfied the assumption of normality, so data were
analysed by a paired t-test.

RESULTS

When Sargassum polycystum was collected from
MPAs and non-MPAs and placed in the MPA to be
grazed, fish consumed significantly more of the non-
MPA relative to MPA algae in 11 of the 13 paired
assays conducted at 5 time points over 3 yr (p ≤ 0.036;
Fig. 2). This difference in consumption was on aver-
age ~18% (between ~8 to ~30% over the 11 trials).
The preference for non-MPA algae was consistent in
the villages of Vatu-o-lailai and Namada, whereas in
Votua it occurred in 2 of the 4 trials, both of which
were run later in the year (in May; Fig. 2). During the
frequent monitoring of these assays, feeding by Naso
unicornis and N. lituratus was common, feeding by
parrotfishes occurred occasionally, and we never ob -
served feeding by sea urchins, crabs or other notice-
able invertebrates.

Toughness of S. polycystum blades did not differ sig-
nificantly between MPA and non-MPA sites (p≥ 0.214;
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Fig. 2. Mean (±1 SE) percentage of Sargassum polycystum from non-marine protected areas (non-MPAs) versus S. polycystum
from MPAs consumed by fishes across multiple time points and sets of villages (Vot = Votua; VII = Vatu-o-lailai; Nam =
 Namada; NON = non-MPA). Fishes preferred S. polycystum from the non-MPAs over those from the MPAs in 11 of 13 trials; 

n = 12−20 for each assay; asterisks indicate significance at p ≤ 0.05 from independent samples t-tests
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Fig. 3); thus feeding preference was not related to a
change in thallus toughness. Nutritional patterns did
differ between MPA and non-MPA sites but in a
direction opposite to that of feeding preference; the
more nutritious, nitrogen-rich S. polycystum occur -
red in the MPAs and was consumed significantly less
than the lower quality individuals from the non-
MPAs. Despite being the less preferred foods, algae
from the MPAs were significantly higher in percent
nitrogen (dry mass) than those from the associated
non-MPAs for the villages of Vatu-o-lailai and Nama -
da (p = 0.016, p = 0.009, respectively; Mann-Whitney
U-tests); this contrast was not significant for Votua
but trended in the same direction (p = 0.076; Fig. 4).
Similarly, contrasts for Vatu-o-lailai and Namada
showed the algae from the MPAs had significantly
lower C:N ratios than algae from the non-MPAs (p =
0.028, p = 0.009, respectively); again this difference
was not significant for Votua (p = 0.602; Fig. 4).

When algal thalli growing in the non-MPA were
moved to the herbivore-rich MPA and either pro-
tected from or partially exposed to grazing and then
allowed to recover for 2 wk, the new growth from
thalli previously protected from attack was con-
sumed a significant 78% more than the new growth
from fronds that had experienced previous grazing
(p < 0.001, paired t-test; Fig. 5). As with the previous
feeding assays (MPA versus non-MPA contrasts), this
difference in palatability was not correlated with in -
creased toughness; penetrometer measurements did
not differ between the 2 groups (induced = 41.4 ±
2.17 SE g; control = 44.7 ± 2.56 g; n = 23; p = 0.337;
independent sample t-test).

DISCUSSION

Over 5 sampling periods and across 3 replicate
pairs of MPAs and non-MPAs, herbivorous fishes sig-
nificantly preferred Sargassum polycystum from the
non-MPAs in 11 out of 13 trials (Fig. 2). This occurred
despite these S. polycystum fronds growing only a
few hundred metres apart on the same reef flat
(Fig. 1). Preferential feeding did not occur due to dif-
ferences in blade toughness, as there were no differ-
ences (Fig. 3). Similarly, preferential feeding was not
focused on the more nutritionally rich plants (Fig. 4).
Nitrogen is commonly a limiting resource for herbi-
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Fig. 3. Mean blade toughness (mass needed to pierce an al-
gal blade) (±1 SE) as measured with a penetrometer. Light
grey bars: blades from non-marine protected areas (non-
MPA); dark bars: blades from MPA sites; n is at the base of
each column; p-values are from independent sample t-tests

Fig. 4. Mean nitrogen content and C:N ratio (±1 SE) for Sar-
gassum polycystum. Percent nitrogen (dry mass) was signif-
icantly higher in S. polycystum from the marine protected
areas (MPA) in 2 of the 3 villages and trended this way in the
other (Votua p = 0.076; Vatu-o-lailai p = 0.016; Namada p =
0.009; Mann-Whitney U-tests); significance in C:N ratio on
the secondary y-axis followed the same pattern. Light grey
bars: non-MPA sites; dark bars: MPA sites; filled squares: 

C:N ratio for each site. n = 5

Fig. 5. Mean (±1 SE) percent Sargassum polycystum con-
sumption by fish grazing on new growth from control versus
induced thalli. Fish preferred new growth from control (light
grey bar) versus new growth from previously grazed algae
(dark grey bar); n = 16; p < 0.001 from paired samples t-test
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vores (Mattson 1980), and in field assays, herbi -
vorous fishes commonly prefer seaweeds that are ex -
perimentally enriched with nitrogen (Burkepile &
Hay 2009, Chan et al. 2012). In contrast, fishes in our
assays were preferentially feeding on non-MPA
algae which had lower nitrogen content (signifi-
cantly so for Vatu-o-lailai and Namada; Fig. 4).

The lower nitrogen content in S. polycystum from
the non-MPAs could be caused by greater competi-
tion among algae for nutrients in those locations as
isotopic studies from these sites indicate that nitro-
gen sources for paired MPAs and non-MPAs at each
village did not differ (Dell et al. 2015). Macroalgal
cover in the non-MPAs is 27 to 61 times greater than
in the MPAs (Rasher et al. 2013), so increased compe-
tition for nutrients could occur and limit nutrient con-
tent in non-MPA algae. Furthermore, fish biomass is
7 to 17 times higher in the MPAs than the non-MPAs
(Rasher et al. 2013), so there is also greater potential
for nitrogenous enrichment from fish excretion in the
MPAs (Meyer et al. 1983, Burkepile et al. 2013).

While feeding choices appeared unrelated to changes
in blade toughness or nitrogen content, we found
they could be explained by induction of defence in S.
polycystum following partial grazing (Fig. 5). When
S. polycystum ramets were taken from the non-MPA
(where there are fewer herbivorous fishes; Rasher et
al. 2013) and half were partially grazed by fishes
while the other half was protected from fish grazing,
the new growth from the protected ramets was pre-
ferred to that from the previously grazed algae
although they originated from the same holdfast.
Penetrometer measurements of blades from treat-
ments versus controls did not differ significantly, and
there was no noticeable difference in morpho logy.
This suggests that the induced defences were chem-
ical, but we were unable to conduct chemical investi-
gations at this remote field location. Rigorous bio -
assay-guided investigations to determine the role of
specific chemical defences in generating these feed-
ing patterns would be valuable.

The magnitude of fish preference for control over
induced S. polycystum was greater in the induction
ex periment (Fig. 5) than the un-manipulated MPA/
non-MPA feeding contrasts (Fig. 2) — perhaps be-
cause all treatment fronds in the induction experiment
had been previously grazed by fishes — while this
may not be the case for fronds collected from the
MPAs. In the MPAs, S. polycystum survives only in
shallow areas where herbivorous fishes have limited
access. On these reefs, herbivorous fishes feed prima-
rily at low tide to avoid large predators that occupy
the reef flat at high tide, creating spatial escapes from

herbi vory in shallow habitats (D. B. Rasher et al. un-
publ.). Thus, all fronds collected from shallow areas of
the MPA may not have been previously grazed. Addi-
tionally, in the induction experiment one-third of each
frond had been grazed, whereas grazing on the indi-
viduals growing in the MPA may have been less se-
vere, perhaps leading to a lower level of induction. It
is possible that a threshold of grazing has to occur to
cue induction (Rohde & Wahl 2008) and that this
threshold is not always reached by S. polycystum
growing in the shallow-water escapes of the MPAs.
Either of these scenarios could explain the stronger
fish preference in the induction experiment relative to
the MPA/non-MPA contrasts.

There are numerous previous demonstrations of in-
duced seaweed defences in response to grazing by
small, less mobile herbivores (mesograzers such as
amphipods, isopods and gastropods) but few demon-
strations in response to grazing by larger, more mobile
herbivores (Toth & Pavia 2007, Jormalainen & Honka-
nen 2008). Induction of morphological defence in re-
sponse to grazing by herbivorous fishes has been re-
ported (Steneck & Adey 1976, Lewis et al. 1987), but to
our knowledge, there appear to have been few experi-
mental tests since then (Diaz-Pulido et al. 2007), al-
though some studies have suspected it may be occur-
ring (Paul & Van Alstyne 1988, Coen & Tanner 1989).
This highlights a gap in current knowledge and a po-
tential misconception regarding macro algae not in-
ducing defences in response to grazing by larger her-
bivores. We found that large, mobile grazers could
cause macroalga to induce reduced palatability, but
more evaluations are needed across more species to
determine whether such induction is common or rare.
Additionally, rigorous investigation needs to confirm if
the induction is chemical and to identify the com-
pounds involved. Those species capable of rapid
growth and with extensive portions protected from
consumption within the substratum (such as S. poly-
cystum) may be more likely to utilise induced de -
fences because basal portions hidden from grazers
may be able to regenerate induced up right portions
even if initial uprights are grazed to extinction.

Other studies have documented intraspecific vari-
ance in algal palatability to fishes, so induction of
defence in response to fish grazing may be more
common than currently realised. For example, Kee-
ley et al. (2015) documented that fish consumed S.
polycystum transplanted from the intertidal 6 times
more rapidly than conspecifics grown <15 m away in
the subtidal. This could result from higher grazing in
the deeper site causing induction of defence in algae
growing there, while less grazing in the intertidal (no
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fish were observed in that region during the study)
left the algae there un-induced.

Although the role of mesograzers in inducing ma -
cro algal defences is well established (Toth & Pavia
2007, Jormalainen & Honkanen 2008), differential
grazing by invertebrates would not have been
responsible for induction in our study. The algae
used in the induction experiment were collected from
the same holdfast and randomly assigned to treat-
ment or control groups so initial invertebrate densi-
ties would not have differed. Similarly, during the
experiment, cages were checked during both day
and night periods for the presence of herbivorous
invertebrates and none were seen. Scars attributable
to invertebrate grazing (such as crabs or amphipods)
are easily visible on S. polycystum fronds but were
not observed, suggesting invertebrate herbivores
were uncommon in this experiment. Additionally, if
mesograzers were inducing seaweed defences, then
one might expect plants from the non-MPA to be
more induced and less palatable (we found the oppo-
site) because mesograzer density often scales with
macroalgal abundance (Carpenter 1986, Roff et al.
2013) and seaweeds were much more abundant in
the non-MPAs (Rasher et al. 2013).

As a final observation, the only previous studies to
document induced macroalgal defences in response
to vertebrate grazing all detected induction of mor-
phological traits (Steneck & Adey 1976, Lewis et al.
1987, Diaz-Pulido et al. 2007). Likewise in terrestrial
systems, morphological or structural defences seem
to be induced in response to grazing by large, mobile
grazers (thorns or silica; Hanley et al. 2007), while
induction of chemical defences (which appears com-
mon in response to invertebrate grazing) is rare to
absent in response to vertebrate grazing (Bryant et
al. 1991). It is unclear whether this is a real pattern in
marine and terrestrial systems or a result of bias in
investigation, as investigators may focus on inverte-
brate grazers due to their ease of use in laboratory
settings and their importance in agricultural systems.

Here we present one example of induction of
macro algal defence caused by vertebrate grazing.
Investigations into induction of algal defences have
been performed since the 1980s, yet this appears to
be one of the few published studies to address induc-
tion due to fish grazing. Whether this stems from a
bias in interest or the difficulty of publishing nega-
tive results is unknown. Regardless of the reason, we
are still unable to adequately assess the relative roles
of meso- versus macro-grazers in inducing seaweed
defences (Hay 1996). More publication of both posi-
tive and negative results would assist in this.
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