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INTRODUCTION

Theories of plant defense are based on the assump-
tion that defenses are costly for a plant and they
should therefore be employed in accordance with the
risk of encountering herbivores (Karban & Baldwin
1997, Stamp 2003). In an environment where grazing
pressure varies in time or space, defenses which are
induced by a reliable cue of herbivory are expected
to evolve in the place of more costly, constitutively
expressed defenses (Karban & Baldwin 1997, Karban
2011). Selection for inducible defenses requires that
the fitness benefits of this plasticity — most notably,

the efficiency of these defenses against herbivore
attack and the conservation of resources that arises
from not constantly investing in defense in times of
low/no herbivory — outweigh the costs (Steiner &
Auld 2012). Costs arise because an organism has a
limited amount of resources available for different
functions (e.g. allocation costs); these can constrain
the evolution of resistance and result in trade-offs
between constitutive and inducible resistance (Kori -
cheva et al. 2004, Kempel et al. 2011, Campbell &
Kessler 2013, Moreira et al. 2014) or between resist-
ance and other plant fitness components (Strauss et
al. 2002, Mooney et al. 2010). To fully comprehend
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how constitutive and inducible defenses evolve, it is
necessary to understand the relative effectiveness and
costs of each strategy, and the interaction of these 2
factors in natural populations (Steiner & Auld 2012).

In marine benthos, herbivory is generally intense
(Hay 1991, Cyr & Pace 1993, Poore et al. 2012) and
consequently macroalgae are equipped with both
constitutive and inducible resistance traits to de crease
grazing damage (Toth & Pavia 2007, Amsler 2008,
Jormalainen & Honkanen 2008, Pavia et al. 2012).
Several studies have demonstrated the existence of
inducible resistance through feeding preference
bioassays (Pavia et al. 2012). However, few studies
have shown the importance of this defense strategy in
natural populations (Cronin & Hay 1996, Toth et al.
2007, Haavisto & Jormalainen 2014). Furthermore, it
is relatively unknown how intraspecific variation in
constitutive and inducible resistance traits affects her-
bivore deterrence in the wild. In parti cular, we lack
consensus regarding the costs of these resistance
strategies in marine benthic pro ducers (Koricheva
2002). Some studies have reported evidence of costs
due to the production of defense metabolites (Pavia et
al. 1999, Dworjanyn et al. 2006, Jormalainen & Ram-
say 2009, Nylund et al. 2013), while costs of resistance
have not always been found (Rohde et al. 2004). In the
wild, such costs varied temporally and spatially
(Steinberg 1995, Pavia et al. 1999, Araújo et al. 2015),
with depth (Jormalainen & Ramsay 2009), or with nu-
trient availability (Yates & Peckol 1993), demonstrat-
ing that their manifestation in natural populations is
often complicated by environmental conditions. Fur-
thermore, the detection of costs may depend on the
‘currency’ with which they are measured (Dworjanyn
et al. 2006). Most studies measured costs in terms of
growth, which may not be the most accurate predictor
of the costs as the meta bolite may also function in pri-
mary metabolism (Ar nold & Targett 2003). Costs
could also be indicated by a trade-off between in-
duced and constitutive defenses which has, however,
received very little at tention in macroalgae (Jorma lai -
nen & Ramsay 2009, Long et al. 2013).

Here, we explored the benefits and trade-offs of
phlorotannins, the putative defense chemicals of
brown algae (Phaeophyceae), under conditions of
natural herbivory. Phlorotannins are phenolic com-
pounds that are good candidates for potential chemi-
cal defense mechanisms against herbivores in these
algae. In many cases, brown algae contain phloro -
tannins in abundance, up to 10% or even 20% of the
dry weight (dw) (Ragan & Glombitza 1986). In -
creased phlorotannin content has been associated
with decreased grazing damage (e.g. Geiselman &

McConnell 1981, Denton & Chapman 1991, Pavia &
Toth 2000, Wikström et al. 2006, Jormalainen et al.
2008, Jormalainen & Ramsay 2009) and has also been
identified as an induced response to herbivory (re -
viewed by Jormalainen & Honkanen 2008, Haavisto
et al. 2010, Ank et al. 2013). However, there have
been doubts about the relevance of phlorotannins in
algal defense against herbivores because their ex -
pression typically shows plasticity in response to fac-
tors other than herbivory, such as salinity, light avail-
ability, nutrients, and UV-irradiation (reviewed by
Amsler & Fairhead 2006). In addition to phenotypic
plasticity, there is considerable genetic variation in
both total phlorotannin content, i.e. the pooled
amount of all phlorotannin polymers (reviewed by
Targett & Arnold 1998, Amsler & Fairhead 2006, Jor-
malainen & Honkanen 2008), and in the chemical
composition of the phlorotannin assemblage (Koivik -
ko et al. 2008). Both of these factors may blur results
in studies that are conducted in non-natural condi-
tions and that lack controls for genetic variation.
Another potential source of confusion is that certain
herbivores may have adapted to a phlorotannin-
 containing diet (Iken et al. 2009, Sotka et al. 2017).
Furthermore, phlorotannins are usually measured
only in terms of the total phlorotannin content, and
we therefore lack information on induced qualitative
changes in polymer composition.

The foundation species of our study system, the
brown alga Fucus vesiculosus L. (Phaeophyceae),
offers an ideal framework in which to study the evo-
lution of anti-herbivore defenses. In the natural habi-
tat examined here, the northern Baltic Sea, there is
pronounced seasonal variation in the growth and
reproduction of both primary producers and con-
sumers, which leads to temporal variation in the
strength of species interactions. In a field experi-
ment, we explored how this seasonal variation affects
the defensive role of phlorotannins and the trade-offs
involved with their production under conditions of
natural herbivory. Using clonal individuals from re -
plicated genotypes, we quantified both induced and
constitutive phlorotannin content. Specifically, we
explored (1) whether there is genetic variation in
phlorotannin production, (2) how inducible and con-
stitutive phlorotannins affect induced resistance
measured independently of the algal chemistry, and
(3) how their effects, in terms of herbivore resistance,
vary in the wild with seasonal changes in herbivory.
Finally, we studied if the production of phlorotannins
is costly by exploring genetic trade-offs between (4)
phlorotannins and growth, and be tween (5) constitu-
tive and induced phlorotannins.
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MATERIALS AND METHODS

Study system

Our study species, Fucus vesiculosus, is a peren-
nial, belt-forming brown alga which grows along the
rocky shores of the northern Baltic Sea. Herbivory on
this species is often strong, both in the early recruit-
ment phases (Korpinen et al. 2007) and on the adult
thallus (Kangas et al. 1982, Leidenberger et al. 2012).
In the northern Baltic Sea, the population dynamics
of its main herbivore, the isopod Idotea balthica Pal-
las, often cause seasonal variation in grazing that is
characterized by occasionally intense grazing pres-
sure in autumn and relaxation of this pressure during
winter (Salemaa 1978, Korpinen et al. 2010, Haavisto
& Jormalainen 2014). Induced resistance against
grazing is well described in F. vesiculosus (e.g. Hem -
mi et al. 2004, Rohde et al. 2004, Long et al. 2007, Yun
et al. 2007, Rohde & Wahl 2008, Haavisto et al. 2010,
Flöthe et al. 2014, Haavisto & Jormalainen 2014), but
the chemical basis of this defense is still unclear. In
the northern Baltic Sea, F. vesiculosus contains high
but varying amounts of phlorotannins, typically rang-
ing from 8 to 14% of the dry weight (Jormalainen &
Honkanen 2008).

Field manipulation

We carried out a 3 wk manipulation at 2 separate
times: first in the autumn, when we observed a natu-
rally high herbivore density and severe grazing on
the algae, and then in the following spring, when her-
bivore density was low and grazing damage was min-
imal (Haavisto & Jormalainen 2014). As we were also
interested in the cascading effects of fish predators on
grazing pressure (reported by Haavisto & Jor-
malainen 2014), the experiment had 3 treatment lev-
els: (1) algae were protected from herbivores (No her-
bivory), (2) algae were exposed to herbivores, and
fish predators were excluded (Fish-exclosure), or (3)
algae were exposed to natural herbivory together
with fish predators (Open). We conducted the manip-
ulations at a depth of 1.5 to 2 m in the rocky sub littoral
of the Archipelago Sea (WGS84 60°4’ N, 21° 35’ E) us-
ing steel-framed cages (length × width × height: 40 ×
50 × 60 cm) with differently sized mesh nets. In
Closed cages, we excluded herbivores from the algae
by covering the cages with 1 mm mesh net. Fish-ex-
closure cages were covered with 10 mm mesh net
through which herbivores could pass freely but
which excluded fish. Open cages did not have any

mesh net on the walls, allowing free access to both
herbivores and predators; this reproduced the natural
situation. To standardize light exposure among the
cage types, we covered the top and the uppermost
10 cm of the sides of all cages with 1 mm mesh net.
We measured light (Li-188B integrating quantum
photometer) inside the cages in autumn and found no
differences between the different cage types (re-
ported by Haavisto & Jormalainen 2014). Further-
more, we brushed the mesh nets weekly to remove
epibiota and sediment, to ensure light penetration
and unlimited water stream flow through the cages.
We replicated each treatment level 6 times. Because
grazing damage (Haavisto & Jormalainen 2014) and
phlorotannin content did not vary sig nificantly be-
tween the 2 treatment levels including herbivores,
the Fish-exclosure and Open cages (Tables S1 & S2
in Supplement 1 at www. int-res. com/ articles/ suppl/
m566 p079 _ supp. pdf), we combined data from the 2
levels into a new one (Herbivory) (Fig. 1).

To derive estimates of genetic variation in phloro -
tannin content, induced resistance, and grazing dam-
age, we used several replicates of each individual
alga in the treatments. To this end, we collected 30
Fucus individuals from a natural population (WGS84
60°4.7’N, 21° 32.4’ E); each individual was separated
by 10 to 100 m from any other sampled alga. After
cleaning them, we divided each individual into 36
pieces of equal size (= genotype). We then reared the
genotypes in a common environment in through-flow
pools for 6 to 8 wk before the experiment in order to
minimize possible carry-over effects of the original
growing environment. We then distributed 2 repli-
cates of each genotype into each cage, and attached
the pieces to a plastic grid on the bottom of the cage
using clothespins. In total, there were 12 pieces of
each genotype in each treatment level. To estimate
growth and consumption by herbivores, we counted
the number of vegetative tips of the algae and photo -
graphed them before and after the experiment. In
Fucus, growth and reproduction is based on apical
meristems located in vegetative tips, and thus the
number of meristems can be used as a proxy for fit-
ness (Jormalainen & Honkanen 2004). To estimate
grazing over the whole alga, we measured the pro-
portion of lost thallus area from pictures using the
image-processing program Image J 1.37. Pictures of
an alga before and after manipulation were scaled
and placed on top of each other, and the lost thallus
area was estimated to the closest 10%. Grazing dam-
age was minimal in the spring; thus, the area of lost
thallus was unmeasurable. We therefore present lost
thallus area only for algae grazed in autumn.
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Phlorotannin analyses

For the quantification of phlorotannins, we sam-
pled apical tips of the algae (3−4 cm length) at the
end of the 3 wk manipulations. In total, in the autumn
we sampled 96 from Herbivory cages and 100 from
No herbivory cages, and in the spring we sampled
152 and 79, respectively. Due to the high autumn
grazing activity, we lost some genotypes in the wild.
We therefore had a representative phlorotannin sam-
ple (minimum 3 replicates within a treatment level/
genotype) for 17 genotypes from the Herbivory treat-
ment, and for 24 genotypes from the No herbivory
treatment. In spring, we analyzed phlorotannins in
23 genotypes from both treatment levels.

Apical tips were freeze-dried, ground, and stored
at −20°C until phlorotannins could be analyzed. Total
phlorotannin content was determined from 10 mg of
dried sample powder using the Folin-Ciocalteu me -
thod with phloroglucinol as a standard. Absorbance
was measured with a Multiskan Ascent microplate
reader (Thermo Electron) using a 730 nm filter. For
each sample, we calculated the average absorbance
of 3 measurements.

To further study whether herbivory triggers quali-
tative differences in individual phlorotannins, we
conducted an HPLC analysis on a small set of algae
that were manipulated in the laborato ry. For this, we

exposed apical tips from 10 F. vesiculo-
sus genotypes to grazing by I. balthica,
to waterborne cues from grazing, or to
pure seawater (Control) for 5 d. Earlier
laboratory studies showed that water-
borne cues from grazed conspecifics
induce resistance in F. vesiculosus
(Rohde et al. 2004, Haavisto et al. 2010)
and, thus, we ex pected to see a re -
sponse in phloro  tan nin profiles compa-
rable to respon ses in direct herbi vore
grazing. Detailed me th o dology and
results are presented in Supplement 2.

Preference bioassays

To compare phlorotannin content
with levels of induced resistance meas-
ured independently of algal chemistry,
we estimated induced resistance in
each genotype using pairwise herbi-
vore preference bio assays (detailed
description of the method given by
Haavisto & Jormalainen 2014). In short,

we simultaneously offered a male I. balthica an api-
cal piece of an alga from the Herbivory treatment,
and another one from the No herbivory treatment.
We measured herbivore preference as a difference in
the weight changes of the 2 pieces over a 5 d period.
The 2 of fered pieces originated from the same geno-
type in order to control for variation in constitutive
resistance, and they were similar in size, with no
grazing marks. To derive estimates of induced resist-
ance, we used a minimum of 3 replicates of the
choice bioassay for each genotype. Due to substantial
grazing losses in the wild in the autumn, we had a
representative sample size for 25 genotypes. In
spring, we found no evidence of induced resistance
in preference bio assays, and thus the comparison
was carried out only for the data from autumn (Haav-
isto & Jormalainen 2014).

Statistical analysis

We analyzed the effects of treatment (Herbivory,
No herbivory) and genotype on total phlorotannin
content using a mixed-model ANOVA (SAS 9.4). The
datasets from each season were analyzed separately.
In the models, treatment was the fixed factor and
experimental cage was nested under treatment as a
blocking random factor. Genotype and the genotype
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Fig. 1. Experimental design showing the cages used to exclude herbivores
(No herbivory), and the cages allowing free access of herbivores to the algae
(Herbivory, including Open and Fish-exclosure cages). The No herbivory
treatment was replicated 6 times and the Herbivory treatment altogether
12 times. Clones of 30 Fucus vesiculosus genotypes (G1−G30) were placed
inside each cage. A 3 wk experiment was carried out with a similar design
twice, first in autumn and then in the following spring, with distinct sets of 

30 randomly chosen genotypes
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× treatment interaction were included as random fac-
tors and were left in the model if they contributed
significantly to the fit (estimated with lowest value of
Akaike’s information criterion, AIC) (Littell et al.
2006). In autumn, we tested genetic variation in
phloro tannins separately within the Herbivory and
No herbivory groups because the former treatment
included both constitutive and induced phloro -
tannins, and the latter only constitutive. We derived
the phlorotannin content of each genotype from the
model as a best linear unbiased predictor (BLUP, Lit-
tell et al. 2006), and used these estimates to test for a
trade-off between induced and constitutive phloro -
tannins. For further correlations, we calculated the
amount of induced phlorotannins by subtracting the
average per-genotype amount of constitutive phloro -
tannins (from the No herbivory treatment) from that
of the combined constitutive and induced phloro -
tannins (from the Herbivory treatment).

To estimate grazing damage to the genotypes, we
explored genotypic variation in the area of the
grazed thallus in the herbivory treatment with an
ANOVA model, similar to that described above, in
which cage and genotype were random factors
(Table S1 in Supplement 1). To explore whether
phlorotannins incur costs for the algae, we measured
the growth of genotypes in both seasons in the
absence of herbivores. For the correlations, we calcu-
lated the percent change in the number of apices
between model estimates of the final number of api-
cal tips and the median number of initial tips for each
genotype.

We further tested for differences between seasons
in growth, phlorotannins, and the amount of light
available. To test if the growth of genotypes varied
between seasons, we derived per-genotype esti-
mates from the Closed treatment of the number of
final apical tips for each season, adjusted for the
same number of initial tips (= 4), and used these as a
response in a mixed model ANOVA with season as a
fixed factor. We further tested if constitutive phloro -
tannin content varied between seasons by running a
model with season as a fixed factor, and cage and
genotype, both nested within season, as random fac-
tors. To address variation in the light regime between
seasons, we compared the daily means of solar radia-
tion (W m−2) over the manipulation periods. Data
were not available for the particular year of the ex -
periment, so the comparisons of solar radiation were
performed using the averages of corresponding peri-
ods from the past, using multiple years (2012− 2014)
as replicates (data from the Archipelago Re search
Institute). Mean solar radiation was nearly 60%

higher in the spring than in the autumn (229 ±
21.8 W m−2 in spring and 146.3 ± 21.4 W m−2 in
autumn, F1,3.7 = 7.4, p = 0.056).

To explore a possible trade-off between induced
and constitutive phlorotannins in the autumn, we
calculated the model II regression (Deming regres-
sion, implemented by GraphPad Prism 5.03) be -
tween per-genotype BLUPs of the total phlorotannin
content, including induced and constitutive phloro -
tannins (Herbivory treatment), and constitutive
phlorotannin content (No herbivory treatment). Evi-
dence of a trade-off would be visible if the intercept
of the regression line is positive and the slope is
<1 (for methodological details, see Traw 2002). We
calcula ted Pearson correlations of growth, resist-
ance, and phlorotannin estimates in order to explore
trade-offs between algal growth and phlorotannin
content, and the relationship between grazing dam-
age and phloro tannins.

RESULTS

High herbivory in the autumn (on average, 63% of
the thallus area was lost) induced an increase in
phlorotannins, with herbivore-exposed Fucus vesi -
culosus having an 18% higher phlorotannin content
than algae protected from herbivores (Fig. 2a,
Table 1). Levels of phlorotannins did vary among
genotypes. Specifically, in the 17 genotypes in the
autumn herbivory treatment, phlorotannin content,
which consisted of both induced and constitutive
phlorotannins, varied from 9.0 to 10.0% of dw, with
genotype contributing about 44% of the phenotypic
variation (Table 2). Herbivory triggered phlorotannin
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Fig. 2. Effect of natural herbivory on phlorotannin content
(mean ± SE) of the brown alga Fucus vesiculosus under (a)
strong grazing pressure in the autumn and (b) low grazing
pressure in the following spring. Prior to phlorotannin deter-
mination, algae were manipulated in the wild for 3 wk in 2
treatments: with herbivores (Herbivory) and with herbivores 

excluded (No herbivory); dw: dry weight
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induction in all 17 genotypes, and the increase in
phlorotannins varied from 0.35 to 2.58% of dw
among the genotypes. Likewise, the 25 genotypes in
the autumn No herbivory treatment varied in the
content of constitutive phlorotannins (between 6.7
and 9.1% of dw; Table 2). We found no induction of
phlorotannins the next spring when herbi vory was
low (no measurable loss in thallus surface area, 34%
new growth in Fucus apices; reported by Haavisto &
Jormalainen 2014) (Fig. 2b, Table 1). With no treat-
ment effect, the measurements represented constitu-
tive phlorotannin levels only. These also varied
among the 23 genotypes (between 7.7 and 10.1% of
dw; Table 1).

In the wild, during the high herbivory of autumn,
grazing damage on the thallus area varied among
 Fucus genotypes, with the lost area ranging from 35 to
85% (genotype: s2 = 0.022 ± 0.0064, χ2 = 166,
p < 0.0001, representing 25% of the total variation;
Table S1 in Supplement 1). Genotypes with high con-
stitutive phloro tannin levels had less thallus area lost
to grazing (Fig. 3a), and marginally fewer lost apices
(r = −0.38, p = 0.06). As grazing damage in creased,
levels of in duced phloro tannins
tended to in crease, both with dam-
age to the thallus area (Fig. 3b) and
to the apices (r = 0.44, p = 0.080). In
contrast, next spring there was no
measurable grazing damage to the
algal thalli. Grazing loss of apices
ranged from 1.7 to 18.3% among
the genotypes, and was independ-
ent of the content of constitutive
phlorotannins (Fig. 3c).

Autumn grazing induced strong
resistance in the algae: all geno-
types that were exposed to graz-

ing were less palatable to the herbi-
vores in the bioassays, in which herbi-
vores preferentially consumed algae
that had not previously been grazed
(mean ± SE for biomass change among
the genotypes; previously grazed
algae: 2.9 ± 1.14 mg; not previously
grazed: −78 ± 5.19 mg; reported by
Haavisto & Jormalainen 2014). Fol-
lowing the strong induction of resist-
ance, genetic variation in the palata-
bility of the previously grazed algae
was negligible, and independent of
the magnitude of the induced increase
in phlorotannin content (Fig. 4a). In
contrast, herbivore consumption of

the non-grazed algae varied widely among algal
genotypes, and correlated negatively with the
amount of constitutive phlorotannins (Fig. 4b).

Although the amount of induced phlorotannins did
not correlate with variation in induced resistance,
herbivory triggered some differences in the phloro -
tannin profiles of algae manipulated in the labo ratory
(Table S3 in Supplement 2). These changes suggest
that resistance in duction could be linked to qualita-
tive, rather than quantitative, differences in phlo ro -
tannin content (Fig. S1 in Supplement 2).

When herbivores were experimentally excluded,
the growth of Fucus varied seasonally, and was
higher in the spring than in the autumn (growth as a
number of new apical tips: 1.34 ± 0.012 in spring and
1.18 ± 0.012 in autumn, F1,45 = 88.7, p < 0.0001). Fur-
thermore, there was a tendency for algae to have a
higher constitutive phlorotannin content in the
spring than in the autumn (spring: 8.64% ± 0.22 [SE];
autumn: 8.06% ± 0.18 of dw, F1,7.1 = 4.12, p = 0.081;
No herbivory in Fig. 2). In the autumn, we found no
genotypic correlation between constitutive phloro -
tannin content and growth (Fig. 5a), or between in -
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Herbivory (Induced No herbivory
and constitutive phlorotannins) (Constitutive phlorotannins)
s2 ± SE χ2 p % s2 ± SE χ2 p %

Genotype 47.2 ± 19.7 16.3 <0.0001 43.9 27.6 ± 12.8 11.7 0.0003 31.6
Cage 9.95 ± 10.23 4.43 0.018 9.3 9.19 ± 9.63 4.02 0.023 10.5
Residual 50.3 50.6

Table 2. Results from separate mixed ANOVA models run in the autumn which
 estimated genetic variation in phlorotannin content when algae were subjected to
herbivory (data from open and fish-exclosure treatments were pooled, N = 17
genotypes, phlorotannin content represents both induced and constitutive phloro -
tannins) and when they were protected from herbivory (N = 25 genotypes, 

constitutive phlorotannins alone)

Source of variation Autumn Spring
Fixed factors ndf, ddf F p ndf, ddf F p

Treatment 1, 11.3 41.06 <0.0001 1, 9 0.09 0.77

Random factors s2 ± SE χ2 p s2 ± SE χ2 p

Genotype 35.8 ± 13.9 30.7 <0.0001 37.8 ± 14.0 25.82 <.0001
Cage (Treatment) 9.46 ± 6.27 8.22 0.0021 2.97 ± 4.46 0.83 0.18
Residual 65.2 114.1

Table 1. Effect of treatment (Herbivory, No herbivory), genotype, and cage on
the total phlorotannin content of the brown alga Fucus vesiculosus as analyzed
by a linear mixed ANOVA model. Prior to phlorotannin determination, algae
were manipulated in the wild for 3 wk, under conditions of either high autumn
herbivory or low spring herbivory; ndf (ddf): numerator (denominator) degrees 

of freedom
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duced phlorotannins and growth (Fig. 5c). In the next
spring, there was a marginally significant negative
correlation between constitutive phlorotannins and
apical growth (Fig. 5b). Furthermore, in the autumn,
the regression slope of genotypic estimates of total
phlorotannins (including induced and constitutive
phlorotannins) over constitutive phlorotannins was
<1 (Deming regression slope: 0.55; 95% confidence
limits: 0.044−0.946) supporting the existence of a
trade-off between induced and constitutive phloro -
tannins (Fig. 6).

DISCUSSION

Our field experiment with the marine brown alga
Fucus vesiculosus demonstrated that benefits of
defense metabolites, phlorotannins, and associated
trade-offs vary with seasonally varying herbivory
and growth conditions. When measuring phloro -
tannin content in natural conditions, we found pro-
nounced genetic variation. Genotypic variation in
constitutive phlorotannins, as measured in the ab -
sence of herbivory, made up 24 to 32% of the pheno-
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Fig. 3. Genotypic correlations between grazing damage on
Fucus vesiculosus and phlorotannins in the wild. (a) Grazing
damage (% of lost thallus area) versus constitutive phloro -
tannin content in the autumn, (b) induced phlorotannin con-
tent versus grazing damage (% of lost thallus area) in the
 autumn, and (c) grazing damage (% change in the number
of apical tips) versus constitutive phlorotannin content in the
spring. In the spring, no measurable surface area was con-
sumed by herbivores, and, therefore, grazing damage is
given as change in the number of apical tips; dw: dry 

weight, ns: non-significant

Fig. 4. Consumption (biomass change in mg over 5 d) during herbivore preference bioassays and phlorotannin content of
 Fucus vesiculosus. (a) Biomass change of genotypes that were exposed to natural herbivory (Herbivory) versus induced
phlorotannin content of those genotypes. (b) Biomass change in genotypes that were protected from natural herbivores 

(No herbivory) versus constitutive phlorotannin content; dw: dry weight
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typic variation. Furthermore, under conditions of
high herbivory, when both induced and constitutive
metabolites were present, genetic variation was even
higher, accounting for 44% of the phenotypic varia-
tion. These results are in accordance with earlier

studies of the northern Baltic Sea, which have shown
that a large part, 31 to 70%, of the phenotypic varia-
tion in the phlorotannin content of F. vesiculosus is
attributed to genetic variation (Jormalainen et al.
2003, 2011, Jormalainen & Honkanen 2004, Jorma -
lainen & Ramsay 2009).

As the production of phlorotannins has costs (Pavia
et al. 1999, Jormalainen & Ramsay 2009, Johannes-
son et al. 2012), maintaining them at high levels, here
at more than 10%, should only be adaptive if they
provide fitness benefits to individuals. Nylund et al.
(2012) suggested that the higher phlorotannin con-
tent in Baltic Sea populations of F. vesiculosus com-
pared to those of Atlantic populations might arise
due to strong selection for defense against the in -
tense grazing of Idotea balthica. Here, this herbivore
caused an autumn grazing loss of 65%, but, among
genotypes, the amount of damage decreased with
increased levels of constitutive phloro tannins. For
example, a 1% increase in the dry weight phlorotan-
nin content decreased grazing damage in the wild by
about 16%, and the genotype with the lowest
amount of phlorotannins suffered an average of 30%
more damage than the one with the highest amount.
Even small grazing losses may have considerable
costs for hosts when the tissues being consumed are
the valuable photosynthetically active or meristem-
atic tissues (Poore et al. 2014, O Brien & Scheibling
2016), or when the damage results in breakage of a
part or of the whole thallus (Krumhansl & Scheibling
2011). Furthermore, minor, seemingly harmless,
damage may accumulate into pronounced fitness
costs when it occurs repeatedly over years in a long-
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Fig. 5. Costs of phlorotannins. Genotypic correlations between
constitutive phlorotannin content and growth (% increase in
the number of apical meristems) of Fucus vesiculosus during
(a) autumn and (b) spring. (c) Correlation be tween induced
phlorotannins and growth in the autumn. Growth and con-
stitutive phlorotannins were measured in algae reared in
Closed cages in the absence of herbivores, while the in-
duced phlorotannins were measured under Herbivory. ns: 

non-significant

Fig. 6. Genotypic correlation between phlorotannin content
in the No herbivory treatment (constitutive content only)
and in the Herbivory treatment (induced and constitutive
content) in autumn, when herbivore pressure was high
(n = 17). Broken line shows the null hypothesis of no induc-
tion of phlorotannins. A positive intercept together with a 

slope <1 indicates a trade-off between the traits
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lived plant species (Zvereva et al. 2012). Thus, the
differences in susceptibility to herbivory that we
observed between genotypes with low and high lev-
els of phlorotannins are likely to have fitness conse-
quences. In addition, high constitutive phloro tannin
content may be selected for particularly during the
season of high herbivory, as it provides im mediate
and ever-present resistance, unlike induced resist-
ance which has a time lag before becoming effective
(Rohde & Wahl 2008, Flöthe et al. 2014).

While constitutively expressed phlorotannins did
increase resistance, it is worth noting that the graz-
ing damage on algae was still considerable. In the
field, even the most resistant genotypes lost 35%
of their thalli. During the high herbivory season,
however, algal resistance was boosted through the
induction of additional resistance, which resulted in
almost complete deterrence of herbivores in the pref-
erence bioassays (Haavisto & Jormalainen 2014). The
high and consistent unpalatability of the previously
grazed algae implies that induced resistance is based
on very efficient anti-herbivory metabolites and that
it is likely important in preventing further grazing
losses in the wild.

Our results show that while the phlorotannin in -
duction co-occurred with resistance induction, there
was no correlation between the strength of the in -
duced resistance and the quantitative increase in
induced phlorotannins. This is consistent with some
earlier studies that reported a disconnection between
phlorotannin content and resistance induction in F.
vesiculosus. For instance, Hemmi et al. (2004) found
that resistance was induced by artificial damage
which simulated herbivory, but this resistance did
not covary with phlorotannin content. Likewise, in
another study, gastropod grazing induced resistance,
but not an increase in phlorotannins (Long et al.
2007). Instead, grazing by I. balthica was reported to
induce an increase in both resistance and phloro -
tannins, but in this case phlorotannins were also in -
duced by the mere presence of a herbivore, but
resistance was not (Haavisto et al. 2010). These stud-
ies, together with the results presented here, suggest
that a quantitative increase in phlorotannins does not
exclusively explain patterns of inducible resistance
in F. vesiculosus. Instead, phlorotannins are likely in -
volved in some other herbivory-related functions, such
as wound-healing (Lüder & Clayton 2004, Halm et al.
2011) or perhaps as waterborne info-chemicals that
signal an increased risk of herbivory (Haavisto 2016).

In addition to or instead of quantitative change in
phlorotannin contents, qualitative changes in the
assortment of phlorotannin polymers could influence

induced resistance. For instance, phlorotannin as -
sortment is known to vary among different geno-
types of F. vesiculosus (Koivikko et al. 2008). The
preliminary data we present in the Supplements
indicates that grazing, together with waterborne
cues of grazing of conspecifics, can induce certain
qualitative differences in the assortment of phloro -
tannins. Thus, while it is possible that metabolites
other than phlorotannins contribute to induced re -
sistance in F. vesiculosus (Deal et al. 2003, Kubanek
et al. 2004), changes in relative amounts of individual
or groups of similar-sized phlorotannin oligo- or poly-
mers may also play a role.

Phlorotannins show highly plastic responses to en -
vironmental factors such as nutrients and light (re -
viewed by Amsler & Fairhead 2006). Thus, the possi-
bility that phlorotannin induction in autumn was
caused by differing environmental conditions among
the treatment cages, such as potentially reduced
light availability or limited amount of nutrients due to
restricted water stream flow in Closed cages, should
be considered. We did not, however, find any cage
effect on the amount of light. According to some
plant defense allocation models, nutrient availability
and secondary metabolites are expected to correlate
negatively because in nutrient-rich conditions, plants
allocate carbon into growth rather than into produc-
tion of secondary metabolites (Herms & Mattson
1992). There is plenty of support for such a relation-
ship in brown algae (reviewed by Pavia & Toth 2008),
including F. vesiculosus (Ilvessalo & Tuomi 1989,
Koivikko et al. 2005, Jormalainen & Ramsay 2009).
Thus, if there had been nutrient limitation in Closed
cages, it should have increased phlorotannin content.
We found the opposite. Finally, if the phlorotannin
induction were caused by treatment artefacts in
nutrients or light conditions, it should have occurred
in both seasons, which we did not find. We conclude
that cage artefacts are unlikely and that the patterns
we found capture the effect of seasonally varying
herbivory on phlorotannin induction.

We found seasonal variation in growth and some
indication for costs of phlorotannin production. In
autumn, growth was 14% lower and the constitutive
phlorotannin content also tended to be lower than in
spring. This is in line with earlier findings of higher
phlorotannin production during the active growing
season (Steinberg 1995, Connan et al. 2004, Dubois &
Iken 2012). Under conditions of high autumn herbi -
vory, we found a trade-off between constitutive and
herbivore-induced phlorotannins, indicating that
phlorotannins are costly to produce. However, phlo -
rotannins might not be costly in terms of growth, or
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the presence of such costs may vary seasonally. In
autumn, we found no evidence of a trade-off be -
tween growth and constitutive or induced phlorotan-
nins, and in the following spring, the trade-off
between growth and constitutive phlorotannins was
marginally significant. In the same species, a signifi-
cant tradeoff between phlorotannins and growth was
found in a 3 mo field experiment during the active
growing season (Jormalainen & Ramsay 2009). Stein-
berg (1995) reported seasonal variation in phloro -
tannin−growth trade-offs in a kelp species. He sug-
gested that in autumn, a shift in resource allocation
from growth to other functions constrained both
growth and phlorotannin production and resulted in
a lack of trade-off between the 2 traits (Steinberg
1995). This may also apply here, as in the northern
Baltic Sea F. vesiculosus grow most in spring and
summer (Bäck et al. 1991, Kraufvelin et al. 2012),
while in autumn the lower light availability limits
growth and reproductive differentiation begins (Bäck
et al. 1991, Lehvo et al. 2001). Also high grazing pres-
sure and induction of resistance occur in autumn
(Korpinen et al. 2010, Haavisto & Jorma lainen 2014).
Thus, the change in resource allocation from growth
to resistance induction and initiation of reproduction
may make the growth a poor currency to detect
trade-offs in this particular season. We propose that
the costs of phlorotannins, in terms of growth, vary
with resource availability and their al location, and, in
terms of a trade-off between in ducible and constitu-
tive phlorotannins, with the seasonal variation in
grazing pressure. Regardless of such seasonal varia-
tion, trade-off can still constrain phlorotannin pro-
duction and its related resistance, and contribute to
the maintenance of intraspecific variation in these
traits (Pavia et al. 2003, Jorma lainen et al. 2008, Jor-
malainen & Ramsay 2009, Johannesson et al. 2012,
Ank et al. 2013).

Our results demonstrate genetic variation in brown
algal phlorotannins, and seasonality in the benefits of
this variation in a natural population. Among geno-
types, herbivory decreased with increasing quanti-
ties of constitutive phlorotannins under conditions of
intense herbivore pressure, both in the wild and in
the laboratory feeding assays. This strongly suggests
that constitutive phlorotannins contribute to defense
against herbivores in F. vesiculosus. However, during
the low-herbivory period in the wild there was no
such covariation between resistance and constitutive
phlorotannin content. This indicates that the selec-
tion for high phlorotannin content that is due to her-
bivory varies seasonally with the synchronous repro-
ductive phenology of the major mesograzer species

in the system. Seasonality of herbivory and possible
costs of phlorotannin production may explain the
adoption of inducible resistance, which allows an
alga to minimize mortality risk during periods of high
grazing pressure while conserving resources for
other needs when the risk of herbivory is low. Al -
though the phenomena of phlorotannin induction
and resistance induction co-occurred, the magnitude
of the variation in induced phlorotannins did not
explain the variation in resistance. This implies that
perhaps qualitative, rather than quantitative, chan -
ges in phlorotannins or in some metabolites other
than phlorotannin may contribute to induced resist-
ance. Our results highlight the importance of con -
sidering seasonal variation both in the resource allo-
cation of producers and in the population dynamics
of consumers when measuring the benefits of de -
fense strategies and the trade-offs among defenses
and other fitness-related traits in natural populations.

Acknowledgements. We thank the Archipelago Research
Institute for the use of facilities and for providing logistical
assistance, and Tommi Välikangas, Maria Yli-Renko, and
Outi Vesakoski for helping with the experiment. The study
was financed by the Finnish Cultural Foundation and the
Emil Aaltonen Foundation (to F.H.), and the Academy of
Finland (project no. 251102 to V.J.).

LITERATURE CITED

Amsler CD (2008) Algal chemical ecology. Springer, Berlin
Amsler CD, Fairhead VA (2006) Defensive and sensory

chemical ecology in brown algae. Adv Bot Res 43: 1−91
Ank G, Perez da Gama BA, Pereira RC (2013) Polyphenols

from Stypopodium zonale (Phaeophyceae):  intrapopu -
lational variation, induction by simulated herbivory and
epibiosis effects. Aquat Bot 111: 125−129

Araújo R, Serrão EA, Sousa-Pinto I, Arenas F and others
(2015) Trade-offs between life-history traits at range-
edge and central locations. J Phycol 51: 808−818 

Arnold TM Targett NM (2003) To grow and defend:  lack of
tradeoffs for brown algal phlorotannins. Oikos 100: 
406−408

Bäck S, Collins JC, Russell G (1991) Aspects of the reproduc-
tive biology of Fucus vesiculosus from the coast of SW
Finland. Ophelia 34: 129−141

Campbell SA, Kessler A (2013) Plant mating system transi-
tions drive the macroevolution of defense strategies. Proc
Natl Acad Sci USA 110: 3973−3978

Connan S, Goulard F, Stiger V, Deslandes E, Gall EA (2004)
Interspecific and temporal variation in phlorotannin lev-
els in an assemblage of brown algae. Bot Mar 47: 410−416

Cronin G, Hay ME (1996) Induction of seaweed chemical
defenses by amphipod grazing. Ecology 77: 2287−2301

Cyr H, Pace ML (1993) Magnitude and patterns of herbivory
in aquatic and terrestrial ecosystems. Nature 361: 
148−150

Deal MS, Hay ME, Wilson D, Fenical W (2003) Galactolipids
rather than phlorotannins as herbivore deterrents in

88

https://doi.org/10.1016/S0065-2296(05)43001-3
https://doi.org/10.1016/j.aquabot.2013.06.007
https://doi.org/10.1080/00785326.1991.10429701
https://doi.org/10.1073/pnas.1213867110
https://doi.org/10.1515/BOT.2004.057
https://doi.org/10.2307/2265731
https://doi.org/10.1038/361148a0
https://doi.org/10.1007/s00442-003-1242-3


Haavisto et al.: Defensive role of macroalgal phlorotannins 

the brown seaweed Fucus vesiculosus. Oecologia 136: 
107−114

Denton AB, Chapman ARO (1991) Feeding preferences of
gammarid amphipods among four species of Fucus. Mar
Biol 109: 503−506

Dubois A, Iken K (2012) Seasonal variation in kelp phloro -
tannins in relation to grazer abundance and environmen-
tal variables in the Alaskan sublittoral zone. Algae 27: 
9−19

Dworjanyn SA, Wright JT, Paul NA, de Nys R, Steinberg PD
(2006) Cost of chemical defence in the red alga Delisea
pulchra. Oikos 113: 13−22

Flöthe CR, Molis M, John U (2014) Induced resistance to
periwinkle grazing in the brown seaweed Fucus vesicu-
losus (Phaeophyceae):  molecular insights and seaweed-
mediated effects on herbivore interactions. J Phycol 50: 
564−576

Geiselman JA, McConnell OJ (1981) Polyphenols in brown
algae Fucus vesiculosus and Ascophyllum nodosum: 
chemical defences against the marine herbivorous snail,
Littorina littorea. J Chem Ecol 7: 1115−1133

Haavisto F (2016) Macroalgal defenses against herbivory: 
causes and consequences of intraspecific variation. PhD
dissertation, University of Turku

Haavisto F, Jormalainen V (2014) Seasonality elicits herbi-
vores’ escape from trophic control and favors induced re -
sistance in a temperate macroalga. Ecology 95: 3035–3045

Haavisto F, Välikangas T, Jormalainen V (2010) Induced
resistance in a brown alga:  phlorotannins, genotypic
 variation and fitness costs for the crustacean herbivore.
Oecologia 162: 685−695

Halm H, Lüder UH, Wiencke C (2011) Induction of phloro -
tannins through mechanical wounding and radiation
conditions in the brown macroalga Laminaria hyper-
borea. Eur J Phycol 46: 16−26

Hay ME (1991) Marine-terrestrial contrast in the ecology of
plant chemical defenses against herbivores. Trends Ecol
Evol 6: 362−365 

Hemmi A, Honkanen T, Jormalainen V (2004) Inducible
resistance to herbivory in Fucus vesiculosus—duration,
spreading and variation with nutrient availability. Mar
Ecol Prog Ser 273: 109−120

Herms DA, Mattson WJ (1992) The dilemma of plants:  to
grow or defend. Q Rev Biol 67: 283−335

Iken K, Amsler CD, Amsler MO, McClintock JB, Baker BJ
(2009) Field studies on deterrent properties of phloro -
tannins in Antarctic brown algae. Bot Mar 52: 547−557

Ilvessalo H, Tuomi J (1989) Nutrient availability and accu-
mulation of phenolic compounds in the brown alga Fucus
vesiculosus. Mar Biol 101: 115−119

Johannesson K, Forslund H, Capetillo NÅ, Kautsky L,
Johansson D, Pereyra RT, Råberg S (2012) Phenotypic
variation in sexually and asexually recruited individuals
of the Baltic Sea endemic macroalga Fucus radicans: 
in the wild and after growth in a common-garden.
BMC Ecol 12: 2

Jormalainen V, Honkanen T (2004) Variation in natural
selection for growth and phlorotannins in the brown alga
Fucus vesiculosus. J Evol Biol 17: 807−820

Jormalainen V, Honkanen T (2008) Macroalgal chemical
defenses and their roles in structuring temperate marine
communities. In:  Amsler C (ed) Algal chemical ecology.
Springer, Berlin, p 57−89

Jormalainen V, Ramsay T (2009) Resistance of the brown
alga Fucus vesiculosus to herbivory. Oikos 118: 713−722

Jormalainen V, Honkanen T, Koivikko R, Eränen J (2003)
Induction of phlorotannin production in a brown alga: 
defense or resource dynamics? Oikos 103: 640−650

Jormalainen V, Wikström S, Honkanen T (2008) Fouling
mediates grazing:  intertwining of resistances to multiple
enemies in the brown alga Fucus vesiculosus. Oecologia
155: 559−569

Jormalainen V, Koivikko R, Ossipov V, Lindqvist M (2011)
Quantifying variation and chemical correlates of
bladder wrack quality — herbivore population makes a
difference. Funct Ecol 25: 900−909

Kangas P, Autio H, Hällfors G, Luther H, Niemi Å, Salemaa
H (1982) A general model of the decline of Fucus vesicu-
losus at Tvärminne, south coast of Finland in 1977-81.
Acta Bot Fenn 118: 1−27

Karban R (2011) The ecology and evolution of induced
resistance against herbivores. Funct Ecol 25: 339−347

Karban R, Baldwin IT (1997) Induced responses to her-
bivory. The University of Chicago Press, Chicago, IL

Kempel A, Schaedler M, Chrobock T, Fischer M, van Kleu -
nen M (2011) Tradeoffs associated with constitutive and
induced plant resistance against herbivory. Proc Natl
Acad Sci USA 108: 5685−5689

Koivikko R, Loponen J, Honkanen T, Jormalainen V (2005)
Contents of soluble, cell-wall-bound and exuded phloro -
tannins in the brown alga Fucus vesiculosus, with impli-
cations on their ecological functions. J Chem Ecol 31: 
195−212

Koivikko R, Eränen J, Loponen J, Jormalainen V (2008)
Variation of phlorotannins among three populations of
Fucus vesiculosus as revealed by HPLC and colorimetric
quantification. J Chem Ecol 34: 57−64

Koricheva J (2002) Meta-analysis of sources of variation in
fitness costs of plant antiherbivore defenses. Ecology 83: 
176−190

Koricheva J, Nykanen H, Gianoli E (2004) Meta-analysis of
trade-offs among plant antiherbivore defenses:  Are plants
jacks-of-all-trades, masters of all? Am Nat 163: E64−E75

Korpinen S, Jormalainen V, Honkanen T (2007) Effects of
nutrients, herbivory, and depth on the macroalgal com-
munity in the rocky sublittoral. Ecology 88: 839−852

Korpinen S, Jormalainen V, Pettay E (2010) Nutrient avail-
ability modifies species abundance and community
structure of Fucus-associated littoral benthic fauna.
Mar Environ Res 70: 283−292

Kraufvelin P, Ruuskanen AT, Bäck S, Russell G (2012)
Increased seawater temperature and light during early
springs accelerate receptacle growth of Fucus vesicu -
losus in the northern Baltic proper. Mar Biol 159: 
1795−1807

Krumhansl KA, Scheibling RE (2011) Spatial and temporal
variation in grazing damage by the gastropod Lacuna
vincta in Nova Scotian kelp beds. Aquat Biol 13: 163−173

Kubanek J, Lester SE, Fenical W, Hay ME (2004) Ambigu-
ous role of phlorotannins as chemical defenses in the
brown alga Fucus vesiculosus. Mar Ecol Prog Ser 277: 
79−93

Lehvo A, Bäck S, Kiirikki M (2001) Growth of Fucus vesicu-
losus L. (Phaeophyta) in the northern Baltic Proper: 
energy and nitrogen storage in seasonal environment.
Bot Mar 44: 345−350 

Leidenberger S, Harding K, Jonsson PR (2012) Ecology and
distribution of the isopod genus Idotea in the Baltic Sea: 
key species in a changing environment. J Crustac Biol
32: 359−381

89

https://doi.org/10.1007/BF01313516
https://doi.org/10.4490/algae.2012.27.1.009
https://doi.org/10.1111/j.0030-1299.2006.14359.x
https://doi.org/10.1111/jpy.12186
https://doi.org/10.1007/BF00987632
https://doi.org/10.1890/13-2387.1
https://doi.org/10.1080/09670262.2010.511277
https://doi.org/10.3354/meps273109
https://doi.org/10.1086/417659
https://doi.org/10.1515/BOT.2009.071
https://doi.org/10.1007/BF00393484
https://doi.org/10.1186/1472-6785-12-2
https://doi.org/10.1111/j.1420-9101.2004.00715.x
https://doi.org/10.1111/j.1600-0706.2008.17178.x
https://doi.org/10.1034/j.1600-0706.2003.12635.x
https://doi.org/10.1007/s00442-007-0939-0
https://doi.org/10.1111/j.1365-2435.2011.01841.x
https://doi.org/10.1111/j.1365-2435.2010.01789.x
https://doi.org/10.1073/pnas.1016508108
https://doi.org/10.1007/s10886-005-0984-2
https://doi.org/10.1007/s10886-007-9410-2
https://doi.org/10.1890/0012-9658(2002)083%5b0176%3AMAOSOV%5d2.0.CO%3B2
https://doi.org/10.1086/382601
https://doi.org/10.1890/05-0144
https://doi.org/10.1016/j.marenvres.2010.05.010
https://doi.org/10.1007/s00227-012-1970-1
https://doi.org/10.3354/ab00366
https://doi.org/10.3354/meps277079


Mar Ecol Prog Ser 566: 79–90, 2017

Littell RC, Milliken GA, Stroup WW, Wolfinger RD, Scha -
benberger O (2006) SAS for mixed models, 2nd edn. SAS
Institute , Cary, NC

Long JD, Hamilton RS, Mitchell JL (2007) Asymmetric com-
petition via induced resistance:  Specialist herbivores
indirectly suppress generalist preference and popula-
tions. Ecology 88: 1232−1240

Long JD, Toth G, Pavia H (2013) Proximate and ultimate
causes for transatlantic variation in seaweed defenses.
Mar Ecol Prog Ser 493: 83−89

Lüder UH, Clayton MN (2004) Induction of phlorotannins in
the brown macroalga Ecklonia radiata (Laminariales,
Phaeophyta) in response to simulated herbivory - the first
microscopic study. Planta 218: 928−937

Mooney KA, Halitschke R, Kessler A, Agrawal AA (2010)
Evolutionary trade-offs in plants mediate the strength of
trophic cascades. Science 327: 1642−1644

Moreira X, Mooney KA, Rasmann S, Petry WK, Carrillo-
Gavilan A, Zas R, Sampedro L (2014) Trade-offs between
constitutive and induced defences drive geographical
and climatic clines in pine chemical defences. Ecol Lett
17: 537−546

Nylund GM, Pereyra RT, Wood HL, Johannesson K, Pavia H
(2012) Increased resistance towards generalist herbivory
in the new range of a habitat-forming seaweed. Eco-
sphere 3: 125

O Brien JM, Scheibling, RE (2016) Nipped in the bud:  meso-
grazer feeding preference contributes to kelp decline.
Ecology 97: 1873−1886

Nylund GM, Enge S, Pavia H (2013) Costs and benefits of
chemical defence in the red alga Bonnemaisonia hami -
fera. PLOS ONE 8: e61291

Pavia H, Toth GB (2000) Inducible chemical resistance to
herbivory in the brown seaweed Ascophyllum nodosum.
Ecology 81: 3212−3225

Pavia H, Toth G (2008) Macroalgal models in testing and
extending defense theories. In:  Amsler CD (ed) Algal
chemical ecology. Springer, Berlin, p 147−172

Pavia H, Toth G, Åberg P (1999) Trade-offs between
phlorotannin production and annual growth in natural
populations of the brown seaweed Ascophyllum nodo -
sum. J Ecol 87: 761−771

Pavia H, Toth GB, Lindgren A, Åberg P (2003) Intraspecific
variation in the phlorotannin content of the brown alga
Ascophyllum nodosum. Phycologia 42:378–383

Pavia H, Baumgartner F, Cervin G, Enge S and others (2012)
Chemical defenses against herbivores. In: Brönmark C,
Hansson LA (eds) Chemical ecology in aquatic systems.
Oxford University Press, New York, NY, p 210–235

Pavia H, Baumgartner F, Cervin G, Enge S, Kubanek J,
Nylund GM, Selander E, Svensson JR, Toth GB. (2012)
Chemical defenses against herbivores In: Brönmark C,
Hansson LA (eds) Chemical ecology in aquatic systems.
Oxford University Press, New York, p. 210-235

Poore AGB, Campbell AH, Coleman RA, Edgar GJ and
 others (2012) Global patterns in the impact of marine
 herbivores on benthic primary producers. Ecol Lett 15: 
912−922

Poore AGB, Gutow L, Pantoja JF, Tala F, Madariaga DJ,
Thiel M (2014) Major consequences of minor damage: 
impacts of small grazers on fast-growing kelps. Oeco -
logia 174: 789−801

Ragan MA, Glombitza KW (1986) Phlorotannins, brown
algal polyphenols. Prog Phycol Res 4: 129−241

Rohde S, Wahl M (2008) Temporal dynamics of induced
resistance in a marine macroalga:  time lag of induction
and reduction in Fucus vesiculosus. J Exp Mar Biol Ecol
367: 227−229

Rohde S, Molis M, Wahl M (2004) Regulation of anti-herbi-
vore defence by Fucus vesiculosus in response to various
cues. J Ecol 92: 1011−1018

Salemaa H (1978) Geographical variability in the colour
polymorphism of Idotea baltica (Isopoda) in the northern
Baltic. Hereditas 88: 165−182

Sotka EE, Jormalainen V, Poore AGB (2017) The evolution
of marine herbivores in response to algal secondary
metabolites. In:  Puglisi-Weening M, Becerro M, Paul V
(eds) Chemical ecology:  the ecological impacts of marine
natural products. CRC Press (in press)

Stamp N (2003) Out of the quagmire of plant defense
hypotheses. Q Rev Biol 78: 23−55

Steinberg PD (1995) Seasonal variation in the relationship
between growth rate and phlorotannin production in the
kelp Ecklonia radiata. Oecologia 102: 169−173

Steiner UK, Auld JR (2012) Why is the jack of all trades a
master of none? Studying the evolution of inducible de -
fences in aquatic systems. In:  Brönmark C, Hansson LA
(eds) Chemical ecology in aquatic systems. Oxford
 University Press, New York, NY, p 172−183

Strauss SY, Rudgers JA, Lau JA, Irwin RE (2002) Direct and
ecological costs of resistance to herbivory. Trends Ecol
Evol 17: 278−285

Targett NM, Arnold TM (1998) Predicting the effects of
brown algal phlorotannins on marine herbivores in trop-
ical and temperate oceans. J Phycol 34: 195−205

Toth GB, Pavia H (2007) Induced herbivore resistance in
seaweeds:  a meta-analysis. J Ecol 95: 425−434

Toth GB, Karlsson M, Pavia H (2007) Mesoherbivores re -
duce net growth and induce chemical resistance in
 natural seaweed populations. Oecologia 152: 245−255

Traw MB (2002) Is induction response negatively correlated
with constitutive resistance in black mustard? Evolution
56: 2196−2205

Wikström SA, Steinarsdóttir MB, Kautsky L, Pavia H (2006)
In creased chemical resistance explains low herbivore col-
onization in introduced seaweed. Oecologia 148: 593−601

Yates JL, Peckol P (1993) Effects of nutrient availability and
herbivory on polyphenolics in the seaweed Fucus vesicu-
losus. Ecology 74: 1757−1766

Yun HY, Cruz J, Treitschke M, Wahl M, Molis M (2007) Test-
ing for the induction of anti-herbivory defences in four
Portuguese macroalgae by direct and water-borne cues
of grazing amphipods. Helgol Mar Res 61: 203−209

Zvereva EL, Zverev V, Kozlov MV (2012) Little strokes fell
great oaks:  minor but chronic herbivory substantially
reduces birch growth. Oikos 121: 2036−2043

90

Editorial responsibility: Just Cebrian, 
Dauphin Island, Alabama, USA

Submitted: June 30, 2016; Accepted: December 5, 2016
Proofs received from author(s): February 10, 2017

https://doi.org/10.1890/06-1585
https://doi.org/10.3354/meps10511
https://doi.org/10.1007/s00425-003-1176-3
https://doi.org/10.1126/science.1184814
https://doi.org/10.1111/ele.12253
https://doi.org/10.1371/journal.pone.0061291
https://doi.org/10.1890/0012-9658(2000)081%5b3212%3AICRTHI%5d2.0.CO%3B2
https://doi.org/10.1046/j.1365-2745.1999.00397.x
https://doi.org/10.1111/j.1461-0248.2012.01804.x
https://doi.org/10.1007/s00442-013-2795-4
https://doi.org/10.1016/j.jembe.2008.10.003
https://doi.org/10.1111/j.0022-0477.2004.00936.x
https://doi.org/10.1111/j.1601-5223.1978.tb01619.x
https://doi.org/10.1086/367580
https://doi.org/10.1007/BF00333248
https://doi.org/10.1016/S0169-5347(02)02483-7
https://doi.org/10.1046/j.1529-8817.1998.340195.x
https://doi.org/10.1111/j.1365-2745.2007.01224.x
https://doi.org/10.1007/s00442-006-0643-5
https://doi.org/10.1111/j.0014-3820.2002.tb00144.x
https://doi.org/10.1007/s00442-006-0407-2
https://doi.org/10.2307/1939934
https://doi.org/10.1007/s10152-007-0067-6
https://doi.org/10.1111/j.1600-0706.2012.20688.x



